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Preface

More than three decades have passed since lasing in semiconductors was
first observed in several laboratories in 1962 (Hall et al., 1962; Holonyak,
Jr. et al., 1962; Nathan et al., 1962; Quist et al., 1962). Although it was
one of the first lasers to be demonstrated, the semiconductor laser had
to await several important developments, both technological and those
related to the understanding of its device physics, before it became fit for
applications. Most notably, it was the introduction of heterostructures for
achieving charge carrier and photon confinement in the late sixties and
the understanding of device degradation mechanisms in the seventies
that made possible the fabrication of reliable diode lasers operating with
sufficiently low currents at room temperature. In parallel, progress in the
technology of low loss optical fibers for optical communication applications
has boosted the development of diode lasers for use in such systems.
Several unique features of these devices, namely the low power consumption, the possibility of direct output modulation and the compatibility
with mass production that they offer, have played a key role in this
development. In addition the prospects for integration of diode lasers with
other optical and electronic elements in optoelectronic integrated circuits
(OEICs) served as a longer term motivation for their advancement.
The next developments that made semiconductor lasers truly ubiquitous took place during the eighties and the early nineties. In the eighties,
applications of diode lasers in compact disc players and bar-code readers
have benefited from their mass-production capabilities and drastically
reduced the prices of their simplest versions. In parallel, more sophisticated devices were developed as the technology matured. Important examples are high power lasers exhibiting very high electrical to optical power
conversion efficiency, most notably for solid state laser pumping and medical applications, and high modulation speed, single frequency, distributed
feedback lasers for use in long-haul optical communication systems.
ix

x
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Moreover, progress in engineering of new diode laser materials covering
emission wavelengths from the blue to the mid-infrared has motivated
the replacement of many types of gas and solid state lasers by these
compact and efficient devices in many applications.
The early nineties witnessed the maturing of yet another important
diode laser technology, namely that utilizing quantum well heterostructures. Diode lasers incorporating quantum well active regions, particularly strained structures, made possible still higher efficiencies and
further reduction in threshold currents. Quantum well diode lasers operating with sub-mA threshold currents have been demonstrated in many
laboratories. Better understanding of the gain mechanisms in these lasers
has also made possible their application in lasers with multi-GHz modulations speeds. Vertical cavity surface emitting lasers, utilizing a cavity
configuration totally different than the traditional cleaved cavity, compatible with wafer-level production and high coupling efficiency with single
mode optical fibers, have progressed significantly owing to continuous
refinements in epitaxial technologies. Advances in cavity schemes for
frequency control and linewidth reduction have yielded lasers with extremely low (kHz) linewidths and wide tuning ranges. Many of these
recent developments have been driven by the information revolution we
are experiencing. A major role in this revolution is likely to be played by
dense arrays of high speed, low power diode lasers serving as light sources
in computer data links and other mass-information transmission systems.
Tunable diode lasers are developed mainly for use in wavelength division
multiplexing communication systems in local area networks.
In spite of being a well established commercial device already used
in many applications, the diode laser is still a subject for intensive research
and development efforts in many laboratories. The development efforts
are driven by the need to improve almost all characteristics of these
devices in order to make them useful in new applications. The more basic
research activities are also drive by the desire to better understand the
fundamental mechanisms of lasing in semiconductors and by attempts to
seek the ultimate limits of laser operation. An important current topic
concerns the control of photon and carrier states and their interaction
using micro- and nano-structures such as microcavities, photonic bandgap
crystals, quantum wires, and quantum dots. Laser structures incorporating such novel cavity and heterostructure configurations are expected to
show improved noise and high speed modulation properties and higher
efficiency. Novel diode laser structures based on intersubband quantum-
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xi

cascade transitions are explored for achieving efficient lasing in the mid
infrared range. And new III nitride compounds are developed for extending the emission wavelength range to the blue and ultraviolet regime.
The increasing importance of semiconductor lasers as useful, mature
device technology and, at the same time, the vitality of the research field
related to these devices, make an up-to-date s u m m a r y of their science
and technology highly desirable. The purpose of this volume, and its
companion volume Semiconductor Lasers: Materials and Structures, is
to bring such a s u m m a r y to the broad audience of students, teachers,
engineers, and researchers working with or on semiconductor lasers.
The present volume concentrates on the fundamental mechanisms
of semiconductor lasers, relating the basic carrier and photo states to
the important laser parameters such as optical gain, emission spectra,
modulation speed, and noise. Besides treating the more well established
q u a n t u m well heterostructure and "large," cleaved optical cavities, the
volume also introduces the fundamentals of novel structures such as
q u a n t u m wires, quantum dots, and microcavities, and their potential
application in improved diode laser devices. The companion volume deals
with the more technological aspects of diode lasers related to the control
of their emission wavelength, achievement of high output power, and
surface emission configurations. Both volumes are organized in a way
that facilitates the introduction of readers without a background in semiconductor lasers to this field. This is attempted by devoting the first
section (or sections) in each chapter to a basic introduction to one of the
aspects of the physics and technology of these devices. Subsequent sections
deal with details of the topics under consideration.
Chapter 1 of the present volume, by Bin Zhao and Amnon Yariv,
treats the fundamentals of quantum well lasers. It introduces the reader to
the effect of quantum confinement on the electronic states, the transition
selection rules, and the optical gain spectra. Several practical q u a n t u m
well configurations and their impact on laser performance are discussed.
In Chapter 2, Alfred R. Adams, Eoin P. O'Reilly, and Mark Silver
summarize the impact of strain on the properties of quantum well lasers.
The effect of both compressive and tensile strain on the semiconductor
band structure and optical gain are analyzed in detail. The evolution of
threshold current density with the degree and sign of strain are examined,
and model predictions are compared to reported experimental results.
The fundamentals and engineering of high speed diode lasers are discussed in Chapter 3, by Radhakrishnan Nagarajan and John E. Bowers.

xii
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Rate equations describing the carrier and photo dynamics are developed
and solved. Fundamental limits on the modulation speed are reviewed, with
special attention to carrier transport effects in quantum well structures.
Short pulse generation techniques are also discussed.
Chapter 4, by Eli Kapon, describes the effects of lateral quantum
confinement on the electronic states and the optical gain spectra. The
potential improvement in static and dynamic laser properties by introducing two or three dimensional quantum confinement in quantum wire or
quantum dot lasers are analyzed and recent performance results are
compared.
Finally, Chapter 5, by Y. Yamamoto, S. Inoue, G. BjSrk, H. Heitmann,
and F. Matinaga, discusses quantum optics effects in diode lasers employing novel current sources and microcavities. The generation of
squeezed states of photons using semiconductor lasers is treated theoretically and experimental results are described and analyzed. The control
of spontaneous emission using microcavity configurations is discussed.
The possibility of achieving thresholdless laser operation in such structures is also examined.
While it is difficult to include all aspects of this very broad field in
two volumes, we have attempted to include contributions by experienced
persons in this area that cover the most important basic and practical
facets of these fascinating devices. We hope that the readers will find this
book useful.
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1.1

Introduction

Semiconductor lasers have assumed an important technological role since
their invention in the early 1960s (Basov et al., 1961; Bernard and Duraffourg, 1961; Hall et al., 1962; Nathan et al., 1962). Judged by economic
impact, semiconductor lasers have become the most important class of
lasers. They are now used in applications such as cable TV signal transmission, telephone and image transmission, computer interconnects and
networks, compact disc (CD) players, bar-code readers, laser printers, and
many military applications. They are now figuring in new applications
ranging from two-dimensional display panels to erasable optical data and
image storage. They are also invading new domains such as medical,
welding, and spectroscopic applications that are now the captives of solidstate and dye lasers.
The main reasons behind this major surge in the role played by
semiconductor lasers are their continued performance improvements
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especially in low-threshold current, high-speed direct current modulation,
ultrashort optical pulse generation, narrow spectral linewidth, broad linewidth range, high optical output power, low cost, low electrical power
consumption and high wall plug efficiency. Many of these achievements
were based on joint progress in material growth technologies and theoretical understanding of a new generation of semiconductor lasers m the
quantum well (QW) lasers. The pioneering work using molecular beam
epitaxy (MBE) (Cho, 1971; Cho et al., 1976; Tsang, 1978; Tsang et al.,
1979) and metal organic chemical vapor deposition (MOCVD) (Dupuis
and Dapkus, 1977; Dupuis et al., 1978, 1979a, 1979b) to grow ultrathin
semiconductor layers, on the order of ten atomic layers, had paved the
way for the development of this new type of semiconductor laser. The
early theoretical understanding and experimental investigations in the
properties of QW lasers had helped speed up the development work (van
der Ziel et al., 1975; Holonyak et al., 1980; Dutta, 1982; Burt, 1983; Asada
et al., 1984; Arakawa et al., 1984; Arakawa and Yariv, 1985.)
As shown in Fig. 1.1, a semiconductor laser is basically a p-i-n diode.
When it is forward-biased, electrons in the conduction band and holes in
the valence band are injected into the intrinsic region (also called the
active region) from the n-type doped and the p-type doped regions, respectively. The electrons and the holes accumulate in the active region and
are induced to recombine by the lasing optical field present in the same
region. The energy released by this process (a photon for each electronhole recombination) is added coherently to the optical field (laser action).
In conventional bulk semiconductor lasers, as shown in Fig. 1.1, a double
heterostructure (DH) is usually used to confine the injected carriers and
the optical field to the same spatial region, thus enhancing the interaction
of the charge carriers with the optical field.
In order for optical radiation at frequency vto experience gain (amplification) rather than loss in a semiconductor medium, the separation
between the Fermi energies of electrons and holes in the medium must
exceed the photon energy hv(Basov et al., 1961; Bernard and Duraffourg,
1961). To achieve this state of affairs for lasing, a certain minimum value
of injected carrier density Ntr (transparency carrier density) is required.
This transparency carrier density is maintained by a (transparency) current in a semiconductor laser, which is usually the major component of
the threshold current and can be written as
I t r -~

JtrwL

(1.1)
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Figure
1 . 1 : A schematic description of a semiconductor laser diode: (a)the
laser device geometry; (b) the energy band structure of a forward-biased double
heterostructure laser diode; (c) the spatial profile of the refractive index that is
responsible for the dielectric waveguiding of the optical field; (d)the intensity
profile of the fundamental optical mode.
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where w is the laser diode width and L is the laser cavity length. Jtr is
the transparency current density, which can be written as
Jtr "-

eNtrd

(1.2)

Tc

where e is the fundamental electron charge, d is the active layer thickness,
and Tc is the carrier lifetime related to spontaneous electron-hole recombination and other carrier loss mechanism at injection carrier density Ntr.
Equations (1.1) and (1.2) suggest the strategies to minimize the threshold
current of a semiconductor laser: (1) to reduce the dimensions of the laser
active region (w, L, d), (2) to reduce the necessary inversion carrier density
Ntr for the required Fermi energy separation, and (3) to reduce the carriers'
spontaneous recombination and other loss mechanism (increase Tc). Each
of these strategies has stimulated exciting research activities in semiconductor lasers. For example, pursuing strategy (1) has resulted in the
generation of quantum well, quantum wire, quantum dot, and micro cavity
semiconductor lasers. Pursuing strategy (2) has resulted in the electronic
band engineering for semiconductor lasers, such as the reduction in valence band effective mass and increase in subband separation caused by
addition of strain to the QW region. Pursuing strategy (3) has led to
the development of various fantastic semiconductor laser structures and
materials to reduce leakage current and to suppress the Auger recombination. It also has stimulated the interesting research in squeezing the
spontaneous emission in micro cavity for thresholdless semiconductor
lasers (see Chap. 5). In addition to threshold current, other important
performance characteristics of semiconductor lasers have been improved
by these and other related research and development activities, which
include the modulation speed, optical output power, laser reliability, etc.
Figure 1.2 shows the schematic structures for three-dimensional (3D)
bulk, two-dimensional (2D) quantum well, one-dimensional (1D) quantum
wire, and zero-dimensional (0D) quantum dot and their corresponding
carrier density of states (DOS). The electronic and optical properties of a
semiconductor structure are strongly dependent on its DOS for the carriers. The use of these different structures as active regions in semiconductor lasers results in different performance characteristics because of the
differences in their DOS as shown in Figure 1.2.
Equation (1.2) shows that a reduction in the active layer thickness
d will lead to a reduction in the transparency current density, which is
usually the major component of the threshold current density. As the
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F i g u r e 1.2- Schematic structures and corresponding carrier density of states
(DOS) for three-dimensional (3D) bulk, two-dimensional (2D) quantum well, onedimensional (1D) quantum wire, and zero-dimensional (0D) quantum dot semiconductor lasers.
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active layer thickness d is reduced from - 1000 A in conventional DH
lasers by an order of magnitude to - 100 A, the threshold current density,
and hence the threshold current, should be reduced by roughly the same
order of magnitude. However, as d approaches the 100-A region, the DH
structure shown in Fig. 1.3(a) cannot confine the optical field any more.
To effectively confine a photon or an electron, the feature size of the
confinement structure needs to be comparable with their wavelengths.
Thus a separate confinement heterostructure (SCH) as shown in Fig.
1.3(b) is~needed. In an SCH structure, the injected carriers are confined
in the active region of q u a n t u m size, a size comparable to the material
wavelength of electrons and holes, in the direction perpendicular to the
active layer, while the optical field is confined in a region with size comparable with its wavelength. The active layer is a so-called quantum well,
and the lasers are called q u a n t u m well (QW) lasers. The electrons and
the holes in the quantum well display quantum effects evidenced mostly
by the modification in the carrier DOS. The quantum effects greatly
influence the laser performance features such as radiation polarization,
modulation, spectral purity, ultrashort optical pulse generation, as well
as lasing wavelength tuning and switching.
This chapter is devoted mainly to a general description of QW lasers.
Extensive discussions on QW lasers were given by many experts in a book
edited by Zory (1993). Various discussions on this subject also can be
found in other books (e.g., Weisbuch and Vinter, 1991; Agrawal and Dutta,
1993; Chow et al., 1994; Coldren and Corzine, 1995; Coleman, 1995). In
this chapter, efforts have been made to discuss QW lasers from different
perspectives whenever it is possible. We start with a discussion of the
fundamental issues for understanding the properties of semiconductor
lasers, such as the interaction between injected carriers and optical field
in a semiconductor medium. A universal optical gain theory is described,
which generally can be applied to various semiconductor lasers of bulk,
q u a n t u m well, quantum wire, or quantum dot structures. As the first
chapter in this book, we hope these discussions are informative and entertaining. The following discussion on optical gain of QW lasers shows how
the simple and widely used decoupled valence band approximation is
derived from a more rigorous and more complicated valence band theory
for the optical gain calculation. We then address a specific phenomenon,
state filling or band filling, related to QW laser structures and discuss
its influence on laser performance. Finally, we review some recent performance achievements of QW lasers, which include sub-microampere
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F i g u r e 1.3- Schematic structures for (a)bulk double heterostructure (DH)
semiconductor lasers; (b) separate confinement heterostructure (SCH) quantum
well (QW) semiconductor lasers.

Chapter 1

Q u a n t u m Well S e m i c o n d u c t o r Lasers

threshold currents, high-speed modulation at low operation currents,
spectral linewidth behavior, and wide lasing wavelength tunability.

1.2

Carriers and photons in semiconductor
structures

Before dealing with the optical properties of a semiconductor medium or
a semiconductor laser structure, it is essential to understand the behavior
of injected carriers in a semiconductor medium and how these injected
carriers interact with an optical field. In this section we first review
some elementary analysis on electronic band structures, i.e., the electronic
states available for the injected carriers to occupy in a semiconductor
medium. Detailed t r e a t m e n t of this topic can be found in numerous references dealing with the wave mechanics of solids (e.g., Luttinger and Kohn,
1955; Luttinger, 1956; Kane, 1966; Ashcroft and Mermin, 1976; Altarelli,
1985; Kittel, 1987). Then we discuss how these electronic states are occupied by the injected carriers, i.e., the carrier distribution functions under
the presence of an optical field. Finally, we describe the optical transitions
induced by the interaction between the injected carriers and the optical
field. The discussion in this section is made as general as possible so
t h a t it is applicable to various semiconductor laser structures, i.e., bulk,
q u a n t u m well, q u a n t u m wire, or q u a n t u m dot structures.
1.2.1

Electronic

states

in

a semiconductor

structure

In a semiconductor medium, the wavefunction of an electron in a given
energy band is a solution of the SchrSdinger equation
HcrystalX~fn(r) =

[p2
~

]

+ U p ( r ) + U(r) XItn(r) -- EnXIfn(r)

(1.3)

where p = - i h V is the m o m e n t u m operator, mo is the free electron mass,
Up(r) is the periodic potential of the bulk semiconductor crystal, U(r) is the
additional potential (e.g., the potential caused by the material variation in
a QW structure), and n designates the corresponding band. If U(r) = 0,
the solution to Eq. (1.3) is the Bloch function:
~Ifn k(r)
'

--

Un

k(r) -~-leik'r
'

VV

(1.4)
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Un,k(r)

where

has the periodicity of the crystalline lattice, k = kx~ + ky~

+ kz ~. is the wavevector of the electron, kq is quantized as

.2 ~r

(1.5)

kq = JLq

j is an integer, Lq is the length of the crystal in the q direction (q = x, y,
z), and V = L x . L y 9L z. The functions XItn,k(r ) form a complete basis set.
For U(r) r 0, the solution of Eq. (1.3) can be written as an expansion of
the basis set ~I~n,k(r)
XI~n(r)- E
m,k

Fm(k)Um,k(r)~veik'r

(1.6)

Note that any periodic function can be expanded by the Bloch functions
at the band edge (k = 0), which form a complete basis set for the periodic
functions:
Um,k(r) --

ECml(k)Ul,o(r)
1

(1.7)

Therefore, Eqs. (1.6) and (1.7) lead to

~Itn(r )

=

~z(r)ut,o(r)1

~Ol(r)ul(r)

(1.8)

l

where

(I)z(r) =

~Fm(k)cml(k)~veik'r

(1.9)

m,k

is the envelope function, ul(r) - Ul,o(r) satisfies
(uz(r)lut,(r)> = ~I f cellu~(r)ul,(r) d r = ~u'

(1.10)

where t2 is the volume of the unit cell. In the envelope function approximation, which has assumed that (Pz(r) varies slowly within one unit cell of
the crystal, a k . p approximation up to the second order of the wave vector
showed that the q)t(r) values are governed by a set of coupled SchrSdinger
equations (Luttinger and Kohn, 1955)

~{~[Dt~, ~' (-io~)(-io~,)]+~u,U(r)}Or(r) = [En - Eto]Oz(r )
l'

Og~'

(1.11)
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where 0~ = ~, 0~, = ~, {a, a'} = {x, y, z}, and Ezo is the energy of a free
electron in the semiconductor medium at the band edge, i.e., the energy
of an electron for U(r) = 0 (free electron) and k = 0 (at the band edge).
D~ ~' are a set of constants depending on the crystal symmetry, the choice
of coordinate system and corresponding basis functions {ul}. The symmetry
of the crystal, proper choice of the coordinate system and the corresponding {uz} will significantly simplify Eq. (1.11) because many of the D~ ~'
coefficients vanish.
If OU/Oq = 0 but OU/Os r 0 (i.e., there is no material variation in qdirection(s) and there is material variation in s-direction(s)), where q and
s denote one or more of the x, y, z, respectively (i.e., {q, s} = {x, y, z}), the
envelope functions can be solved by the variable separation method, and
they can be written as
Oz(r) = ~PZskq(s) ~-'-eikqq
'
VLq

r

(1.12)

) satisfies

~z,{ ~ [D~,~' (-iO~)(-iO~,)]+ ~zrU(s)}aPZ,s,kq(S)
(1.13)

Ol Ol '

= [En(kq) - Elo]

r

with -iOq replaced by kq.
The preceding a r g u m e n t is general in the sense t h a t it applies to
different semiconductor structures. Table 1.1 lists the corresponding coordinates, wavefunctions, etc. for bulk, q u a n t u m well (Q-well), q u a n t u m
wire (Q-wire) and q u a n t u m dot (Q-dot) structures t h a t were shown schematically in Fig. 1.2. En(k q) can be obtained by solving Eq. (1.13). Essentially, the En(k q) relation gives the description of the electronic states for
a given band, n in a semiconductor structure. From this relation, various
electronic and optical properties of a semiconductor structure can be calculated and predicted.
If the band-to-band coupling is weak and negligible, as is the case
for electrons in the conduction band, the wavefunction can be written as
a single term:
X[tn(r ) = Un(r)dPn s kq(S )

1 eikq q

(1.14)
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Unconfined
dimension

1

q

Lq

V~q

x y z

L x Ly L z

1
ei(kxx+kyy+kzz )
~/LxLyLz

Q-well

x y

L x Ly

Q-wire

y

Q-dot

--

Structure

Bulk
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Confined
dimension

a2

s

ds

028

1
i(kxx+kyy)
N/LxLy e

z

dz

02Z

Ly

V ~1y e ikyy

x z

dx dz

02---~+ 02z

--

--

x y z

dx d y dz

e .~ + O-"2-~' + (~2 Z

e ikqq

02
a2

02

02

02

a2

T a b l e 1.1- The coordinates, dimensions, related wavefunctions, and differential in the wave equations for the analysis of energy band structures in bulk,
quantum well, quantum wire, and quantum dot semiconductor structures.

where

(~)ns,kq(S)

]~2 02

satisfies the Schr6dinger equation

]~2

]

2 m n OS2 ~_ ~2mnk q2 + U(s) dPns,kq (S) -- [En(k q) - Eno](~)ns,kq(S)

(1.15)

or
]~2 02
2 m n Os 2

]
V ( s ) dPns,kq (S) -- Ens dPnskq(S)

(1.16)

The electron energy is
En(kq) = Ens + Eno + ~

]~2 k q2

(1.17)

and Ens is the quantized energy due to the confinement potential U(s).
Equation (1.17) shows t h a t E n ( k q) is parabolic in kq. The constant m n is
the effective mass of the electrons in the n band. In this case, the electronic
band structure [En(k q) relation] is characterized by the constants of effective mass m n and energy Eno + Ens. This is the well-known parabolic
band approximation.
If the band-to-band coupling (such as the case in the degenerate
valence bands) needs to be taken into account, the E n ( k q) relation in these
bands can be obtained by solving the coupled SchrSdinger Eqs. (1.11) or
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(1.13). Now the En(k q) is no longer parabolic, and the band structures are
more complicated in description. More detailed discussion on the valence
b a n d structures will be given later on.

1.2.2

Carrier distribution
polarization

functions

and induced

In the preceding subsection we discussed the electronic states in a semiconductor structure. Now we discuss the interaction between an optical
field and the carriers occupying these electronic states.
In the presence of an optical field in a semiconductor medium, the
H a m i l t o n i a n in the SchrSdinger equation (1.3), Hcrystal, changes to
H = [p + eA(r, t)] 2
+ Up(r)+ V ( r ) - Hcrystal + H'
2mo

(1.18)

where A(r, t) is the vector potential of the optical field [V.A(r, t) - 0,
Coulomb gauge], and the interaction Hamiltonian is
H' = e A(r,t).p+

m0

e2
]2
e
I A(r,t)
~
A(r,t).p
~
mo

(1.19)

The ] A(r, t) ]2 t e r m approximately yields zero matrix elements for the
interested interband transitions because {uZ ] u~) = 0 (1 r l' for i n t e r b a n d
transition) and A(r, t) varies slowly within one unit cell of the crystal.
It was shown t h a t the interaction Hamiltonian H' also can be
w r i t t e n as (Sargent et al., 1974; Yariv, 1989)
H' = - ( - e r ) 9E(r, t) = h " E(r, t)

(1.20)

where E(r, t) = -0A(r, t)/Ot = $(r, t)~ is the optical field, and ~ is the unit
vector along the direction of the optical field polarization.
A semiclassical theory can be used to t r e a t the interaction between
the semiconductor m e d i u m and the optical field. The carriers in the semiconductor m e d i u m are described q u a n t u m mechanically by the SchrSdinger equation, while the optical field is described classically by the
Maxwell equations. The transition matrix element for optical field induced
transition of an electron from the conduction band to the valence band,
or in reverse, is
H ~ = (~v I/21 ~c) "E(r, t)
----

efMy(

1_

1
) nsv,kqv(S) ~/-~e-ikq~l(~l
9r) Uc(r) (~nsc kqc( s ) ~ e i k q c q dr
'
VLq
tl
• $(r, t)
(1.21)
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Notice t h a t s i n c e (~)nsl,kql (S) and e ikqlq (1 = c, v) vary slowly within one unit
cell of the crystal and (u,(r) luc(r)) = 0, we have
H ~ = e (uv(r) I ~ 9r l Uc(r))

•

(1.22)

1
-ikq~CPns c k J s ) L e
f ~p,ns"kq"(S) V~qe
'
gLq

ikqcq d r • g~(r,t)

where
(u,(r) l ~ " r luc(r)) = ~1 f cell u*(r) (~ 9r)uc(r) d r

(1.23)

Equation (1.22) indicates t h a t H ~ = 0 unless

kq, = kqc =- kq

(1.24)

Equation (1.24) is a necessary condition for the band-to-band optical transition in a semiconductor structure and is called the k-selection rule. U n d e r
this selection rule, the transition matrix element becomes
H ~ =/2(5)~(r, t)

(1.25)

/2(5) = e (uv(r)I ~ . rluc(r)) f(P*nsv,kq(S)CPnsc,kq(S)ds

(1.26)

where

and 5 represents a series of q u a n t u m n u m b e r s {kq, ns, , nsc}. nsv and nsc
are the q u a n t u m n u m b e r s associated with the wavefunctions (~)nsv,kq(S)
and r
in the s direction(s), respectively, which are determined by
the confinement potential U(s) [see Eq. (1.13)].
Assuming a single-mode monochromatic optical field propagating
along the y direction,
1

~(r, t) = ~ ~oei(fly-~

+ c.c.

(1.27)

then
r

1

H ~ = ~ p(&)[~oei(~-~) + c.c.]

(1.28)

where fl is the propagation constant and w is the a n g u l a r optical frequency.
The density-matrix formalism can be used to obtain the carrier distribution functions - - the probabilities t h a t carriers occupy these states in
a semiconductor m e d i u m in the presence of an optical field. One can
use the density-matrix formalism for a two-level system and t r e a t the
semiconductor active m e d i u m as an ensemble of two-level systems with
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q u a n t u m number nsc and nsv and a rigorous k-selection rule applied to
the recombining electron-hole pairs, i.e., kqc = kav = kq. The densitymatrix equations can be rewritten in terms of the distribution (occupation)
functions for electrons P~e(~) and holes Phh(~) in the presence of an optical
field (Sargent et al., 1974; Yariv, 1989; Zhao et al., 1992f):

d
d--7[pee(&)]e

i
,
Pee( ~)
= nT[Hvc Peh(&) -- C.C.] -Te

fe

(1.29)

d
i
Phh(&) -- fh
d---~[Phh(&)] = -~[H', c Peh(&) -- C.C.] -Th

(1.30)

d
i ,
d-~[Peh(&)] = - H vc* [Pee(~) -~ Phh(~) -- 1]

i
-~E~oeh(~)

Peh( )
%

(1.31)

where

fe = fe(kz,nsc,Fe) =

1
exp(Ee(kq,nsc)-Fe)
\
ks T

(1.32)

+ 1

and
(1.33)

fh = fh(kq,nsv, Fh) =
[Eh(kq,nsv) - F h )
exp\
kB T
+ 1

are the quasi-Fermi distributions that the electrons and the holes tend
to relax to, Ee(kq, nsc) and Eh(kq, nsv) are the energy of an electron and a
hole with wavevector kq and q u a n t u m numbers nsc and nsv respectively,
F e and F h are the quasi-Fermi energy levels for electrons and holes respectively, Peh(&) is the off-diagonal (electron-hole) density matrix element,
E~ is the transition energy of an electron-hole pair with wavevector k z
and q u a n t u m numbers nsc and nsv, % and 7h are the quasi-equilibrium
relaxation times for electrons in the conduction band and holes in the
valence band, respectively, and T2 is the interband dephasing time.
The times involved in Eqs. (1.29) to (1.31) are the stimulated emission
time [related to the first term on the right hand side in Eqs. (1.29) and
(1.30)] and the carrier intraband relaxation and interband dephasing
times (Te, Th, T2). They are usually in the sub-picosecond range and much
smaller t h a n the time scale related to laser performance. For example,
the time scale for 100-GHz modulation is ~ 10 ps. Thus quasi-equilibrium
solutions (d/dt = 0) of Eqs. (1.29) to (1.31) can be used to study various
dynamic and static properties related to semiconductor laser performance.
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The quasi-equilibrium solutions of Pee(~) and Phh(~) c a n be obtained
from Eqs. (1.29) to (1.31) as
~(E
Pee(&) = f e -

re
[fe + f h re + rh

1]

P
E~)~-~t's

1 + ~(E-

.~f(E
Phh(~) = fh --

P
E~)~s

-

(1.34)

P
E~)~ss

-

rh
[fe + fh -- 1]
Te -~ Th
1 + ~(E-

P
E~)~-~-t's

(1.35)

where
~(E - E~) = E22 + (E - E~) 2

(1.36)

ET2 = h/T2, E = hw is the photon energy of the optical field, P =
1
2
~eonrl~Ol2/E is the photon density, Ps = h2eon2/[Ift(~)12E(Te + Th)T2] is the

saturation photon density, eo is the electric permeability of the vacuum,
and n r is the refractive index for the optical field. Equations (1.34) and
(1.35) show that the presence of an optical field causes spectral "holes"
in the Fermi-like distributions of the electrons and holes. The spectral
"holes" are represented by the terms involving P. This is the so-called
s p e c t r a l hole b u r n i n g in a semiconductor medium (Yamada and Suematsu,
1981; Yamada, 1983; Asada and Suematsu, 1985; Chow et al., 1987; Agrawal, 1987, 1988).
The quasi-equilibrium solution for Peh(&) is
1
Peh( ~) '- -- -2 P*( ~)[Pee( ~) + P h h ( ~ ) - 1] (E - E ~ 1) + iET2

~oei(l?'y-wt)

(1.37)

The induced polarization can be written as
1

2 P i n ( r , t ) - ~ ' in,0 e

i(~y- o)t)

+ c.c.

= T r [ k ( - p / V ) ] = - E ~(r,
V(~)~) [Peh(~) #(~) + C.C.]
: 2 E

X

V(~)

1]s

[Pee(~) -~- Phh(~) -- 1]

1
~0 ei(fly-wt) -~- C.C.
(E - E ~ ) + iET2

1
2 Eo (Xr -~-

ixi) :o ei(fiy-wt) + C.C.

(1.38)
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where V(5) is the confinement volume of electrons and holes and
[r outside V(5)]

(1.39)

From Eq. (1.38), the susceptibility X = Xr + ixi can be obtained. The real
part (Xr) and imaginary part (Xi) of the susceptibility can be written as

~(r, ~)

,)(r (E) = - ~_ EoV(5) I~t(5)l 2 [Pee(5) + Phh(5) -- 1] ~r(E& - E)

(1.40)

Ol

~(r, &)

,)(i (E ) = - ~,_ Eog(5) I/~t(5)l2 [Pee(5) + Phh(5) -- 11 ~ ( E ~ - E)

(1.41)

Og

where
~r(Ea - E) =

Ea - E

E 22 + (Ea - E) 2

(1.42)

ET2

(E~ - E) = E 22 + (E~ - E) 2

1.2.3

Optical transitions

(1.43)

and gain coefficients

The obtained polarization ~in [Eq. (1.38)] is due to the optical field-induced
transitions (or optical field-induced electron-hole recombination in the
active region). Equations (1.38) and (1.39) indicate that the active region
is the region where electron wavefunctions and hole wavefunctions coexist
or overlap. In the active region, the electron density and hole density can
be related by a quasi-neutrality condition

1

VM D E

kq,ncs

fe(kq , ncs,

Fe ) -

1

~

VMD kq,nvs

fh(kq, nvs, Fh) = N M D

(1.44)

where VMD represents the d i m e n s i o n a l v o l u m e of a semiconductor laser
structure in which the injected carriers are regarded as M-dimensional,
e.g.,
V = L x .Ly .L z

VMD --

!

-Lx
= L,,
,9"

=1

L~

(MD
(MD
(MD
(MD

=
=
=
=

3D,
2D,
1D,
0D,

bulk)
quantum well)
quantum wire)
q u a n t u m dot)

(1.45)

and NMDis the M-dimensional carrier density (M = 3, 2, 1, 0). Using the
unperturbed quasi-Fermi distributions [Eqs. (1.32) and (1.33)] to calculate
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the carrier density is a very good approximation. The relative error due
to the spectral hole burning is typically less than 1% for the carrier density
and photon density values of interest.
Next we analyze how the optical field-induced transitions in turn
contribute to the intensity of the optical field. We start with the wave
equation derived from the Maxwell equations:

02

V2~(r, t) - t t o d r ) - ~

02

~(r, t) = tto~-~ ~n(r, t)

(1.46)

where tt o and dr) are the magnetic permeability and electric permeability,
respectively. The variation in dr) = ds') (where s' = {x, z}) manifests the
lateral and transverse optical confinement of the laser waveguide. We
have already assumed that the optical wave propagates in the y-direction.
Assume that the optical field ~o in Eq. (1.27) can be written as
(1.47)

~o = Ao(t)Eo(s')

where A o is a complex number including both the amplitude and the
phase of the optical field and Eo(s') is the eigenmode function of the optical
confinement structures with

( 02

)
-

020202

f12 Eo(s ' ) + w2ttoe(S ' )Eo(s ' )

=

O, Os,2

=

~ 2

+

~z 2

(1.48)

For most semiconductor laser waveguides, the lasing action occurs in the
fundamental optical eigenmode. Substitution of Eqs. (1.27), (1.38), (1.47),
and (1.48) into Eq. (1.46) leads to
2ids')Eo(s') ddt
A~ - - w Z

~(r,
V(~)&)

I~(t))12[Pee(Sl) + Phh(5~)-

1]
(1.49)

1
•
Eo(s') Ao
(E - E~) + iET2
where slow wave variation
d2Ao
dt 2

dAo
<< w ~[-

(1.50)

has been used. We take the product of Eq. (1.49)with E~(s') and integrate
over s' = {x, z} from -oo to +oo. The result is
d A o _ iw
1 f ~(r, &) IEo(s')]2ds '
dt - 2 :A~ E V(5~) f ds;i iE-~)~2-dss '

X I~(~)12 [Pee(~) -~- Phh(~)- 1]

1
(E - Ea) + iET2

(1.51)
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For different laser structures (e.g., quantum well, quantum wire), usually
there is no potential energy variation along certain direction or directions.
Using the definition in Sect. 1.2.1 and Table 1.1 for a specific laser structure, there is no additional potential variation in the q-direction(s) for
the injected carriers. It is convenient to take the "dimensional volume"
VMD [see Eq. (1.45)] out of V(&) in Eq. (1.51) and define
(1.52)

V(nsc, nsv) = V(~)/VMD

V(nsc, nsv) can be regarded as the dimensional volume related to the sdirection(s) (where OU/Os # 0). It is the volume of these quantized dimension(s). Assume that the photons in the laser waveguides have a normalized distribution function in the directions perpendicular to the
longitudinal optical wave propagation direction y, which is given by O(s')
= O(x, z); then

O(s') = e(s') IEo(s')L2/ [f e(s ') To(S')12ds ']

(1.53)

Notice that since the carrier confinement is usually much tighter than the
optical field confinement, O(s') in the active region can be approximated by
its value at the center of the active region (s' = 0). Then, Eq. (1.51) can
be written as
dAo _
dt

iw

1

2~on~Ao EFMD
VMD I#(~)[ 2 [Pee(~)
&

-~- P h h ( ~ ) --

1]
(1.54)

1
X
(E - E~) + lET2

where n r is the refractive index of the active region and
FMD --

O(0)

Sac

V(nsc,nsv)

(1.55)

is the d i m e n s i o n a l coupling factor reflecting how the injected carriers in
different semiconductor structures (which might be 3D bulk, 2D quantum
well, or 1D quantum wire structures) interact with the photons that are
confined by the waveguides. Sac is the cross-sectional area of the active
region the in xz plane that is normal to the optical mode propagation
direction. In Table 1.2 the dimensional coupling factor and other related
parameters are compared for bulk, quantum well (Q-well), and quantum
wire (Q-wire) laser structures. For bulk and quantum well structures,
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Unconfined
dimensional
"volume"

Active region
crosssectional area
Sac

Dimensional
coupling
factor

VMD

Confined
dimensional
"volume"
V ( n sc, n sv)

V = L x xLy xL z

1

w X Lz

Lz
tz

Q-well

S = LxXLy

dz

w Xdz

Q-wire

L = Ly

dx x dz

dx X d z

Device
structure

Bulk

]-'MD

1
tz

m

1
nxz

Note: For the bulk and quantum well structures, w is the laser strip width along the x
direction, and t z is the effective optical mode width along the z direction. For the quantum
wire structure, d x is the quantum wire width, and Axz is the effective optical mode crosssectional area in the xz plane.

1.2- The coupling factors and other related parameters in semiconductor bulk, quantum well, and quantum wire structures.
Table

usually the laser strip width w is large (see Fig. 1.1), so the optical field
variation along the x-direction can be ignored. For the 3D bulk laser
structures, the coupling factor is just the conventional confinement factor.
We will discuss the coupling factor of 2D quantum well laser structures
later in Sect. 1.3.3. For the 1D quantum wire laser structure, Axz = 1/
O(0) can be considered as the effective optical mode cross-sectional area,
where the 0 in O(0) represents the position of the quantum wire in the
x - z plane.
Equation (1.54) can be rewritten as
dA o _ 1
1
d t - -2 Vg(FMDG -- iFMD N r ) A ~ = -2 VgQ~ -- i 0 ) A o

(1.56)

where Vg = C/nr, C is the speed of light in vacuum, g - F M D G ( E ) is the socalled modal (exponential) gain coefficient,
G(E) =

VMD ~
1

tiC Conr

E [Pee(~) + Phh(5:) -- 1] c~(Ea - E )

X ' IP(&)I 2 E

VMD ~

~C Con r ET2

[Pee(~) -~- Phh(~) -- 1] .~(E - E a )

(1.57)
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E [p~e(5) + Phh(5) -- 1] ~r(Ea

E)

(1.58)

and 0 = FMDNr(E). If the photon density inside the active region is denoted
by P and
p = ~1Eonr2 i~o(t, s'

=

0)]2/E = ~leon2

~oEo(0)12/E

(1.59)

using Eq. (1.56), we get
dP
dt - vggP = VgFMDGP

dP
~ Istim

(1.60)

which is the photon density increase rate caused by the stimulated optical
transitions of the carriers in the active region.
On the other hand, the total optical power generated by the stimulated
optical transitions in the active region can be written as
1

- fj< (r, t) d~in(r'dt t)>tdr = - ~ -~ Re[$o(-io~in,o)*] d r
----~WVMD

(1.61)

dNMDI
dt Istim

where the spatial integral is over the active region and { )t denotes a time
average. -VMD(dNMD/dt)lstim is the total stimulated recombination rate
of the carriers in the active region. Equations (1.61), (1.38), (1.57), and
(1.59) lead to
dNMD

dt

lstim --

-- vgG(E)P

(1.62)

Equations (1.60) and (1.62) are the two very important relations that
describe the interaction between the injected carriers and the photons in
various semiconductor laser structures. From Eqs. (1.60) and (1.62), rate
equations for photon density and carrier density can be obtained to describe the static and dynamic properties in semiconductor lasers of different structures.
Using Eqs. (1.57), (1.34), and (1.35) and assuming P/Ps < < 1, the
dimensional gain coefficient G(E) can be approximately written as
G(E) = Go(E) - GI(E}~-~
rs

(1.63)

1.3 Basics of quantum well lasers

21

where
Go(E)

GI(E) =

1

X~ Ip(~)l2 E

VMD ~ hCEonrET2
1

~

Ip(~)l 2 E

VMD ~ hCEonrET2

[fe(~) + fh(~) -- 1] ~(E - E~)

(1.64)

[fe(&) + fh(5~) -- 1] 9~2(E - E~) (1.65)

G Ois the linear gain coefficient, and G1 is the first-order nonlinear gain
coefficient. G1 r 0 describes the gain decrease at photon energy E because
of the presence of the optical field, i.e., the gain suppression by spectral
hole burning.
The definition for the dimensional gain coefficient G(E) in Eq.
(1.57) is not superfluous. It shows how to define the material gain in
the low-dimensional world as the injected carriers become 2D, 1D, or
0D in the quantum structures. For quantum structures, the lowdimensional carrier density change rate is related to the 3D photon
density by the low-dimensional gain coefficient. The 3D photon density
change rate is related to the low-dimensional gain coefficient and the
coupling between the low-dimensional carriers and the 3D photons (the
dimensional coupling factor). The differential gain d G / d N has a universal
unit for all the different structures where G is the dimensional gain
and N is the dimensional carrier density. This facilitates comparison
of the dynamic properties between the different lasers structures.
Many dynamic properties in semiconductor lasers are influenced by
the differential gain.

1.3

Basics

of quantum

well lasers

In the preceding section, analysis of optical transitions, carrier distribution functions, and gain coefficients was given for different semiconductor
laser structures. Two things must be done to evaluate the optical
properties in these semiconductor laser structures. First, we need to
obtain the transition matrix elements IP(~)I. Second, we must accurately
and efficiently make the summation (1/VMD)~,&of the interesting parameters over the quantum numbers & - {kq, ns~ nsc}. This can be
accomplished by obtaining the density of states of the carriers and
then making integrals of the interesting parameters with the density
of states in the energy space. Both the transition matrix elements and
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the density of states are dependent on the structures of semiconductor
active medium. In this section we concentrate our analysis on the
transition matrix elements and the density of states of q u a n t u m well
(QW) laser structures. The rate equation analysis on QW lasers in the
last part of this section is still applicable to other semiconductor laser
structures with proper terminology changes in the rate equations.

1.3.1

Transition

matrix

elements

The expressions for Go(E), G1 (E), and Ps depend on the transition matrix
element I/2(&)l./2(~) is given in Eq. (1.26) for the single-band model. The
transition matrix elements are quite different for different semiconductor
laser structures due to the different spatial symmetry. In the following,
we look at the transition matrix elements in semiconductor bulk and QW
structures, respectively.
As we discussed in Sect. 1.2.1, to obtain the solutions for the electronic
states, one needs to solve the SchrSdinger equation or the coupled SchrSdinger equations. Usually, the coordinate system is chosen such that the
x, y, and z axes are along the crystalline axes. The coupled SchrSdinger
equations can thus be significantly simplified because many D~,~' parameters are zero due to the symmetry of the crystal. This also facilitates the
t r e a t m e n t of the interaction between the optical field and the semiconductor medium. Usually, the polarization of optical field is also along one of
the crystalline axes.
In a zinc blende crystal with large direct band gap, the conduction
band structure can be well described by the single-band model [Sect. 1.2.1
and Eqs. (1.14) to (1.17)]. From Eqs. (1.12) and (1.14), the wavefunction
for the electrons in the conduction band is
9 e(r) = Uc(r)CPe(r)

(1.66)

The Bloch functions at the conduction band edge can be written as

Uc(r)= {[ S > " I1>

(1.67)

where IS> is the S-like isotropic spatial function, and IT> and I1> are
the spin wavefunctions with the spin along the z and - z directions,
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respectively. The envelope function (I)e(r) and the conduction band structure Ee(kq, nsc) can be obtained by solving
~2

2 m e l t 2 + ~2 + ~2 + Vc(r)]dPe(r)= EedPe(r)

(1.68)

where m e is the effective mass of the electrons in the conduction bands,
--iOr -- --ia/0r (r -- x, y, z), and Uc(r) is the additional energy potential
due to the quantum confinement of the electrons in the conduction band
for quantum structures. The electron energy E e is measured upward from
the bottom conduction band edge of the bulk structures [where Uc(r) =
0]; i.e., Eco = 0 is assumed.
For the zinc blende semiconductors of direct band gap and large spinorbit energy separation, the valence bands have a fourfold degeneracy
(including the twofold spin degeneracy) at the band edge for bulk structures. The Bloch functions at the valence band edge can be written as
(Luttinger and Kohn, 1955)
kr

-

-

'1'~>3
1>
u,(r) = ] j > =

- V~I (IX> +ilY>)'IT>
i

- ~v [u ( I x >

_1> _

2
3
]-~>

+ilY>)-1I>-2]z>.IT>]

1 [(IX > _ i l Y > ) . I T >

V~
i

- ~:~(IX>-ilY>).]l

+ 2 1 Z > . It>]
>
(1.69)

where I X >, I Y >, and I Z > are the P-like spatial functions. I~3 > and
I - ~3 > correspond to the heavy hole valence bands; I~1 > and [-~1 > correspond to the light hole valence bands. The valence band structure can be
obtained by solving the coupled SchrSdinger equations [Eqs. (1.11) and
(1.13)], which can be written explicitly as (Luttinger and Kohn, 1955;
Luttinger, 1956)

ML0*
*

P-

0

M*

Q

0
P - q

M
-L

-L*

P + Q

I

Oh' 89

/(Ph _89(r) / = Eh

r

LCPh,_~(r)]

q~h,-~ (r)

(1.70)
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where
~2

P =

2mo

~'1 [f~2 + f~2 + f~2 + U,(r)]

(1.71)

~2

Q

=

"Y2 [~2 + f~2 _

2mo

2f~2]

(1.72)

h2

L = -iV~~m
M = ~

~ ~'3 [f~x - if~y]f~z

(1.73)

fi2
~
{~'2 [f~2 _ ]~2] _ i2 ~,3f~xf~y}

(1.74)

~'1, ~'2, and ~'3 are the Luttinger parameters, and U,(r) is the additional
energy potential due to the q u a n t u m confinement of the holes in the
valence band for the q u a n t u m structures. The valence band energy E h
is m e a s u r e d downward from the top valence band edge of the bulk
structures [where U,(r) = 0]; i.e., E~o = 0 and E h - - E , >- 0 are
assumed.
The wavefunction of the holes in the valence band is written as
~h (r) = ~

IJ > ~ h d ( r )

3 1

( j - ~, ~,

1

3

~, - ~)

(1.75)

J

Equations (1.69) to (1.74) were obtained by a k.p approximation
up to the second order in the wave vector (k2). There should be some
linear k terms in Eqs. (1.70) to (1.74) due to the lack of inversion
s y m m e t r y in the zinc blende structures in comparison with the diamond
structures (such as the Si and Ge structures) (Luttinger and Kohn,
1955; Dresselhaus, 1955; Kane, 1957). However, these linear k terms
are negligible for the zinc blende crystals with large spin-orbit energy
separation (Dresselhaus, 1955; Kane, 1957; Broido and Sham, 1985)
such as the GaAs/A1GaAs material system.
For the bulk semiconductor structure Uc(r) = 0 and U~(r) = 0,
the conduction band structure Ee(k) and the valence band structure
Eh(k) can be obtained by t a k i n g the envelope functions q~z(r) ~ exp(ik
9 r)/X/-V (l = e for electrons and l = h, j for the holes). For the
conduction band, Eq. (1.68) results in a parabolic relation Ee(k) =
h2k2/(2m~), where k = [k[. For the valence band, using the spherical
approximation (Baldereschi and Lipari, 1973) ~'2 = ~'3 = ~ = (2~'2 +
3~'3)/5 in Eqs. (1.71) to (1.74), Eq. (1.70) can be diagonalized u n d e r a
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unitary transformation (Luttinger, 1956; Kane, 1957). The new Bloch
functions at the band edge under the unitary transformation are

r 3'>

= ~1[ ( c o s r
O-isinr
+ (sin r cos 0 + i cos ~) ]Y> - sin

'

_

Ii >
u~(r)

=]j'>=
1'

-2>

I -~3' >

OIZ>].

IT'>

i

- ~{[(cosr
0 - i s i n C ) lX>
+ (sin r cos 0 + i cos r I Y> - sin OIZ>]. ]1'>
-2[cosCsin01 X > + s i n C s i n 0 l Y >
+ cos 0 IZ >]" IT'>}
(1.76)
1
= ~{[(cosr
0+isinr
X>
+ (sin r cos 0 - i cos r ]Y> - sin OIZ>]. IT'>
+2[cosCsin01X> +sinCsin0lY>
+ cos o IZ >]" It'>}
i
= ~[(cosr
0 + i s i n r X>
+ (sin r cos 0 - i cos r IY> - sin OIZ >]. li'>

where & and 0 are the angles specifying the wave vector k in a bulk
semiconductor structure as shown in Fig. 1.4, and IT'> and II'> are the
spin functions with the spin along the k and - k directions, respectively.
The corresponding Bloch functions for the electrons in the conduction
band under the unitary transformation are

uc(r)=

IS>-IT'>

IS>

(1.77)

11'>

Using the new Bloch functions, Eq. (1.70) becomes

[Phh
Li

0 M 0
Pmo PmO O0
o

rq)h~,(r)
~~

=

|(I)h'l'(r)
/(I)h'-~
'(r)|/

Eh

q)h,~,(r)

]

(i)h'
q)h 891,(r) ]

(1.78)

o

where
~2

Phh-

2mo (Yl + 2~)(]~2 + f~2 + /~2)

Pm= ~fi2 (Yl + 2~)(]~2

(1.79)

+ f~2 + f~2)

(1.80)
3p

3r

Equations (1.78) to (1.80) show that the Bloch functions ] ~ > and ]-~ >
correspond to the heavy hole valence bands with effective masses of mhh
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F i g u r e 1.4: Representation of the wave vector for an electron or a hole in
the crystalline coordinate system.

i r

i p

= m o / ( y 1 - 2~) and i~ > and l - ~ > correspond to the light hole valence

bands with effective masses of m h h = mo/(Yl + 2 ~). The heavy hole valence
bands and light hole valence bands are completely decoupled. Thus the
valence bands can be t r e a t e d by the single-band model, and the valence
band structures are described by the parabolic relations with the corresponding effective masses, i.e., E h h ( k ) = h 2 k 2 / ( 2 m h h ) and Ehz(k) = h2k2/
(2mh/).
Assuming t h a t the optical wave propagates along the y direction, the
square of transition matrix elements ] p(k) ]2 for the transitions between
the different conduction bands and the different valence bands for the
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TE mode (fi 1[ :~) and the TM mode (fi [1 ~,) are shown in Table 1.3. The [
p(k) 12 averages over r and O are also shown in Table 1.3, w h e r e ( ),,~
r e p r e s e n t s the average over r and O. The square of the t r a n s i t i o n m a t r i x
elements shown in Table 1.3 are in units of/~2, which is defined as
].t2

e2

-= -a-i<s ixlX>

[2_ e2

e2

i<s tylY>l 2 - -3- I<s IzlZ >12

(1.81)

Table 1.3 can be s u m m a r i z e d as t h a t the e l e e t r o n - h e a w hole transitions
and the electron-light hole transitions have the same t r a n s i t i o n m a t r i x
e l e m e n t square/z2 for both the TE and the TM modes in the bulk semiconductor structures.
In a QW semiconductor structure, as shown in Fig. 1.5, a thin layer
of semiconductor m a t e r i a l of smaller energy b a n d g a p Eg 1 is bounded on
either side by semiconductor m a t e r i a l s of bigger energy b a n d g a p Eg 2. This

TE Mode

Is>- IT'>
3!

3
( ~ (COS 2 t~ COS 2 ~ -+1
<~(C0S2r

1')

sin 2 r

COS20 A-

~, o

0

= 1
1
= g

sin2r162

(2 cos2(~ sin20)r

3p

Is>-I,')

2

= g

(2 cos2(~ sin20>r

-

1

sin2&))r

= g

(~(c0s2r cos20 + sin2r162

= 1

1 (COS2( ~ C0S20 -f3

0

2

TM Mode

Is>. IT'>
3r

3

sin2t?)r

I 2}1'

(~lsin20)r

1-1' )

<2COS2tg)r

3'

Is). 11')

= 1

o

0
(2 COS2~)~b,0 - g2

2

<~1 sin20) r
3

1

sin2O>r, o = 1

Note: See text for definition of ].t2.

1 . 3 : The transition matrix elements and their angular average for the
TE and TM modes in a bulk semiconductor structure in units of tt 2.
Table
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F i g u r e 1.5- The layered structure and the conduction and valence band edges
of a AIGaAs/GaAs/A1GaAs QW laser.
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introduces the additional potential U (r) for the electrons in the conduction
band and for the holes in the valence band. Assume t h a t the z direction
is perpendicular to the E g 1 layer; then U (r) = U (z); i.e., s = z and q =
x, y for the formulation shown in Sect. 1.2. The thin E g l layer acts as a
trap for the electrons in the conduction band and for the holes in the
valence band, respectively. If the thickness of the E g I layer is ~ 100/k,
the confined electrons and holes display q u a n t u m effects. As an example,
consider the A l x G a l _ x A s / G a A s / A l x G a l _ x A s
QW structure as depicted in
Fig. 1.5. The conduction band edge is lower by AE c ~ 0.67.AEg in the
GaAs inner region compared with the two sides AlxGal_xAs, where AEg
=-- E g ( A l x G a l _ x A s ) - Eg(GaAs) = x 91.27 eV and x is the A1 mole fraction
in AlxGal_xAs. Similarly, there exists a discontinuity in the valence band
edge AE v ~ 0.33.AEg. The conduction band edge and the valence band
edge are the potential functions Uc(z) and U~(z) for the electrons and
holes, respectively

(1.82)

0

(1.83)

In QW laser structures, the wavefunction of an electron in the conduction band is given by Eq. (1.66), where the envelope function can be written

as
(I)e(r) -- dPe,z(Z)

~

1

e

ikil

(1.84)

.r,,

where rll and k,, are the position vector and the wave vector in the QW
plane, respectively, and S = L x • L y Substituting Eq. (1.84) into Eq. (1.68)
leads to

h2 a 2
2 m e Oz2

]
~- Vc(z)

~ez(Z) -" Eez(~Pez(Z)
,

,

,

(1.85)
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and the electron energy
h2k 2
Ee -

(1.86)

2 m e + Ee, z

where k = Iklll, Ee, z are a series of quantized energy levels, and r z(Z)
are the corresponding eigenfunctions
Ee, z - Ee, z(ne) ,

~Pe,z(Z) -- ~Pe,z(Z, n e)

(n e = 1, 2 , . . . )

(1.87)

t h a t are solved from Eq. (1.85) by using the boundary conditions for the
eigenfunctions at the QW interfaces (z = +_dz/2). The QW thickness dz
and the QW potential energy depth hE c directly influence the quantized
energy levels and the eigenfunctions.
The wavefunctions for the holes in the valence band are given by Eq.
(1.75), where, for the QW structures, the envelope functions ~hj(r) can
be written as
~hj(r)

-

-

1
( ~ h J ' z ( Z ) ~ eik"'r"

3 1
J = 2' 2'

1 3
2' --2

(1.88)

In Eqs. (1.84) and (1.88), the wave vectors kl, are not distinguished for
the electrons and the holes because for interband transitions the wave
vectors must be the same for the electrons and the holes under the kselection rule. Substitution of Eq. (1.88) into Eq. (1.70) leads to a set of
coupled differential equations similar to Eq. (1.70) with ~hj(r) replaced
by r z(Z) and kx and ky replaced by kx and k~, respectively. The solutions
to this set of coupled SchrSdinger equations are a set of energy levels
E h -- E h ( n h , kx, ky) and the corresponding eigenfunctions ~ h ] z(Z) -- ~ h ] z( z,
nh, kx, ky) (j = 2,3 2,1 _12, _32 and n h - 1, 2, . . .). They are d'etermined by
the QW thickness dz and the QW potential energy depth AE. through
the boundary conditions for the eigenfunctions at the QW interfaces
(z = +dz/2).
For the QW semiconductor structures, the transition matrix elements
are quite different from those for the bulk semiconductor structures because some of the crystal symmetries are not present due to the potential
U(z) in the QW structures. The transition matrix elements can be evaluated by following a similar derivation shown in Sect. 1.2.2 from Eq. (1.21)
to Eq. (1.26) and using Eqs. (1.66) and (1.67) for the electrons and Eqs.
(1.75) and (1.69) for the holes. The square of transition matrix elements
in the QW structures generally can be written as
I]~(~)12 -- I]~(Sr, ne, nh,

kx, ky)l 2

= ]-t 2 ~

(1.89)
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where 6 is defined as the polarization modification factor, ~r represents
the spin states I}> or II>, and tt 2 is the square of the transition matrix
e l e m e n t for the bulk structures given by Eq. (1.81). In Table 1.4 the
polarization modification factor t~is shown for the TE and the TM modes,
respectively, for the transitions between the two different spin states of
the carriers where

<*h,jl*e> : f*~j,z( z, nh, kx,

ky)(IPe,z(Z, ne)dz

(1.90)

Table 1.4 and Eqs. (1.89) and (1.90) show how the transition matrix
elements in the QW structures are obtained from the electron wavefunctions (~e,z(Z, ne, kx, ky) and the hole wavefunctions (~hz,j(Z, nh, kx, ky). For
the differently polarized optical field (the TE or TM modes), the gain
coefficients can be evaluated by using Eqs. (1.64) and (1.65) and making
summations over kx, k~, ne, n h and tr (spin).
For the QW structures, the process of solving the coupled SchrSdinger
equations [Eq. (1.70)] for the holes in the valence band is much more
complicated and difficult t h a n that of solving the single SchrSdinger equation [Eq. (1.85)] for the electrons in the conduction band. There have been
several approximation methods used to simplify this process and to obtain
the valence band structures, hole wavefunctions, and transition matrix
elements more easily. First of all, Equation (1.70)can be block diagonalized

TE Mode

I,>
I1>

I<r 3/2]r

+ 89I<r162

2 + h/~Re[<Oh, 3/21~e><~e]~h,-1/2>]

3 [<Oh,_3/2](t)e)12 A- 1 I(Oh, 1/210e>1 2 A-

/3Re[(Oh,_3/2lOe>((I)elOh,

1/2>]

TM Mode
I}>

2 I<r

1/21~e>] 2

]1>

2 ]<r _1/21r

2

Note: The definition of <(~h,jl~e> is given in text.
Table
1.4: The polarization modification factors for the TE and TM modes
with transitions between the two different spin states of the carriers in a QW
structure.
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into 2 • 2 blocks using a unitary transformation (Broido and Sham, 1985).
Thus the number of the coupled equations can be reduced from four to
two. This can be further simplified by the axial approximation. The axial
approximation assumes t h a t 72 = 73 = ~-= (~'2 + 73)/2 in the M term of
Eq. (1.70) (Altarelli et al., 1985; Twardowski and Hermann, 1987; Ahn
et al., 1988). This introduces a rotation symmetry to the valence band
structures in the kxky plane.
The simplest method to obtain the transition matrix elements in the
QW structures is the decoupled valence band approximation. It assumes
t h a t the electrons and the holes have a virtual wave vector k z along the
z direction t h a t is related to their corresponding quantized energies in
the z direction (Yamanishi and Suemune, 1984; Asada et al., 1984; Yamada
et al., 1984, 1985). Similar to the t r e a t m e n t for bulk structures, Eq. (1.70)
can be diagonalized under the spherical approximation and the same
unitary transformation. The new Bloch functions are the same as given
by Eqs. (1.76) and (1.77). The valence bands are then decoupled, and two
equations similar to Eq. (1.68) can be obtained with corresponding heavy
hole effective mass mhh and light hole effective mass mhl , respectively.
The polarization modification factors 6 for the TE and the TM modes are
shown in Table 1.5 for the transitions between the different conduction
bands and valence bands. The 6 values shown in Table 1.5 have been
averaged over ~, i.e., averaged over various k~ and ky for a given value
ofk = ~ / k 2 + k 2 , a n d

cos 2 ~ = cos 2 ~j ~

Ee z + Ehj, z

i e -~- E hj

( j = h, l)

(1.91)

In Eq. (1.91), E e is the total electron energy including both the quantized
energy Ee, z related to the q u a n t u m confinement in the z direction and the
transverse kinetic energy in the xy plane [see Eq. (1.86)]. Similarly, Ehj
is the total hole energy including both the quantized energy Ehj, z related
to the q u a n t u m confinement in the z direction and the transverse kinetic
3'
3'
energy in the xy plane, where j - h denotes the heavy holes ([ ~ >, [ - ~ >)
1'
1'
and j = l denotes the light holes ([ 5 >, ] - ~ >).
The quantized energies Ee.z for the electrons can be obtained by solving Eq. (1.85). The solutions can be found in many books on q u a n t u m
mechanics. With m e replaced by mhj ( j = h,1) and Uc replaced by U~,
similar results can be obtained for the holes under the decoupled valence
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3'

1 - cos2•

COS20

14 (cos2 t~ + 1)

o
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TM M o d e

Is>. IT'>
I ~3'>
1r
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23(1 -- COS2 0)
1

(1

1'
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3'>

1-~

-

0

cos 20)

2 cos 20
1

2 cos 2t~

~ (1 - cos 2t~)

0
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3

T a b l e 1.5: The polarization modification factors for the TE and TM modes
with the transitions between different spin states of electrons and holes in a QW
structure under the decoupled valance band approximation.
band approximation. The quantized energy levels and corresponding
wavefunctions for the holes in the valence bands are
Ehj, z -- Ehj, z(nhj),

~Phj, z(Z) = ~Phj, z(Z, nhj)

(j -- h, l,

nhj = 1, 2 , . . . )

(1.92)
The total energies for the holes in the valence bands are given by
h2k 2

Ehj(k, nhj) = 2m-----~j+ Ehj'z(nhj)

(j -- h, l,

nhj = 1, 2 , . . . )

(1.93)

As shown in Eq. (1.26), another factor determining the transition m a t r i x
elements is fdPe,*z(ne, Z) r z(nhj, z ) d z . For a deep and symmetric QW, one
can find t h a t
j(r

e,

z(ne,Z)dPhjz(nhj, z ) d z
"

~ ~1
[0

n e = nhj

n e r nhj

(1.94)
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E q u a t i o n (1.94) gives a n o t h e r selection rule
ne --

nhj

( j = h, l)

(1.95)

for the i n t e r b a n d t r a n s i t i o n s in the QW s t r u c t u r e s . For the i n t e r e s t i n g
t r a n s i t i o n s n e a r the b a n d edges (i.e., k ~ 0), cos 2 t~~ 1 in Eq. (1.91) due
to the small t r a n s v e r s e kinetic energy. Applying cos 2 t~ ~ 1 in Table 1.5,
one can find t h a t the electron-heavy hole t r a n s i t i o n s d o m i n a t e the TE
mode a n d the electron-light hole t r a n s i t i o n s d o m i n a t e the TM mode.

1.3.2

Density

of states for QW structures

The (1/VMD) ~ & s u m m a t i o n of i n t e r e s t i n g p a r a m e t e r s over the q u a n t u m
n u m b e r s & = {kq, nsv, nsc} can be done directly in the wavevector space.
Sometimes, it is more convenient to obtain the density of s t a t e s first a n d
t h e n to m a k e the i n t e g r a l in the e n e r g y space. U n d e r the decoupled
valence b a n d approximation, the density of s t a t e s for QW s t r u c t u r e s is
obtained as shown in the following p a r a g r a p h s .
Since t h e r e is no q u a n t u m confinement in the x a n d y directions, the
t r a n s v e r s e wavevector h a s the values
277"

kx = mx-y--

mx = O, _+1, - + 2 , . . .

(1.96)

my = 0, _+1 , _+2, . . .

(1.97)

~x

277
ky = m y ~T
~y

T h u s every electronic s t a t e occupies a "volume" of 4 ~ / L ~ L y = 4~2/S =
4 ~ / V 2 D in the kll space. The n u m b e r of electron s t a t e s with t r a n s v e r s e
wavevectors less t h a n k (k = Ikl,I) is
rrk 2
k2S
N ( k ) = 2 • 4772/S = 27r

(1.98)

w h e r e a factor of 2 was included to account for the spin degeneracy. The
n u m b e r of s t a t e s b e t w e e n k a n d k + d k is
dN
k
p(k) d k = ~ d k = S-~r d k

(1.99)
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For the electrons, the number of states with total energy between E e and
E e + d E e is
dN
dN dk
De(Ee) d E e = -5-g- d E e dE e
dk dee
a~ e

(1.100)

Equations (1.86) and (1.87) with n e - 1 lead to
2m e
k - ~ ~
[Ee - Ee, z(1)]

(1.101)

Thus the number of states between E e and E e + d E e per unit area is
pe(Ee) d E e = ]sDe(Ee) d E e -

me d E e
7.l.ft2

(1 102)

In the derivation leading to Eq. (1.102), only one quantum state n e -- 1
was considered. Once E > Ee, z(2) , as an example, an electron of a given
total energy E e can be found in either n e - 1 or n e - 2 state so that the
density of states doubles. The total density of states increases by me/Trft 2
at each of the energies Ee, z(ne); thus
Pe(Ee ) -- E

m e

--~ H[Ee

- Ee, z(ne)]

(1.103)

ne

where H[x] is the Heaviside function, which is equal to unity when x >
0 and is zero when x < 0. Replacing Ee, me, Ee, z(ne) , and n e in Eq. (1.103)
by Ehj, m h j , Ehj, z(nhj) , and nhj, respectively, the density of states for the
holes in the valence bands Phj(Ehj) ( j = h, l) can be expressed similarly
by Eq. (103). Thus

1

1

V 2 D Ek,, = -~ ~

if

~ -~ d k D ( k ) =

f d E i P i ( E i)

(i = e, h h , h l )

(1.104)

The steplike density of states for the electrons in an infinitely deep QW
structure is shown in Fig. 1.6. In Fig. 1.6 the 2D QW density of states
for the electrons Pqw -= P2D is plotted against the 2D "bulk" density of
states Pbulk. Pbulk is the 2D density of states for the electrons in the QW
when the quantum effects are not considered. Pbulk = d z 9P3D, where P3D
constitutes the 3D density of states for the electrons and d z is the QW
width. The value of 2D QW density of states Pqw equals the value of 2D
"bulk" density of states Pbu~k at each of the quantized energy levels for
an infinitely deep QW.
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z'2h2 & Ee,z(2) = 4Ee, z(1)
2med 2

Figure

1.6: The 2D QW density of states (Pqw) for electrons in an infinitely
deep QW and the 2D "bulk" density of states (Pbulk). Pbulk is the 2D density of
states for the electrons in the QW when the quantum effects are not considered.
Pbulk -- dz " P3D, where P3D is the 3D density of states for the electrons, and dz is
the QW width.

E q u a t i o n (1.104) can be used to calculate the carrier density N2D by
an integral of the density of states with the F e r m i function over the
electron energy or the hole energies
N2D : f dEePe(Ee)fe(Ee,

Re) : E f dEhjPhj(Ehj)fh(Ehj'Fh)

(1.105)

j=h,1

In the expressions for the susceptibilities and the gain coefficients [Eqs.
(1.40), (1.41), (1.64), and (1.65)], ~ (E~ - E), ~r(E~ - E), and ~ E - E~)
are functions of the electron-hole transition energy E~. W h e n calculating
the susceptibilities or the gain coefficients, it is convenient to perform the
integral over the t r a n s i t i o n energy $ ($ = E~) instead of the electron
energy Ee, which are related by
-- Eg + E e + Ehj

( j = h, l)

(1.106)
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Equations (1.86), (1.93), and (1.106) result in
Ee _ Ee, z(ne) = mrj [~ _ Eg - Ee, z(n e) - Ehj, z(nhj)]
me

(j = h, l)

(1.107)

where the reduced mass mrj is defined by m~ .1 = me I + mh] (j = h, l).
Applying the transition selection rule n e -- nhj = n in Eq. (1.107) leads
to

Ee = Ee, z(n) + mrj [~ _ Eg - Ee, z(n) - Ehj, z(n)]
me

(j=h,l)

(1.108)

And similarly, for the holes,

Eh j = Ehj, z(n) + m r j [ ~ _ Eg - Ee, z(n) - Ehj, z(n)]
mhj

(j = h, l)

(1.109)

Thus

f dEePe(Ee)

=

~ H [ E e -- Ee, z(n)]
f d E e ~ -me

(1.110)

n

mrj

= fd~

---~g[~'-

E g - Ee, z ( n ) -

n

Ehj, z ( n ) ] -

fd~prj(d ~)

Prj($) is called the reduced density of states. Equations (1.108) and (1.109)
can be used to express the Fermi distributions fe(Ee, F e) and fh(Eh, F h) as
functions of the transition energy deinstead of the electron energy or the
hole energy. The polarization modification factor t~ also can be expressed
by the transition energy ~ by noticing t h a t
cos20 ~ Ee, z(n) + Ehj, z(n)

(1.111)

~-Eg
Using these results, the gain coefficients or the susceptibilities can be
calculated by an integral over the transition energy e~.

1.3.3

Rate equations for quantum well laser structures

Along with the development of semiconductor lasers, a set of coupled rate
equations, which involve injection current, injected carrier density, and
photon density in the active region, has been found very useful in under-
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standing the behaviors of semiconductor lasers (Channin, 1979; Lee et
al., 1982; Koch and Bowers, 1984; Lau and Yariv, 1985a; Tucker, 1985;
Bowers et al., 1986; Su and Lanzisera, 1986). All these rate equations
treated the carrier density three-dimensionally. Bookkeeping analysis
using 3D carrier density for the QW structures has been used widely. For
QW structures, it is more appropriate to obtain and use the rate equations
that involve the 2D carrier density, 2D gain coefficients, etc. The carrier
density for QW structures is two-dimensional in nature due to the quantum confinement of the carriers in one direction. Here we introduce such
a set of rate equations from the analysis and results shown above. Rate
equations of the same forms can be obtained similarly to study other laser
structures (e.g., 3D bulk structure) with proper terminology changes in
the rate equations.
For a separate confinement heterostructure (SCH) QW structure as
shown schematically in Fig. 1.7, from Eqs. (1.60), (1.62), and (1.63), a set
of rate equations can be obtained to describe the QW laser behavior:
dP
dt

-

FGovgP

p2
-

_

F G l Vgl-"s

p2
+ G~vgPs

dNdt - N'Tr -- G~
dN'
dt

J
e

N'
Tr

N'
rn

p
Tp

N
+

N
Tn

~F

Tn

(1.112)

(1.113)
(1.114)

where P is the photon density at the QW active region, N and N' are,
respectively, the 2D quasi-equilibrium carrier density and non-quasi-equilibrium carrier density in the SCH QW structure as shown schematically
in Fig. 1.7, r n is the carrier lifetime, rp - (Vgat) -~ is the photon lifetime
and at = ai + (1/2L)ln(1/RIR2) is the total optical loss, L, R1, and R2 are
the cavity length and the mirror reflectivity, respectively, J is the injection
current density, sc is the spontaneous emission coupling factor defined as
the ratio of the spontaneous emission coupled into the lasing mode to the
total spontaneous emission, and F is the 2D dimensional coupling factor
we discussed in Sect. 1.2.3. In these rate equations, carrier relaxation
time Tr phenomenologically represents the carrier relaxation phenomena
that cannot be described by the fast quasi-equilibrium relaxation times
(re, Th, and T 2 in Sect. 1.2.2). More discussion about Tr can be found in
Sect. 1.4.
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F i g u r e 1.7: Schematic SCH QW structure and corresponding carrier densities. N and N' are, respectively, the 2D quasi-equilibrium carrier density in the
SCH QW region and the non-quasi-equilibrium carrier density both inside and
outside the SCH QW region.
F r o m Eqs. (1.64) and (1.65) and the analysis in Sects. 1.3.1 and 1.3.2,
the linear and nonlinear gain coefficients Go and G1 for a QW laser
s t r u c t u r e can be written as

Go(E)

hCeonr ET 2

t$iPri(fe + fh -- 1)~(d -- E) d~ ~
i ~

(1.115)

,

G1 (E) - f-tC~26onr
ET2Ei:,]~"~lhf #Pri(fe

+ fh -- 1)Cf2(g~- E) dg~

(1.116)

where
~(~-

E) =

2

E T 2 + ( ~ - E) 2

(1.117)
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Pri is the steplike 2D reduced density of states for the carriers in the SCH
QW structure, i designates either light holes (i = l) or heavy holes (i =
h), ~i is the polarization modification factor of the transition matrix elements for light and heavy holes, and Ps is the saturation photon density,
i.e.,
2

Ps

2

h Eon r
= ~2E(Te + Th)T 2

(1.118)

Equation (1.55) and Table 1.2 show that the coupling factor F for a QW
structure is F = 1/tz, where tz is the effective optical mode width in
the z direction. Assume that the photons have a normalized distribution
function Oz(z) in the z-direction
f_' Oz(z)dz = 1

(1.119)

oo

and Oz(z) has its maximum value at the QW active region (z = 0). Then
we have tz = 1/Oz(0). The 2D treatment of the carrier density N in a
typical SCH structure is justified by noticing that the thickness of the
quasi-equilibrium carrier population region of the SCH QW structure is
usually much smaller than the carrier diffusion length.
The rate equations are basically space-averaged conservation equations for the photons and the injected carriers. They are approximate
equations with applicable conditions. We are not going to discuss the
validity conditions in detail here. However, we would like to point out
two major limitations for the rate equations. First, the rate equations
cannot be used where there is a large spatial variation in the photon
density and carrier density along the laser cavity, i.e., the y-direction.
Such an example is the case that the mirror reflectivity R is < 0.1 for
the Fabry-Perot cavity semiconductor lasers. Second, the rate equations
cannot be used to analyze the very fast optical phenomena with the time
scale comparable with or shorter than cavity transit time of the photons.
Such an example is the high-frequency modulation phenomena > 60 GHz
for a 300-#m-long laser or the high-frequency modulation phenomena >
180 GHz for a 100-ttm-long laser. More detailed discussion about the
range of validity for rate equations can be found in the literature (Ulbrich
and Pilkuhn, 1970; Hasuo and Ohmi, 1974; Moreno, 1977; Lau and Yariv,
1985b). The debate on distributed microwave effects of applied electrical
signal (injection current) in semiconductor lasers can be found in the
literature (Tauber et al., 1994; Tiwari, 1994; Wu et al., 1995).
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1.3.4

General

description

of statics

and dynamics

When the operating conditions of semiconductor lasers are within the
validity range of the rate equation analysis (actually, this is the scenario
in m a n y of today's applications), the static and dynamic properties of
semiconductor lasers can be analyzed by the rate equations. For example,
the photon density at steady state can be obtained as (Zhao et al., 1992f)
( F G o - at) + ~ ( F G o P =

2FG1

at) 2 + scN 4F2G1
Tn vgPs Ps

(1.120)

If the spontaneous emission coupling is omitted, i.e., ~ ~ 0, Eq. (1.120)
becomes
P

(FGo - at) + I r G o
2FG1

-

atlps _ [roo-~
~0
[ rvl Ps

(FGo < at)
(FGo > at)

(1.121)

From Eq. (1.121) it follows t h a t the modal gain g = F Go > at is a necessary
condition for the lasing action (the coherent output power). The lasing
threshold is determined by the linear gain coefficient Go. gth - - ~ is
called the threshold m o d a l gain. sc r 0 will soften this threshold condition
because part of the cavity loss is compensated by the spontaneous emission
coupling.
To study the modulation dynamics, one needs to apply a small-signal
analysis to the rate equations [Eqs. (1.112) to (1.114)]. The modulation
response can be obtained as
~9/il2( f )
R ( f ) = ~9/il2(f __~ O) = R c ( f ) " R i ( f )
1
R e ( f ) = 1 + (f/fc) 2
Ri( f )

-

fr 4

( f2 _ fr2)2 + (~/2 zr)2f 2

(1.122)
(1.123)
(1.124)

where i is the small-signal amplitude of the sinusoidal current component
and p is the corresponding modulation amplitude in the optical output
power, and f is the modulation frequency. R e ( f ) is a response function
similar to that for an RC low-frequency filter, fc = 1/(2Zrrr) represents
both the phenomena of slow carrier relaxation processes, which cannot
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be characterized by the fast quasi-equilibrium relaxation, and the laser
device capacitive parasitics. All these effects are related to the carrier
storage outside the carrier quasi-equilibrium in the SCH QW structures.
We will discuss these effects more in the next section. The intrinsic response R i ( f ) is more fundamental in the sense that it is determined by
the interaction between the quasi-equilibrium carriers and the photons
at the active region.
In the expression for the intrinsic response R i ( f ) , fr is the relaxation
resonance frequency, i.e.,
_

Po

fr2 -- 4~rr2

Vo - Vl-~ss

)(

Po
V~) - V i-~ss

)

]

G1 1 Po
~ Ps vgTn

(1 125)
"

and the damping rate y is given by

"Y--!Tn+ Vg [(V~ -

V~

+ - ~ s ] Po

(1.126)

where Po is the stationary photon density in the QW active region, and
G'o =- d G o / d N and G'I =- d G 1 / d N are the differential gain coefficients. Note
that if we neglect gain suppression, i.e., G1 = 0, the conventional result
1 ~/vgG~Po/T p
fr = 2----~

(1.127)

can be obtained. The 3-dB modulation bandwidth of the intrinsic response
R i ( f ) can be obtained as

f3

dB

=

~fr2

-

T2 e

~( fr 2 8~~2)2 + fr4

(1.128)

Equations (1.125), (1.126), and (1.128) clearly indicate that the intrinsic
3-dB modulation bandwidth f3 dB depends on the stationary (or the bias)
photon density Po at the active region.
In the limit of low optical output power (low Po) or low bias current,
the damping term y is negligible in f3 dS so that
f3dB ~ X/1 + X/-2fr ~ 1.55 Vg ~/FGoG~o
27r
1.55 ~ /ugG~Po
2rr ~]

Tp

(1.129)
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As Po increases, fr increases, which leads to an increase in f3 dB. However,
as Po increases further, the d a m p i n g t e r m y c a n n o t be omitted. F r o m Eq.
(1.128), one can see t h a t the presence of d a m p i n g leads to a reduction in
the f3 dB. Notice t h a t because fr 2 ~ Po a n d ~2 ~ p~, t h e r e should exist a
value o f P 0 t h a t m a x i m i z e s f3 dB. For Po larger t h a n this value, an increase
in Po leads to a decrease in f3 dS.
For a b e t t e r u n d e r s t a n d i n g of the m o d u l a t i o n b a n d w i d t h optimization
a n d limit, we consider the 0-dB m o d u l a t i o n b a n d w i d t h (fo dB) for the
intrinsic m o d u l a t i o n response. As shown in Fig. 1.8, fo dS is the frequency
at which the intrinsic m o d u l a t i o n response is equal to its low frequency
limit. F r o m Eq. (1.124), the fo dB can be easily obtained as
(1.130)

F i g u r e 1.8: Schematic modulation response curves and bandwidths under
the discussion in the text for a semiconductor laser biased at an injection current
I o with a modulation current i(f). The bandwidth f3dS and modulation peak frequency fp shown here and discussed in the text are for the intrinsic modulation
response R i ( f ) . when we discuss the experimental results later in this chapter,
f3dS and fp are for the total modulation response R ( f ) = R e ( f ) 9R i ( f ) .
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It is straightforward to show that fo dB has a maximum value that can
be written explicitly as
f0 dB (max) = Vg
FG o
2~r G~ + FG1/Ps
1

2 'Ps

Go

,

Go

(1.131)
(usually G~ < < FG1/Ps)

at a photon density
Po = Pore

FGoG~
(G~ + FG1/Ps) 2

(1.132)

Equations (1.129) and (1.131) show that the differential gain
G~ = dGo/dN directly influences the modulation bandwidth. A larger
differential gain will lead to a larger modulation bandwidth at low-power
condition. And a larger differential gain will lead to a larger maximum
modulation bandwidth achievable in a specific laser device.
Finally, we would like to point out that the analysis and results in
this subsection are not limited to QW lasers only. They are applicable to
other types of semiconductor lasers such as the bulk and quantum wire
lasers. This is so because rate equations of the same forms as Eqs. (1.112)
to (1.114) can be obtained to describe other type lasers with only some
terminology changes in the rate equations. The results in this subsection
basically show how some of the static and dynamic properties of a semiconductor laser depend on the modal gain coefficients (FGo, FG1) and differential gain coefficients (G~, G~). The terminology to describe the carrier
density (N, N') and the dimensional gain (Go, G1) varies for these different
laser structures due to the different carrier confinement. However, the
modal gain coefficients and differential gain coefficients have a universal
unit, respectively, for these different laser structures. Thus the lasers of
different structures can be compared with each other. Examples comparing QW lasers with bulk lasers will be given in the next section.

1.4

State filling in quantum well lasers

Many optical properties of semiconductor lasers depend on the spectral
gain [Go(E)] and its dependence on injected carrier density at active region.
It is evident from Eq. (1.115) that the spectral gain strongly depends on
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the density of states (DOS) of the injected carriers in the laser structures.
The difference in energy distribution of the injected carriers, caused by
the difference in DOS, leads to different performance features in various
semiconductor lasers. According to the fundamental Fermi-Dirac statistics for the injected carriers, the injected electrons and holes not only
populate the energy states corresponding to the lasing transitions (usually
the energy states contributing the maximum optical gain) but also populate many other energy states not corresponding to the lasing transitions.
This phenomenon is called band filling or state filling. In QW laser structures, the steplike DOS of the injected carriers in QW and the separate
confinement structure for optical confinement make the consideration of
band/state filling very important. QW lasers have been predicted to be
superior to conventional bulk double-heterostructure (DH) lasers in nearly
all the important device characteristics (Dutta, 1982; Burt, 1983, 1984;
Asada et al., 1984; Arakawa et al., 1984; Arakawa and Yariv, 1985, 1986;
Weisbuch and Nagle, 1987; Yariv, 1988). However, the consideration of
state filling in QW laser structures changes some of the conclusions and
leads to some new understanding on QW lasers. In this section we focus
on carrier distribution and state filling in practical QW laser structures
and discuss their influence on optical gain, threshold current, modulation,
and spectral performance.

1.4.1

Gain spectrum and sublinear gain relationship

The gain spectrum is related to the reduced density of states and Fermi
functions by Eq. (1.115) for a QW laser structure. In a typical GaAs QW
laser, the lasing occurs in the TE mode and is dominated by the electronheavy hole transitions. For the electron-heavy hole transitions, the reduced density of states is a steplike function [see Prj(~) in Eq. (1.110)]
very similar to that shown in Fig. 1.6 with m e replaced by mrh
mhh/(m e + mhh), Ee, z(1) replaced by Ee, z(1) + Ehh, z(1) , Ee, z(2) replaced by
Ee, z(2) + Ehh,z(2), etc. As the injection level increases above transparency
[i.e., the maximum of Go(E) spectrum > 0], the maximum optical gain in
the spectral range near Eg + Ee, z(1) + Ehh, z(1) experiences a large increase
due to the step-jump in the reduced density of states at Eg + Ee, z(1) +
Ehh, z(1). However, the energy states available for carrier population are
limited by the flat feature in the DOS right above Eg + Ee, z(1) + Ehh, z(1).
As the injection level increases further, the increase in carrier population
near Eg + Ee, z(1) + Ehh, z(1) starts to saturate. The excess injected carriers
--

m

e

9

46

Chapter i

Quantum Well Semiconductor Lasers

have to populate higher energy states away from Eg + Ee, z(1) + Ehh, z(1)
(state filling/carrier filling into higher energy states).
As a consequence of the preceding discussion, the gain available at
any energy in the spectral range Eg + Ee, z(1) + Ehh, z(1) < E < Eg + Ee, z(2)
+ Ehh, z(2) is limited by the flat feature of the DOS. The maximum optical
gain tends to saturate due to the limited carrier population increase at
the corresponding energy. This results in a sublinear dependence of the
maximum gain on injected carrier density in QW laser structures. For
comparison, a much more linear relationship exists for bulk semiconductor
laser structures (Asada and Suematsu, 1985). Thus, in QW laser structures, the differential gain (dGo/dN) at the gain maximum is not a constant
and is strongly dependent on the injection levels. In Fig. 1.9 the modal
gain and differential gain are plotted versus the injection current density
for typical GaAs/A1GaAs QW structures with different number of QWs
(Arakawa and Yariv, 1985). They were obtained by a bookkeeping analysis
using the material gain, carrier density, and confinement factor for 3D
bulk DH lasers.
Historically, it was natural and easy to analyze QW lasers by the
bookkeeping approach. In the bookkeeping analysis for QW lasers, the
3D linear gain Go(3D) was obtained by an expression similar to Eq. (1.115)
w i t h Prj replaced by Prj/dz so that Go(3D) = Go/dz where G O - Go(2D) is
the 2D gain coefficient and dz is the QW width. Equation (1.115) relates
the 2D gain coefficient Go to the 2D density of states Pry [see Eq. (1.110)].
The optical confinement factor was F(3D) = dz/t, where t is the effective
optical mode width. The 3D carrier density N3D was related to the 2D
carrier density (N - N2D) by N3D = N/dz. The modal gaing and differential
gain are actually
g - F(3D)- Go(3D) = d z . G__oo= FGo
t dz

(1.133)

dGo(3D) = d(Go/dz) = dGo
dN3D
d(N/d z)
dN

(1.134)

where F = 1/t is the coupling factor for QW structures, as discussed before.
The modal gain and differential gain in the bookkeeping analysis are thus
equivalent to those obtained by the 2D analysis given before for the QW
laser structures.
The carrier state filling into the higher energy states also results in
a wide gain spectrum in QW laser structures. At high injection levels,
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1.9: The modal gain (a) and the differential gain (b) as a function of
injection c u r r e n t density for typical GaAs/A1GaAs QW structures with various
n u m b e r s of q u a n t u m wells. The GaAs QW thickness is 100/k. The N values shown
in the figures are the n u m b e r of q u a n t u m wells. [From A r a k a w a and Yariv (1985).]

Chapter i

48

Quantum Well Semiconductor Lasers

the injected carriers start to populate the second quantized states. The
step-jump in the reduced density of states at Eg + Ee, z(2) + Ehh, z(2) leads
to another peak in the gain spectra. Very wide and flat gain spectra are
thus obtained because of the carrier state filling into the second quantized
states. In Fig. 1.10 the calculated modal gain spectra of a GaAs/A1GaAs
single QW laser structure is shown for different injection levels (Mittelstein et al., 1989) for the TE mode. The gain maximum shifts from low
to high photon energies (or from long to short wavelengths) as the injection
level increases. By decreasing laser cavity length to increase the threshold
modal gain, lasing wavelength switch and second quantized state lasing
at shorter wavelengths were observed (Mittelstein et al., 1986) in a single
QW laser. Broad lasing wavelength range and light emission of wide
spectrum can be obtained from QW structures due to the broad gain
spectrum available.
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F i g u r e 1.10: A theoretical plot of modal gain spectra at different injection
levels for a GaAs/A1GaAs single QW laser structure. The injection current density
is (a) 1830, (b) 1350, (c) 950, (d) 630, (e) 405, (f) 225 A/cm2, respectively. [From
Mittelstein et al. (1989).]
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1.4.2

State

filling

on threshold

current

It is obvious that the carriers populating the second quantized states are
wasted when the lasing transitions occur between the first quantized
states. These carriers do not contribute to the gain maximum, but they
produce part of threshold current because of spontaneous recombination
and other nonradiative carrier loss processes. In a practical QW laser
structure, separate confinement heterostructure (SCH) is commonly used
to achieve the optical confinement and high injection quantum efficiency.
In a SCH QW structure, the QW active region is sandwiched between
two optical confining layers (OCL), as shown schematically in Fig. 1.11.
The OCL thickness is on the order of the optical wavelength of the laser
field, i.e., a few thousands angstroms. In comparison with QW thickness,
the large OCL thickness results in a large density of states in the OCL
region. Obviously, at finite temperatures, the injected carriers populate
not only the energy states of the QW but also the energy states of the

GRIN-SCH

STIN-SCH

CW

QW

F i g u r e 1.11: Schematic band diagram for graded-index (GRIN) separate confinement heterostructure (SCH) QW structure and step-index (STIN) separate
confinement heterostructure (SCH) QW structure.
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OCL. These carriers populating the OCL contribute to the threshold current, either radiatively or nonradiatively.
Nagle et al. (1986) first analyzed the effect of carrier population in
the optical confining region on the threshold currents in SCH QW laser
structures. It was shown that at the threshold, the carrier population in
the OCL of a step-index SCH (STIN-SCH) QW structure could be comparable with or significantly larger than the carrier population in the QW as
the QW thickness changes from 120 to 60/k. In comparison, a gradedindex SCH (GRIN-SCH) QW structure of the same optical confinement
generated a much smaller carrier population in the OCL region at the
threshold. The GRIN-SCH QW and STIN-SCH QW structures are shown
schematically in F i g . l . l l for comparison. The smaller thickness at the
bottom of OCL in GRIN-SCH structures leads to a smaller density of
states at the bottom of the OCL, thus resulting in smaller state filling
effects. More detailed analysis with additional consideration of other
upper energy states, such as indirect L conduction band minima, were
given by Chinn et al. (1988) for GRIN-SCH QW lasers and by Nagarajan
et al. (1989) for STIN-SCH QW lasers. In addition to larger threshold
current, the carrier population in the OCL region could lead to poor
temperature characteristics in threshold current (small To).
The influences of OCL carrier population on other QW laser performance features were not noticed immediately after its influence on threshold current was analyzed. Despite possibly significant influence on
threshold current in some SCH QW lasers, the impact of OCL carrier
population was shadowed by the steady progress in reduction of threshold
current density and threshold current of QW lasers (Tsang, 1982; Chen
et al., 1987, 1990; Derry et al., 1988; Lau et al., 1988; Eng et al., 1989;
Kapon et al., 1990; Choi and Wang, 1990; Chand et al., 1991; Williams et
al., 1991). The achievements were made by improvement in crystal
growth, modification of QW materials (e.g., addition of strain), optimization in optical confinement, improvement in current confinement, etc. The
influence of OCL carrier population on high-speed modulation of QW
lasers was noticed about 5 years after its impact on threshold current
was first analyzed.

1.4.3

A p u z z l e in h i g h - s p e e d m o d u l a t i o n o f Q W l a s e r s

It had been predicted theoretically that the differential gain of QW lasers
should be enhanced by a factor of 2 to 4 in comparison with that of bulk
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DH lasers (Burt, 1983; Arakawa and Yariv, 1985, 1986). This differential
gain enhancement would be independent of the number of quantum wells
[e.g., see Fig. 1.9(b)]. The differential gain enhancement resulted from
the quantum effects (or from the steplike density of states) of the twodimensional injected carriers in the QW. As shown in Sect. 1.3.4, the
enhancement of differential gain should lead directly to improvement in
high-speed modulation bandwidth.
However, the high-speed modulation experiments by the end of 1992
showed results in contradiction with the theoretical predictions (Lau et
al., 1984; Derry et al., 1988; Wolf et al., 1989; Ralston et al., 1991, 1992;
Meland et al., 1990; Morton et al., 1992; Lealman et al., 1991; Nagarajan
et al., 1991a; Lipsanen et al., 1992; Chen et al., 1992c; Lester et al.,
1992; Weisser et al., 1992). These results indicated that no significant
improvement in QW laser modulation bandwidth had been observed from
the pure quantum effects in comparison with bulk DH lasers. Table 1.6
shows a summary of the representative achievements in modulation bandwidth for various semiconductor lasers by the end of 1992. There exist
three definite trends in these results. First, in comparison with bulk laser
counterparts, unstrained single quantum well (SQW) lasers do not show
significant improvement in the modulation bandwidth. Second, the use
of multiple quantum well (MQW) structures as active region leads to
improvement in modulation bandwidth over SQW laser counterparts.
Third, strained QW lasers always show improved modulation bandwidth
in comparison with their unstrained QW laser counterparts. The last
fact is due to the strain-induced valence band modification that will be
discussed briefly later. Strained bulk semiconductor lasers are not available for comparison because of the limitation from the critical thickness
of strained materials. The first two facts were contrary to the previous
theoretical predictions on high-speed modulation of QW lasers. The anomalous behavior in high-speed modulation of QW lasers had drawn a lot
of attention, and several theoretical models were proposed to explain this
puzzle.
Rideout et al. (1991) first pointed out that the possible slow carrier
capture by QW from the surrounding barriers would cause a spatial hole
in carrier distribution at the QW called well-barrier hole burning. Similar
to spectral hole burning, well-barrier hole burning would cause a damping
effect to the high-speed modulation response. The enhanced damping
by well-barrier hole burning would degrade the high-speed modulation
performance of QW lasers. The carrier capture/escape dynamics between
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Lasing
wavelength

3dB
modulation
bandwidth

Bulk

-0.85 ttm

11 GHz

Lau et al.
(1984)

SQW

10.85 ttm

9 GHz

Chen et al.
(1992c)

3QW

-0.85 ttm

15 GHz

Ralston et al.
(1991)

InGaAs/A1GaAs Compressive
strained
SQW

-0.98 ttm

15 GHz

Nagarajan et al.
(1991a)

Compressive
strained
4QW

-0.98 ttm

28 GHz

Lester et al.
(1992)

Compressive
strained
p-doped 4QW

-0.98 ttm

30 GHz

Weisser et al.
(1992)

Bulk

-1.3 ttm

24 GHz

Meland et al.
(1990)

p-Doped
16QW

- 1.55 ttm

17 GHz

Lealman et al.
(1991)

Compressive
strained
p-doped 7QW

-1.55 ttm

25 GHz

Morton et al.
(1992)

Materials

GaAs/A1GaAs

InGaAsP/InP

Structures

Reference

T a b l e 1.6- A summary of the representative achievements in high-speed
modulation bandwidth in various semiconductor lasers of Fabry-Perot cavity by
the end of 1992.

QW and barrier and its influence on modulation response of QW lasers
were immediately studied by Kan et al. ( 1 9 9 2 a , 1992b) and Tessler et al.
(1992a, 1992b, 1993). An improved model of well-barrier hole burning
further showed t h a t the well-barrier hole burning would degrade the
differential gain by a factor of I + 77, where ~?is the ratio of capture and
escape times for carriers into and out of the QW (Vassell et al., 1992).
The QW carrier capture time plays an important role in this model. However, there exists a large variation in its value both theoretically and
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experimentally. For example, the carrier capture time by QW has been
reported to be from several picoseconds (Kan et al., 1992a; Morin et al.,
1991) to 0.1 to 0.2 ps (Tsai et al., 1994; Hirayama and Asada, 1994).
Nagarajan et al. (1991b, 1992a, 1992b, 1992c) proposed a carrier
transport theory showing that the possible slow carrier transport across
the SCH region could influence the modulation response significantly by
introducing a low-frequency rolloffto the modulation response. The carrier
transport can be part of the "slow" carrier relaxation process, which can
be characterized by rr in Sect. 1.3.3. Equations (1.122) to (1.124) show
that the slow carrier relaxation Tr leads to a low-frequency rolloff to the
modulation response. However, Tr also represents the parasitic effect in
the laser devices. For the low-frequency rolloff, the carrier transport and
device parasitics are not distinguishable from each other because both
effects are related to carrier storage outside the quasi-equilibrium carrier
distribution in the SCH QW structures. In the carrier transport model,
another impact of slow carrier transport is the reduction of differential
gain by a factor of 1 + y, where y is defined as carrier transport (across
SCH) and capture (by QW) time devided by carrier escape time out of the
QW.
A state-filling theory was developed for understanding the modulation dynamics of QW lasers (Zhao et al., 1991, 1992b-1992d). This theory
showed that the carrier population in the SCH OCL region could significantly influence the modulation dynamics of QW lasers by its influence
on the differential gain even if the well-barrier hole burning and carrier
transport effects were not significant and could be ignored. In the first
two models, if the carrier capture and carrier transport are much faster
than the carrier escape or emission from the QW, no degradation in differential gain will occur because y ~ 0. The state-filling theory showed that
the differential gain could still be degraded significantly by the carrier
population in the SCH OCL region.
In addition, it was shown theoretically that the hot carrier effects
could have a significant impact on the high-speed modulation bandwidth
of QW lasers (Willatzen et al., 1992; Lester and Ridley, 1992). In a semiconductor laser, the carriers are injected from high energy levels into the
active region, and the carriers lose their energy, i.e., emit phonons, to
reach a quasi-thermal equilibrium distribution in the active region. The
emitted phonons make the carrier temperature and the lattice temperature increase. Moreover, if the injected carriers cannot lose their energy
fast enough, in comparison with the stimulated emission process and
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the injected carrier modulation, a non-quasi-thermal equilibrium carrier
distribution may result. Similar to the spectral hole burning, this may
cause a wide range of spectral distortion to the quasi-equilibrium carrier
distribution. These phenomena are called hot carrier effects. The temperature increase and the spectral distortion will lead to differential gain
degradation and a large damping effect on the modulation response
through a large nonlinear gain coefficient. Thus the high-speed modulation performance is degraded.
Each of these different theories captured certain important aspect
related to the modulation dynamics of QW lasers. There is one thing
common in these theories; i.e., the injected carriers outside the QW can
significantly influence the modulation response. Understanding of these
different theories would help optimize QW laser structures for better
performance. After development of these theories and, of course, with the
continuous improvement in crystal growth, SCH QW structure optimization, reduction in laser device parasitics, etc., 3-dB modulation bandwidths of 21 GHz in a GaAs (-0.85 ttm wavelength) MQW laser (Dong
et al., 1996), 40 GHz in a strained InGaAs (-0.98 ~m wavelength) MQW
laser (Weisser et al., 1996), 43 GHz in a tunneling injection-strained
InGaAs (-0.98 ttm wavelength) MQW laser (Zhang et al., 1996), and 30
GHz in long wavelength (1.55 ~m) strain-compensated InGaAsP MQW
lasers (Matsui et al., 1997; Kjebon et al., 1997) have been achieved.
A review of barrier-hole burning, carrier transport, carrier capture,
and escape dynamics has been given by Lau (1993). A thorough discussion
on carrier transport theory can be found in Chap. 3 (by Nagarajan and
Bowers) of this book. Thus in the following we focus on the state-filling
theory to understand the dynamics of QW lasers. This theory can be used
easily to explain the two experimental facts in the modulation bandwidth
of QW lasers: (1) Unstrained SQW lasers do not show improvement in
modulation bandwidth in comparison with their bulk counterparts, and
(2) the use of MQW as active region leads to improvement in modulation
bandwidth over SQW lasers. We will briefly revisit the hot carrier effects
in Sect. 1.5.3.

1.4.4

State

filling on differential

gain of QW lasers

Intuitive analysis using a simplified model
First, let us examine a simple model that leads to a simple accounting
for state-filling effects. The simple two-level model is shown schematically
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in Fig. 1.12. The energy level E o represents the first quantized state (n
= I b a n d edge) of the carriers in the QW. The optical t r a n s i t i o n is a s s u m e d
to occur between the first quantized states of the electrons and holes in
the QW. The energy level E 1 represents the upper energy states in the
OCL structure, and D is the effective n u m b e r of these subbands. At room
t e m p e r a t u r e , the effective n u m b e r of states, i.e., the n u m b e r of energy
states within one k T from the top of the QW in the OCL structure, is on
the order of 20 for a typical SCH QW structure, where T is the t e m p e r a t u r e
and k is the B o l t z m a n n constant. And these states are on the order of 80

Ee
D
E1
=k
me-

mh

~k

Eo - 0

Eh

(a)

(b)

Figure 1.12- A simple two-level model accounting for state-filling effects"
(a) the QW ground lasing state at E o and D number of upper energy states at El;
(b) the electronic band structures for the electrons and the holes are assumed to
be the same for simplicity.

Chapter 1 Quantum Well Semiconductor Lasers

56

meV above the first quantized state in a typical QW laser. For the sake
of simplicity, we also assume that the electrons and holes have the same
parabolic electronic band structure and effective m a s s ( m e = m h ) in this
simple model.
Neglecting dephasing collision (T2) broadening, the maximum optical
gain (occurring at band edge E = E o) can be written as

Go

= AoPr(2fe

-

1)

(1.135)
1

1

where A o is a material-dependent parameter, Pr = ~ (me/~rh2) = ~ Pe is the
reduced density of states for the first quantized states, and the Fermi
function is given by

fe =

1

(1.136)

F is the quasi-Fermi energy level of electrons measured from the first
quantized state, i.e., assuming Eo = 0. The 2D carrier density is obtained
by integrating the density of states and the Fermi function:

N = p e k T { l n [ l + exP(k~) ] + D l n [ l + e x p ( F k - T E l ) ] }

(1.137)

From Eqs. (1.135) to (1.137) it is straightforward to derive the differential
gain:

dG =
(Ao/kT)/[1 + exp(F/kT)]
d N 1 + D [1 + exp(F/kT)]/[exp(E1/kT) + exp(F/kT)]

(1.138)

For a given value of gain G O (i.e., a given value of F), Eqs. (1.137) and
(1.138) show clearly that the presence of (D) upper subbands increases
the injected carrier density and reduces the differential gain. They also
indicate that a large separation between the first quantized state and
upper subbands (i.e., a large E1 parameter) diminishes the influence of
OCL states, resulting in a smaller carrier density and a larger differential
gain. Certainly, reduction in the number of upper subbands (D) leads to
the same conclusion.
More accurate

theory and comparison

with bulk lasers

Using the band and optical gain theory discussed in Sect. 1.3, the 2D gain
coefficient and carrier density can be calculated more accurately for QW

1.4.

57

State f i l l i n g i n q u a n t u m well lasers

laser structures. Figure 1.13 shows the calculated peak gain Go and the
corresponding differential gain G~ for a typical GaAs/A1GaAs SCH SQW
structure using the more accurate theory. Results with and without inclusion of carrier population in the SCH OCL region are compared in Fig.
1.13. It is shown that the exclusion of carrier population in the SCH
OCL region leads to an overestimation of the differential gain and an
underestimation of the transparency carrier density. The maximum differential gain is overestimated by about a factor of 2 if the injected carrier
population in the OCL region is omitted.
In the following we compare the differential gain in typical bulk and
QW lasers with consideration of the state-filling effects in the QW laser
structures. For 3D DH bulk lasers, their characteristics can be described
by the same set of rate equations [Eqs. (1.112) to (1.114)] with J replaced
by J / Lz, where L z is the active layer thickness of the DH laser structures.
N and N' are the corresponding 3D carrier densities in the bulk laser
structures. The gain coefficients Go and G1 are given by Eqs. (1.115) and
(1.116) with ~. = 1 (j = l, h), and Prj is the corresponding 3D reduced
density of states:

1
Prj( ~ ~) -- - ~

/2mrj~a/2h/~

_ Eg

~ ~t2 ]

(1.139)

where mrj are the reduced effective masses (j = l, h). The coupling factor
for the bulk DH laser structures is the conventional optical confinement
factor, which can be obtained from Eq. (1.55) and Table 1.2 as
1 .wL z_L z
1 - tz

F = FDH = F3D = Wtz

(1.140)

In Sect. 1.3.3 we showed how to evaluate the effective optical mode width
tz. After the appropriate terminology change shown above for bulk DH
lasers, all the results obtained for threshold and modulation bandwidth
of QW lasers in Sect. 1.3.4 are now valid for bulk DH lasers [Eqs. (1.120)
to (1.132)]. In Eqs. (1.120) to (1.132), the modal gain FGo and FG1 and
the differential gain G~ = d G o / d N have the same units, respectively, for
2D QW and 3D bulk DH lasers. Thus their performance characteristics
can be compared with each other.
Figure 1.14 shows the calculated differential gain G~ at the peak of
gain spectrum Go(E) as a function of peak modal gain g = FGo for typical
GaAs/A1GaAs bulk DH lasers and SCH QW lasers of single quantum well

58

Chapter i

Quantum Well Semiconductor Lasers

3.0-

O
t-"

2.52.0-

t~

t~
tO

1 . 5 - - '

o"

1.0-

s

04

/0.5-

/

/

0.0

I

.....
'

2

I

'

4

I

'

6

10-

w/o SCH OCL population
I

8

I

10

'

I

12

'

I

14

'

16

is

e
I
m
|
m

u

9
9

s
s

9

9

I
|
|

9
,b

6-

%

with SCH OCL population

,

=mm

n

w/o SCH OCL population

i

*'..

in
~,q,

t1:l

'

ms
m 9
I
9

E
rD
t.D

t'--

SCH OCL population

with

"=

"""

|

4-

...

f:
L_

{D

2-

a

=,.,.n

i

'

0

!

2

'

I

4

'

I

6

I

I

8

'

I

10

'

I

I

12

I

14

'

16

2D Carrier density ( 1012 cm 2 )
F i g u r e 1 . 1 3 : Calculated 2D peak gain GO(top) and corresponding differential
gain G~ (bottom) as a function of carrier density in a typical GaAs/A1GaAs SCH
100-A single QW laser with and without consideration of the state-filling effects.
The calculation was made by using the decoupled valence band and optical gain
theory discussed in Sect. 1.3.
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Figure
1 . 1 4 : The differential gain G~ at gain peak as a function of peak
modal gain g = FG o for typical GaAs/A1GaAs bulk DH and QW laser structures
with different numbers of quantum wells.

(SQW), three quantum wells (3QW), and five quantum wells (5QW). The
calculations were made for the dominant TE modes in these structures
at room temperature. The typical bulk DH laser structure is assumed to
be a GaAs/Alo.35Gao.65As DH structure with a GaAs active layer thickness
of 0.1 ttm. The confinement factor (or coupling factor) for the bulk DH
laser structure was estimated as FDH = 0.33. The typical SCH QW laser

60

Chapter I

Quantum Well Semiconductor Lasers

structures used for comparison consist of a pair of 2000-.~ Alo.5Gao.5As/
Alo.25Gao.75As parabolic-shaped GRIN-SCH layers and 100-A quantum
well or quantum wells located near the center of the GRIN-SCH structure.
The coupling factor for one QW was estimated a s FQW- F 2 D - 3.9 •
104 cm -1.
Figure 1.14 shows that the differential gain of the SQW structure is
comparable with that of the DH structure in the very low modal gain
region. In the high modal gain region, the DH structure possesses higher
differential gain. The decrease in G~ with increasing modal gain in the
SQW structure results from the finite available gain per quantized state.
The abrupt increase in G~ of the SQW structure is due to the onset of the
second quantized state lasing.
The qualitative physical reason for the smaller differential gain in
SQW structures is as follows: Due to state filling, an increasing fraction
of the injected carriers goes into occupation of the large density of states
in the SCH OCL region. These electrons (and holes) contribute very little
to the peak gain because of the ( ~ - E ) 2 term in the denominator of
~($ - E) in Eq. (1.115). On the other hand, the optical gain (at peak) is
limited by the flat feature of the 2D steplike density of states of the QW
structure. The result is a lowering of differential gain G~ = d G o / d N in
the SQW structure. However, it was shown that in comparison with the
DH structure, there is a differential gain enhancement in the SQW structure at low temperatures (Zhao et al., 1991). At lower temperatures, the
Fermi-Dirac occupation factor for the energy states in the SCH OCL
region is reduced considerably. The more abrupt cutoff of the Fermi-Dirac
occupation functions at low temperatures take advantage of the step-jump
2D density of states profile in contributing to relatively large increase in
Go with increasing injected carrier density N. Thus the differential gain
enhancement due to the quantum effect of injected carriers in SQW laser
structures is recovered at low temperatures.
Additional differential gain enhancement

in M Q W l a s e r s

In QW structures, above transparency, the differential gain decreases as
the carrier density (or the modal gain) increases because of the sublinearity in the gain versus carrier density dependence. This sublinearity is
attributed to the flat feature of the 2D steplike density of states of QW
structures. For a given value of modal gain, the differential gain increases
as the number of quantum wells (Nqw) increases because the carrier
density in one QW decreases with the increase of Nqw. This is the conven-
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tional differential gain enhancement in MQW structures. Without consideration of the state-filling effect, it was predicted t h a t larger differential
gain should be achieved at lower injection levels and t h a t the m a x i m u m
attainable differential gain was independent of the n u m b e r of q u a n t u m
wells Nqw [see Fig. 1.9(b)]. Figure 1.14 indicates t h a t the inclusion of OCL
state filling considerably modifies this picture. It is shown t h a t the use
of multiple q u a n t u m wells (MQW) as active region actually leads to an
additional differential gain enhancement. More specifically, the maximum
attainable differential gain increases as the number of q u a n t u m wells
increases. An Nqw = 5 QW laser with a threshold modal gain of 40 cm-1,
for example, will have a differential gain t h a t is appreciably larger than
the maximum attainable differential gain in an SQW laser and nearly
three times as large as an SQW laser with the same threshold modal gain
value. At the threshold modal gain of 40 cm-1, the differential gain of an
MQW laser with Nqw = 5 is about 60% larger t h a n t h a t in a DH laser.
The physical reason for the additional increase in differential gain
in MQW structures is the following: In an SQW laser the need to obtain
a sufficient optical gain (to overcome the losses) forces the Fermi energy
F to rise toward the top of the q u a n t u m well as the pumping level is
increased. The OCL states, say, at energy Eod, whose occupation is roughly
determined by the factor exp[-(Eod - F)/kT] are thus more heavily populated. The increase in OCL carrier density contributes negligibly to the
increase in peak gain because of the nonresonant nature of these carriers'
transitions with the lasing transitions at the peak gain. This leads to
reduced differential gain, since part of the injected carriers are wasted.
The wasted carriers in the OCL region must be there due to the fundamental quasi-Fermi-Dirac statistics. In an MQW laser, there are several active
q u a n t u m wells contributing to the gain. The necessary total gain is
reached with a much lower population in any one well. This results in a
much lower F, and consequently, the OCL states occupation factor
exp[-(Eoc Z - F)/kT] is smaller.
Using the simple two-level model accounting for the state filling, one
can see the underlying physics more clearly. In the simple model, it is
straightforward to get the differential gain for MQW lasers as

dG_____9_=
o
(Ao/kT)l[1 + exp(F/kT)]
dN
1 + (DINqw) [1 + exp(F/kT)]/[exp(E1/kT) + exp(F/kT)]

(1.141)

Note t h a t the increase in dGo/dN with increasing number of wells (Nqw)
is due to the explicit dependence on Nqw as well as to the implicit dependence on F, since F decreases with increasing Nqw for a given modal gain.
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The explicit term D/New in Eq. (1.141) shows that the penalty due to the
OCL state filling is reduced by "distributing" it among the New quantum
wells in the MQW structures.
An analysis on the influence of coupling between the quantum wells
on the differential gain was given by Akhtar and Xu (1995) for GaAs/
A1GaAs MQW laser structures. It was shown that the influence was
negligible for QW width of 100 A. For narrow QW width of 30/~, narrow
barrier thickness (<50/~) would lead to a reduction in differential gain.
As the QW coupling increases with the decrease of the barrier thickness,
the nearly degenerate ground state of the MQW structures becomes nondegenerate and splits into sub-energy states. For narrow QW and large
QW coupling, the energy splitting of these sub-energy-states is large. For
low-threshold modal gain, only the carriers populating the lowest subenergy state contribute to the gain. In such a case, an MQW laser is
equivalent to an SQW laser. Thus the differential gain is smaller due to
the state filling effects.
Comparison with experimental
bandwidth

achievements

in m o d u l a t i o n

The preceding theoretical results on differential gain agree well with
experimental observations. The nonenhancement of differential gain in
unstrained GaAs SQW lasers explains why modulation bandwidth enhancement was not observed in the SQW lasers in comparison with the
bulk DH lasers. A 3-dB modulation bandwidth of 11 GHz was demonstrated in GaAs/A1GaAs DH bulk lasers (Lau et al., 1984). However, for
GaAs/A1GaAs SQW lasers, the typical modulation bandwidth was just
about 6 GHz (Derry et al., 1988). Using higher QW barriers to reduce the
state-filling effect, the modulation bandwidth was improved to 9 GHz in
a GaAs SQW laser (Chen et al., 1992c). The additional differential gain
enhancement in the MQW lasers explains the observed differential gain
enhancement in MQW structures (Uomi et al., 1985, 1987; Takahashi et
al., 1991) and the improved high-speed modulation performance in MQW
lasers over their SQW and DH counterparts. A CW 3-dB modulation
bandwidth of 15 GHz was reported previously in a GaAs/A1GaAs MQW
laser (Ralston et al., 1991). Recently, a 3-dB modulation bandwidth of 21
GHz was demonstrated in a GaAs/A1GaAs MQW laser (Dong et al., 1996).
The state-filling theory can be applied to other material systems, such as
InGaAs and InGaAsP, to understand the similar experimental trends in
modulation bandwidth of bulk DH, SQW, and MQW lasers.
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1.4.5

State filling on spectral

dynamics

In semiconductor lasers there is a fundamental spectral linewidth enhancement resulting from the coupling between amplitude and phase
fluctuations of the optical field that were induced by the spontaneous
emission. This leads to the modified Schawlow-Townes formula for the
spectral linewidth of semiconductor lasers (Henry, 1982; Vahala and Yariv,
1983a, 1983b):
A v = v2h vg eemnsp ( 1 + a 2)
8rrP

(1.142)

where h v is the lasing energy, g is the modal gain, ffm is the mirror loss,
P is the optical output power, nsp is the spontaneous emission factor, and
is the linewidth e n h a n c e m e n t factor that reflects the amplitude-phase
coupling in the lasers. The a parameter is also called the a m p l i t u d e - p h a s e
coupling factor. The name linewidth e n h a n c e m e n t factor emphasizes that
it leads to a spectral linewidth enhancement. The name a m p l i t u d e - p h a s e
coupling factor emphasizes its physical origin.
The amplitude and phase coupling is also the major factor leading
to undesired frequency modulation (FM) (i.e., wavelength or frequency
chirping) caused by amplitude modulation (AM) of semiconductor lasers
(Harder et al., 1983; Koch and Bowers, 1984; Koch and Linke, 1986). A
detailed review of the a parameter and its influence on various spectral
properties of semiconductor lasers was given by Osifiski and Buus (1987).
Reduction of spectral linewidth and frequency chirping in semiconductor
lasers is important for optical communications. Narrower spectral linewidth and smaller frequency chirping enable a larger number of communication channels by reducing the pulse spreading in digital systems and
reducing signal distortion in analog systems, which are all influenced by
the fiber dispersion. The a parameter is of fundamental importance in
determining the spectral linewidth and frequency chirping and plays a
crucial role in the efforts to control the spectral properties of semiconductor lasers. Vahala and Newkirk (1990) have shown a method to reduce
the amplitude noise or phase noise (frequency noise) by decorrelation of
the amplitude-phase coupling in semiconductor lasers.
It was predicted theoretically that QW lasers would be good candidates to achieve narrow spectral linewidth because of the predicted reduction in the a parameter compared with bulk lasers (Burt, 1984; Arakawa
et al., 1984; Arakawa and Yariv, 1986). In addition, the SQW lasers were
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expected to be superior to their MQW counterparts in spectral linewidth
because of the smaller spontaneous emission factor nsp in the SQW lasers
(Arakawa and Yariv, 1985). The reduction in the a parameter in the QW
lasers was attributed to the differential gain enhancement compared with
bulk lasers. Since the differential gain is influenced by the state filling
in QW lasers, the a parameter should be affected by the state filling as
well (Zhao et al., 1993d). In the following we discuss the influence of state
filling on the amplitude-phase coupling and spectral linewidth of QW
lasers.
Instead of the Kramers-Kronig approach, the linewidth enhancement
factor a can be obtained by direct calculation of the real and imaginary
parts of the complex susceptibility (Vahala et al., 1984). The a factor is
defined as the ratio of the real and imaginary parts of the susceptibility
variations, i.e.,
a - OXro _ ONro _ ONro/ON
OXio
OGo
OGo/ON

(1.143)

where XrO, Xio, Go, and Nro can be obtained from Eqs. (1.40), (1.41), (1.57),
and (1.58) with Pii replaced by the Fermi functions fi (i = e,h) to account
for the linear term only. N is the injected carrier density. ONro/ON can be
called the d i f f e r e n t i a l i n d e x . Using the same derivation as in Eq. (1.57)
to Eq. (1.115) for Go, an expression for Nro can be obtained from Eq. (1.58):

Nr~

(1.144)

- hC%nr ET2 i= , "

where

Er~(~- E)
~ ' ( ~ - E) = E22 + (de _ E) 2

(1.145)

Using Eqs. (1.143), (1.115) and (1.144), the a parameter can be calculated
for different laser structures. Figure 1.15(a) shows the calculated a parameter at gain peak as a function of modal gain for typical GaAs/A1GaAs
QW and bulk DH lasers. The typical QW and bulk DH structures are the
same ones used previously in comparing the differential gain (Sect. 1.4.4).
The calculation is made also for the dominant TE mode at room temperature. Figure 1.15(a) shows that there is no reduction of a parameter in

1.4.

65

State filling in quantum well lasers
20
7 --[

,-

o

SQW

6t
|

....... 3QW
.... 5aw

|

SQW
...... 3 Q W
. . . . 5QW
- o - Bulk

11,=,,
0

to

o

E

15

r-

E
o
t--

(D

,

t"

r

0
(D
e-"
_1

1.0-

t.
e-

"o
2
1-

0.5-

(D
c"
.m
_1

I

0

I

20

I

40

I

60

I

80

Modal gain ( cm "1 )
Ca)

0.0-

100

::==:=.=.:_.::-.:::--:__:;"_"_":
I

0

I

20

I

40

I

60

I

80

100

Modal gain ( cm 1 )
(b)

F i g u r e 1.15: The amplitude-phase coupling factor a at optical gain peak as
a function of the modal gain in bulk DH and QW lasers with different numbers
of quantum wells: (a)the interband transition component atr and (b)the freecarrier component aca.

the SQW structure. On the contrary, the a parameter in the SQW structure
is much larger than that in the bulk DH structure.
The larger a parameter in the SQW structure is due to the carrier
state filling in the OCL region. The carrier fluctuation caused by spontaneous emission leads to a corresponding change in quasi-Fermi levels. The
change in quasi-Fermi levels, in turn, results in a quite different carrier
population change in the QW and the OCL regions. At reasonably high
injection levels, the carrier population change in the QW is small due to
the flat feature of 2D density of states. The changes in G Oand Nro caused
by the carrier population change in the QW are thus small. On the other
hand, the carrier population change in the SCH OCL region is relatively
large because of the large number of states. The carrier population change
in the OCL region contributes relatively little to the change in peak Go
because ~ ( ~ - E) in G O[Eq. (1.115)] introduces a nonresonance between
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the OCL energy states and the lasing transitions at the peak Go. The
resulting change in the denominator of Eq. (1.143) is thus small. However,
the carrier population change in the OCL region contributes a relatively
large amount to the change of Nro because of the reduced nonresonance
between the OCL states and the lasing transitions in Nro. For Nro [Eq.
(1.144)], the linear term ( ~ - E) in the n u m e r a t o r of ~'(~> - E) reduces
the nonresonance, and ~ ' ( ~ - E) has a long tail at high energy [see Eq.
(1.145)]. Thus a large a p a r a m e t e r results. Apparently, a large carrier
population in the OCL region will enhance this effect. The abrupt drop
in the a curve for the SQW structure in Fig. 1.15(a) is due to the onset
of second quantized state lasing, which leads to a differential gain enhancement. Figure 1.15(a) also shows that the use of MQW leads to
reduction in the a parameter. This is attributed to the reduction in state
filling in the OCL region, as discussed before, which comes along with an
additional differential gain enhancement in the MQW lasers. However,
in comparison with the bulk DH structure, the reduction in a in the
unstrained MQW structures is not significant.
In semiconductor lasers, the amplitude-phase coupling factor a consists of an interband-transition component a t , as discussed above and
shown in Fig. 1.15(a), and a free-carrier component ace:
a -- a t r

2t- a c a

(1.146)

The free-carrier component aca stems from the plasma effect of the injected
carriers in the laser structures. Henry et al. (1981) showed t h a t the freecarrier component ace is much smaller t h a n the interband-transition component atr in bulk structure lasers. Yamada and Haraguchi (1991) showed
theoretically that the carrier fluctuation in the OCL region can lead to a
significantly large free-carrier component of a in some SCH QW laser
structures. The calculated ace at gain peak is plotted as a function of the
modal gain in Fig. 1.15(b) for the assumed typical GaAs/A1GaAs QW and
bulk DH lasers (Sect. 1.4.4). From Fig. 1.15 we find that atriS the dominant
component in a for the assumed typical bulk DH and QW lasers. Due to
the state-filling effect, the free-carrier component a c e is larger in the SQW
structure and is smaller in the MQW structures compared with bulk
structures.
Equation (1.142) shows that in addition to the a parameter, the spontaneous emission factor nsp also plays an important role in determining
the spectral linewidth of semiconductor lasers, nsp is the transition rate
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ratio of the spontaneous emission, coupled into the lasing mode, to the
stimulated emission and is given by

n~p(E)

Ej=l, hf 6jPjrfefh~( ~ -- E) d~
2j=Z, hf ~jPjr(fe + fh -- 1),=~([ -- E) d~

(1.147)

The calculated spontaneous emission factor (TE mode) at the gain peak
as a function of the modal gain for the assumed GaAs QW and bulk DH
lasers is plotted in Fig. 1.16. It shows that QW lasers possess lower nsp
t h a n bulk DH lasers. The SQW lasers have the smallest nsp. This is due
to the flat 2D density of states in the QW structures, which makes it
necessary to have a larger inversion in the QW structures compared with
bulk DH structures in order to achieve the same value of modal gain.
As shown in Eq. (1.142), nsp(1 + a 2) can be used as the figure of merit
for comparing the spectral linewidth between bulk and QW lasers. Since
a decreases and nsp increases in QW lasers as the number of q u a n t u m
wells increases, there might exist an optimal q u a n t u m well number for
achieving the narrowest spectral linewidth. To compare the linewidth
enhancement in different laser structures, the plot of nsp(1 + a 2) at the
gain peak as a function of the modal gain is shown in Fig. 1.17, where
both the interband-transition component and the free-carrier component
of a are included. Figure 1.17 shows that the MQW lasers possess narrower linewidth compared with bulk lasers, and this is attributed mainly
to the smaller nsp in the MQW lasers. The linewidth enhancement of SQW
lasers can be either smaller or larger than that of bulk lasers depending on
the modal gain.

1.5

Reduction

of state

filling in QW lasers

In the preceding analysis, the influence of the upper energy bands on the
the differential gain and carrier density has been discussed for QW lasers.
The state-filling effects directly affect the threshold current and modulation dynamics due to their influence on the quasi-Fermi energies of injected carriers. The differential gain and the transparency current both
depend on the increase rate of the quasi-Fermi energies with increasing
injected carrier density. The presence of upper subbands with large density
of states tends to clamp the Fermi energies, thus leading to low differential
gain and high transparency current. The carrier population of the upper
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F i g u r e 1.16: The spontaneous emission factor nsp at optical gain peak as a
function of the modal gain in bulk DH and QW lasers with different numbers of
quantum wells.

energy subbands also opens various channels for carrier loss either radiatively or nonradiatively. In order to achieve a high value of differential
gain (and thus high-speed modulation bandwidth) and a low value of
injected carrier density to reach the necessary threshold gain (and thus
low threshold current) in QW lasers, a major aim of QW laser design is
to effectively increase the separation between the energy states for the
laser transitions and other upper energy states (the states in either the
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SCH OCL region or the other subbands of the QW). In the following we
discuss the methods that can reduce the state filling effects in QW lasers.

1.5.1

Multiple

quantum

well

structures

As shown in Sects. 1.4.4 and 1.4.5, the use of an MQW structure as
laser active region leads to a reduction of the state-filling effects on the
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modulation and spectral dynamics. In MQW structures, there is a larger
fraction of injected carriers populated in the quantum wells and a smaller
fraction of injected carriers "wasted" in the optical confining region in
comparison with SQW structures. However, the penalty is that the threshold current density increases in MQW lasers at low value of threshold
gain. For low value of threshold gain, the transparency current density is
the major part of the threshold current density. The transparency current
density in MQW structures is larger than that in SQW structures because
of the multiple active region elements, i.e., the quantum wells, in MQW
structures. However, it is necessary to point out that the transparency
IMQ W :
current density (Jtr) in MQW structures does not scale as .~'tr
Nqw jSQW. The Jtr increase in MQW lasers is smaller than this scaling.
This is due to the fact that at transparency the carrier population in the
OCL region is almost the same in SQW and MQW lasers of the same
OCL structures because the quasi-Fermi energies are about the same for
SQW and MQW lasers at transparency. Thus the Jtr part caused by the
radiative and nonradiative carrier loss in the OCL region does not scale
by the number of quantum wells Nqw. Neither does the total J t ,
To achieve high modulation bandwidth, the operation conditions (bias
current and output power) to reach the maximum bandwidth must be
considered as well. It has been shown that MQW structure is superior to
SQW structure because the operating injection current density and optical
power needed to reach the maximum modulation bandwidth are smaller
in MQW lasers (Zhao et al., 1992a). Generally, the thermal degradation
is very severe if the injection current density is beyond 10 kA/cm 2 in a
semiconductor laser. The thermal effect will reduce the differential gain
and thus the modulation bandwidth. The smaller operating optical power
will reduce the damage to laser structures under high optical intensity.
Essentially, the use of MQW as laser active region makes it much easier
to approach the high-speed bandwidth limits by reduction of thermal
effects and optical damage.

1.5.2

Quantum well barrier height

Equations (1.138) and (1.137) indicate that the increase in the energy
separation (the parameter E 1) between the QW's ground lasing states
and the large number of states in the OCL region will result in an increase
in the differential gain and a reduction in the carrier population necessary
to reach a certain threshold gain. Experimental investigations have been
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carried out to study the influence of QW barrier height or QW depth on
the modulation dynamics in QW lasers by using different compositions
for the optical confining layers (Zhao et al., 1992d; Nagarajan et al., 1992b).
In QW lasers, the differential gain is not constant due to the sublinearity
in the gain and carrier density relation. Caution must be taken when
comparing the differential gain in different QW structures. There are a
number of factors that can lead to quite different values of differential
gain in QW lasers. For example, given the same threshold modal gain
(e.g., the same cavity length, facet reflectivity, and internal loss) for QW
lasers of different optical confinement, the differential gain could be different just because the carrier population in the QW is different. Note that
the peak gain is mainly contributed by the injected carriers within the
QW, and therefore, the different optical confinement leads to different
material gain and thus a different carrier population in the QW for the
same threshold modal gain. In such a case, even if other effects are not
important to influence the differential gain, the differential gain is different because of the sublinearity in the gain and carrier density relation.
Two QW laser structures have been designed and fabricated to differentiate the state-filling effect on differential gain from other factors (Zhao
et al., 1992d). As shown schematically in Fig. 1.18, the two GaAs/A1GaAs
GRIN-SCH SQW laser structures, referred to as sample A and B, were
grown by MBE on (100) n+-GaAs substrates. The GaAs QW thickness is
100 A in both structures. The profiles and dimensions of the two GRINSCH structures are identical, as are the doping levels and profiles. The
only difference between the two structures is the different A1 composition
in the GRIN-SCH OCL region. The identical profiles and dimensions of
the GRIN-SCH OCL structures ensure a nearly identical optical confinement and similar carrier transport effect in these two structures. The
slightly higher hole mobility in A1GaAs of lower A1 concentration (Masu
et al., 1983) makes the carrier transport slightly better in structure B.
The carrier transport effect in QW lasers is dominated by hole transport
because the holes possess much lower mobility compared with the electrons. The main objective of the laser structure design was that the different A1 composition in the GRIN-SCH OCL structures results in a quite
different energy separation between the quantized states of the QW and
the large number of states in the GRIN-SCH OCL region, which, in turn,
results in very different state-filling effects in these two structures. For
example, the energy separation between the first quantized state of the
QW and the lowest energy state of the GRIN-SCH OCL region was estio

72

Chapter I

Quantum Well Semiconductor Lasers

A
0.50
cO

i m

B

O
~=.
I=b==.

O

0.35

ii

0.30 -

E
<
m

0.15 100 A G a A s Q W

0.0

I

-0.2

I

0

Distance (

0.2

)

F i g u r e 1.18: Schematic structures of GaAs/A1GaAs GRIN SCH SQW lasers
used to investigate state-filling effects.

mated to be 225 meV in structure A and 102 meV in structure B for the
electrons in the conduction band.
High-frequency modulation measurements were carried out for buried heterostructure (BH) lasers of structure A and structure B, which
were fabricated by a liquid-phase epitaxy (LPE) regrowth technique. The
internal loss constants were obtained as 8 cm-1 (structure A) and 12 cm-1
(structure B) from the measured differential quantum efficiency in these
lasers. Figure 1.19 shows the square of the measured response peak
frequency fp as a function of the optical output power P for two typical
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lasers of the same cavity length 300 ttm. The f2 _ p curves do not go
through the zero point due to the presence of the constant damping term
in the modulation response. The mirror loss in these two lasers of cavity
length 300 ttm is about 40 cm -1. From the measured internal loss constants, these two lasers have almost the same value of threshold modal
gain. Thus the nearly identical optical confinement F ensured t h a t the
two lasers were biased at such a point t h a t the carrier population gave
almost the same peak material gain values Go. Since the peak gain value
G O is contributed mainly by the carriers in the QW, there exist roughly
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the same carrier populations in the QW for the two lasers. If other effects
are not important to influence the differential gain, these two lasers
should have nearly the same value of differential gain. However, the
measured differential gain values, obtained from the f2 _ p curves, were
2.8 x 1 0 - 1 6 c m 2 for the laser of structure A and 0.9 x 1 0 - 1 6 c m 2 for the
laser of structure B.
The observed differential gain difference is due to the state-filling
effect. In the laser of structure B, there is an appreciable carrier population
in the SCH OCL region due to the smaller energy separation between
the quantized states of the QW and the states in the SCH OCL region.
The significant difference in the carrier population of the SCH OCL region
leads to the very different differential gain values in the two lasers. In
Fig. 1.20 the theoretically estimated ratio of the differential gain in these
two structures is given as a function of the modal gain, where the statefilling effect has been taken into account. It is shown that the differential
gains can differ by as much as a factor of 3.5 at the modal gain of 50
cm-1, which is quite consistent with the experimental results. In addition,
the difference in OCL carrier population is also responsible for the observed difference in threshold current of 10 mA (A) and 14 mA (B) in
these two lasers.
The difference in differential gain leads to different modulation bandwidths in these two structures. The modulation bandwidth in the lasers
of structure B is severely limited by the state-filling effect. The typical 3dB modulation bandwidth were 3 to 4 GHz. For structure A, a 3-dB
modulation bandwidth in excess of 9 GHz was obtained, which is the
largest modulation bandwidth in unstrained GaAs SQW lasers with a
uniform current pumping (Chen et al., 1992c). These results bear directly
on the design consideration of QW lasers for high-speed performance.

1.5.3

Separate

confinement

structures

In addition to the QW barrier height, the shape and dimensions of the SCH
optical confining structure also influence the state-filling effect. First, the
density of states in the SCH OCL structure is directly influenced by the
shape and dimensions of the SCH OCL structure. Narrow SCH OCL
structure reduces the number of states in the OCL region, thus leading
to a reduction of carrier state filling in the OCL region. Second, the
shape and the dimensions of the SCH OCL structure affect the optical
confinement or the coupling factor F. For the same value of threshold
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F i g u r e 1.20: Theoretically estimated ratio of the differential gains between
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modal gain, tighter optical confinement (a larger F) makes the threshold
modal gain be reached at a lower injection carrier density within the QW.
The lower Fermi energy levels lead to a smaller carrier population in the
OCL region. Thus a larger value of differential gain can be obtained due
to the higher differential gain at lower carrier density within the QW
and the smaller carrier state filling in the OCL region. It was shown
experimentally that the tight optical confinement and smaller density of
states in narrow OCL structures resulted in threshold current reduction
and modulation bandwidth enhancement (York et al., 1990; Bour et al.,
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1990; Nagarajan et al., 1992c). Third, a narrow SCH OCL region reduces
the carrier transport effect, as evident in some laser structures (Nagarajan
et al., 1992c).
A new type of QW laser, called a tunneling injection (TI) laser, has
been developed recently (Sun et al., 1993; Lutz et al., 1995). The band
diagram of the TI-QW laser structure is shown schematically in Fig. 1.21.
A resonant tunneling structure, such as the thin barrier layer shown in
Fig. 1.21, is grown next to the QW on the side of n-type doping. The
electrons are injected into the QW active region by optical phonon-assisted
resonant tunneling through the barrier. The injected holes do not tunnel
easily through this barrier layer because of the high scattering rate and
larger effective mass of the holes. Since the barrier layer is very thin
(typically <100 A), its influence on optical confinement in the laser structure is negligible. Because the electrons are injected into the QW active
region at a resonant tunneling energy just slightly above the lasing energy
states of the QW, the hot carrier effects are reduced in TI-QW lasers.
Recent experimental and theoretical work has shown that carrier heating
could be more severe in conventional QW lasers than that in bulk lasers
(Girardin et al., 1995; Tsai et al., 1996; Wang and Schweizer, 1996; Grupen
and Hess, 1997). Due to the reduced hot carrier effects in TI-QW lasers,
improved temperature dependence of threshold current, high differential
gain, and low-frequency chirping have been demonstrated (Davis et al.,
1994; Yoon et al., 1994, 1995; Bhattacharya et al., 1996). A 3-dB modulation bandwidth of 43 GHz has been measured in both a strained InGaAs/
AIGaAs TI-MQW laser and a strain-compensated InGaAs/GaAsP (QW/
barrier) TI-MQW laser (Zhang et al., 1996).
Looking at the structure of the TI-QW lasers, one can speculate on
another mechanism leading to the performance improvement, i.e., the
reduction of state filling. In most III-V semiconductor QW laser structures,
the QW depth in the valence band is smaller than that in the conduction
band because of the smaller bandgap offset at QW heterojunctions in the
valence band. The holes have much larger effective mass, leading to a
much larger number of states in the OCL region in comparison with the
electrons. These two facts mean that the state-filling effects are dominated
by the holes in the valence band. In TI-QW structures, the tunneling
structure next to the QW on the n-type doping side reduces the number
of energy states for the injected holes to occupy in the OCL region because
the holes are very difficult to tunnel through the barrier layer. The reduced
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F i g u r e 1.21: Schematicband diagram of a tunneling injection (TI) QW laser
structure.

number of states for the holes in the OCL region will lead to a reduction
in state-filling effects dominated by the holes, thus leading to performance
improvement in temperature characteristics of threshold current, highspeed modulation, and frequency chirping in TI-QW lasers.
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well structures

The improvement in crystal growth technology has made it possible to
grow a semiconductor laser active layer with relatively large built-in
strain. This is realized by growing a very thin QW layer with its thickness
smaller than the critical thickness of the strained material. The built-in
strain in the QW layer significantly modifies the electronic band structures, especially the valence band structures. Since the strained QW layer
thickness is smaller than the critical thickness, there are no crystal defects
that will cause injected carrier loss and optical property degradation in
the strained QW layer.
The initial work on strained QW lasers showed reduced threshold
current and improved modulation bandwidth compared with their unstrained counterparts (Chen et al., 1987, 1990; Eng et al., 1989; Choi and
Wang, 1990; Williams et al. 1991; Chand et al., 1991; Ralston et al., 1991;
Thijs et al., 1991; Zah et al., 1991; Weisser et al., 1992). The improvement
can be attributed first to reduction of the effective mass of holes in the
compressively strained QW lasers (Yablonovitch and Kane, 1986; Adams,
1986; Suemune et al., 1988; Ghiti et al., 1989; Lau et al., 1989). The
smaller effective mass of holes makes the Fermi level of the holes increase
more quickly with respect to the increase in injected carriers. This leads
to a larger value of differential gain and a smaller value of injection carrier
density to achieve the necessary threshold gain. In addition, the computed
larger energy separation between the ground state and the other upper
states of the strained QW in comparison with the unstrained QW (Ahn
and Chuang, 1988; Corzine et al., 1990; Loehr and Singh, 1991; Suemune,
1991) indicates another reason for the improvement: reduction of state
filling.
Shown in Fig. 1.22 are the calculated valence band structures for a
75-/~ Ino.25Gao.75As QW and a 75-A GaAs QW, respectively, with Alo.2_
Gao.sAs as the barrier layers. The valence band structures are obtained
by solving the 4 • 4 Luttinger-Kohn Hamiltonian via the axial approximation, as we discussed in Sect. 1.3.1. It is evident that the subbands of the
strained QW not only have smaller effective hole masses but also possess
larger separation between the subbands of the QW. Most important, the
energy separation between the ground state and the energy band edge of
QW barrier, where there exists a large number of states from the OCL
region, is larger in the strained QW because of the smaller energy band
gap of InGaAs compared with GaAs. The dashed lines in the figures
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correspond to the energy band edges of the QW barriers in the valence
band. All these result in significant reduction of state filling in the compressively strained InGaAs QW structures.
In the quaternary InGaAsP/InP material system, both compressive
and tensile strained QW are available. In the tensile strained QW, the
gain for TM mode is larger than that for TE mode (Chong and Fonstad,
1989) because the first QW valence subband is a light-hole-like subband.
For transitions between conduction band and light-hole-like subband, the
transition matrix element (or polarization modification factor) for the TM
mode is larger than that for the TE mode, thus resulting in larger gain
in the TM mode. This forces lasing in the TM mode in the tensile-strained
QW lasers. In unstrained or compressively strained QW lasers, the lasing
usually happens in the TE mode because the ground valence subband of
the QW is heavy-hole-like. Similar to the compressive-strained QW lasers,
improved performance was observed in the tensile-strained QW lasers
(Thijs et al., 1991, 1994; Zah et al., 1991; Kano et al., 1994; Kikuchi et
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al., 1994; Wang et al., 1994). The reduction of hole effective mass and the
larger subband separation induced by the tensile strain (Seki et al., 1993,
1994) lead to state-filling reduction in the ground lasing and other upper
energy subbands, and they are responsible for the performance improvement in tensile-strained QW lasers. The strain-induced reduction in various nonradiative recombinations is also responsible for the improved
performance, especially for InGaAsP long-wavelength lasers (O'Reilly and
Adams, 1994; Lui et al., 1994).
The strain level in the QW and the number of QWs are limited
by the critical thickness for misfit dislocation in the lattice mismatched
semiconductors. The technique of strain compensation, by which QW barriers of an opposite strain with respect to the strain of the QW are grown
in the active region, can increase the strain level in the QW and allow
for growth of a large number of strained QWs with high crystal quality
(Miller et al., 1991; Seltzer et al., 1991; Zhang and Ovtchinnikov, 1993;
Takiguchi et al., 1994). The larger strain in the QW can lead to a larger
modification of the valence band for the holes in the QW, i.e., smaller hole
effective mass and larger energy separation between the subbands. The
QW depth can be increased by the opposite strain in the QW and the
barriers. In addition, the strain in the QW barriers can reduce the number
of states in the OCL region. All these lead to reduction of state filling in
strain-compensated QW lasers. Improved threshold current characteristics (Ougazzaden et al., 1995; Fukunaga et al., 1996), improved reliability
(Toyonaka et al., 1995; Sagawa et al., 1995; Fukunaga et al., 1996), reduced
linewidth enhancement factor ~ (Dutta et al., 1996), and improved modulation bandwidth (Kazmierski et al., 1993; Dutta et al., 1996; Han et al.,
1996) were observed in the strain-compensated QW lasers. Recently, a
30-GHz modulation bandwidth has been achieved in a long-wavelength
(1.55-ttm) InGaAsP/InGaAlAs (QW/barrier) MQW laser by using the
strain-compensation technique to the active region of 20 quantum wells
(Matsui et al., 1997). Another 30-GHz modulation bandwidth was demonstrated in a 1.55-ttm-wavelength strain-compensated InGaAsP MQW
laser of 12 quantum wells (Kjebon et al., 1997). This achievement was
made by using detuned operation of the laser from a monolithic distributed
Bragg reflector (DBR). The detuned operation, i.e., detuning the lasing
wavelength from the gain spectrum peak, can enhance the differential
gain, reduce the damping, and improve other dynamic properties of a
semiconductor laser (Vahala and Yariv, 1984). A more detailed discussion
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of strained QW lasers can be found in Chap. 2 (by Adams and O'Reilly)
of this book.

1.5.5

Substrate

orientation

In addition to the quantum effect, the energy subbands of a QW structure
are dependent on the orientation of the QW. The energy-band structure
is strongly dependent on the symmetry of a semiconductor crystal. The
incorporation of a QW structure will modify the symmetry, and a different
orientation of the QW will have a different impact on the symmetry
modification. Thus the energy-band structures are dependent on the QW
orientation.
Figure 1.23 shows the calculated valence subbands of GaAs/
Alo.3Gao.7As QW structures on (001) and (111) substrates, respectively
(Batty et al., 1989; Ghiti et al., 1990). It is shown that the energy separation
between the ground state and first excited state is larger in the (111)
GaAs/A1GaAs QW structure than that in the (001) GaAs/A1GaAs QW
structure if the GaAs QW width is less than 100/k. At the same time,
the ground state is further away from the band edge of QW barrier (near
- 1 0 0 meV) in the (111) GaAs/A1GaAs QW structure in comparison with
the (001) GaAs/A1GaAs QW structure. Both effects will lead to a reduction
of the state filling in the (111) GaAs/A1GaAs QW structure. Indeed, it has
been observed in experiments that (111) GaAs/A1GaAs QW lasers possess
consistently lower threshold current densities than (001) GaAs/A1GaAs
QW lasers for QW width of less than 100 A (Hayakawa et al., 1987, 1988).
A theoretical analysis on the influence of QW orientation was given by
Niwa et al. (1995) for long-wavelength (InGaAsP system) strained QW
lasers, and very similar results were shown.

1.5.6

Bandgap offset at QW heterojunctions

Although the state-filling effect can be reduced by employing MQW for
the laser active region, the attendant penalty is an increase in threshold
current due to the need to maintain the transparency density of carriers
in a larger active volume. The state-filling effect can be reduced by increasing the bandgap offset at the QW heterojunction, i.e., increasing the QW
barrier height. But this is limited by the materials available for the QW
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F i g u r e 1.23: Calculated valence subband structures for GaAs/Alo.3Gao.TAs
on (001) [(a)-(c)] and (111) [(d)-(f)] substrates. The quantum well thicknesses are
50, 100, and 150/~, respectively. [From Batty et al. (1989).]

and the optical confining region. On the other hand, a very large barrier
height might degrade the carrier injection and relaxation into the QW.
In most III-V semiconductors, there exists a very large asymmetry
between the conduction-band and the valence-band structures. In an SCH
QW laser, the larger effective mass of holes (compared with electrons) is
responsible for a much larger number of energy states in the OCL region
for the holes. Usually, the bandgap offset at a heterojunction between two
III-V semiconductors is smaller in the valence band than that in the
conduction band, resulting in smaller QW barrier height for the holes.
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These two facts lead to the fact that the state-filling effect is dominated
by the holes in most III-V QW lasers.
The holes-dominated state-filling effect can be reduced by optimizing
the bandgap offset ratio at the QW heterojunctions because the asymmetry between the conduction band and the valence band structures in the
OCL region can be compensated by the corresponding optimal bandgap
offset ratio at the QW heterojunctions (Zhao et al., 1993c). Assume that
R d is the conduction bandgap offset ratio, i.e., R d -- A E y A E g . When R d
is large (i.e., smaller bandgap offset for the valence band), the state-filling
effect is dominated by the hole population in the OCL region. As R d
decreases, the energy separation between the ground state and the states
in the OCL region in the valence band increases. The state filling of holes
is reduced, which leads to a smaller transparency carrier density and
higher differential gain. However, if R d is too small, the state filling will
be dominated by the electrons in the conduction band, resulting in a larger
transparency carrier density and a lower differential gain again.
Figure 1.24 shows the calculated carrier density and corresponding
differential gain as functions of the bandgap offset ratio R d for different
values of modal gain g. The QW laser structure is assumed to have a 75/~ GaAs QW and a pair of 2000-/k Alo.2Gao.sAs/Alo.5Gao.5As GRIN-SCH
optical confining layers. It is shown that the differential gain can be
increased if R d is reduced from its nominal value o f - 0 . 7 . For instance,
the differential gain is doubled at R d - 0.5 for the modal gain of 30
cm -1, while the carrier density is reduced. These results indicate that
the bandgap offset engineering will lead to enhanced performance in the
QW lasers.
This analysis also applies to other material systems, such as strained
InGaAs/A1GaAs and the quaternary InGaAsP/InP or InGaALAs/InP QW
structures. In general, bandgap offset engineering includes (1) the choice
of the semiconductor materials for the QW and the optical confining layers
to form the optimized heterojunctions and (2) artificially modifying the
bandgap offset at the QW heterojunctions. Two methods have been proposed to artificially control the bandgap offset at a semiconductor heterointerface. The first employs a sheet of doping dipoles at the heterojunction
that is formed by ultrathin ion layers. Changes in the bandgap offset at
the heterojunction by as much as 140 meV were demonstrated at a GaAs/
Alo.26Gao.74As heterojunction (Capasso et al., 1985). The second method
is based on incorporation of an ultrathin atomic interlayer at the heterojunction, which modifies the charge distribution at the interface and cre-
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is the modal gain.

ates an interface dipole sheet. Bandgap offset change from - 3 8 0 to 380
meV was reported by incorporation of an u l t r a t h i n Si interface layer at
a GaAs/A1As heterojunction (Sorba et al., 1991).

1.6

Some performance
QW lasers

1.6.1

Submilliampere

threshold

characteristics

of

current

Low-threshold-current semiconductor lasers are key components in m a n y
high-density and high-performance applications, such as the optical interconnects in computer circuits and systems. High packing density and
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low power consumption are the two critical requirements for this kind of
application. Therefore, threshold current in the submilliampere or microampere region is of importance. Low-threshold lasers often exhibit improved reliability and enhanced modulation bandwidth. They also can be
used in direct digital modulation at rates of multigigabits per second
under zero bias current conditions for lower electrical power consumption
(Lau et al., 1987; Cutrer and Lau, 1995; Chen and Lau, 1996).
As discussed in Sect. 1.1, the threshold current density of a semiconductor laser will be reduced if the thickness of the active layer d is reduced.
However, once d is reduced to the quantum regime of the injected carriers,
any further reduction in d will not lead to significant reduction in the
threshold current density because the carriers become 2D and are quantum-confined in the direction perpendicular to the active layer. The carrier
state filling in the OCL region leads to an optimal range in the QW
thickness for low threshold current density. If the QW thickness is too
large, there exist many very closely packed (in the energy domain) subbands in the QW, resulting in a significant carrier population in these
upper subbands at the threshold. If the QW thickness is too small, the
first quantized states are raised up and close to the top of the QW, resulting
in a significant carrier population in the OCL region at the threshold. In
both cases, larger threshold current density results.
For bulk DH semiconductor lasers, the modal gain and injection current density approximately obey a linear relation (Thompson, 1980; Yariv,
1989):

g = FdhBdh(J - J t r )

(1.148)

where Fdh is the optical confinement factor, Bdh is a constant, and the
transparency current density J t r includes both radiative carrier loss such
as spontaneous emission and nonradiative carrier loss such as carrier
leakage in a particular laser device structure used to confine the injection
current. At the threshold, the modal gain is given by
1

1

gth -- ~i -4- -~ In ~

(1.149)

where cri is the internal loss constant, L is the laser cavity length, R =
x / R 1 . R 2 , and R1 and R2 are the reflectivity of the two mirror facets.
From Eqs. (1.148) and (1.149), the threshold current can be obtained as
Ith = wLJth = w L Fd-~Bdh

--1
lnR]
FdhBdh

(1.150)

86

Chapter 1 Quantum Well Semiconductor Lasers

From Eq. (1.150), the methods to achieve low threshold current in bulk
DH lasers are to reduce the internal loss ai, to reduce the transparency
current density Jt,, to reduce the device dimensions w and L, to increase
the optical mode confinement Fdh , to increase the differential gain (C(Bdh),
and to use high reflectivity coating (R~I).
The lowest threshold current density demonstrated in any semiconductor laser is in strained InGaAs QW lasers. Threshold current density
as low as 65 A/cm 2 (Choi and Wang, 1990), 45 A/cm 2 (Williams et al.,
1991), and 56 A/cm 2 (Chand et al., 1991) was achieved in long-cavity
strained InGaAs SQW lasers. To achieve ultralow threshold currents, the
laser device dimensions w and L need to be scaled down. However, as
shown in the following, there exists an optimal cavity length to achieve
the lowest threshold current in QW lasers. As the lateral dimension w is
reduced to the quantum regime, the lasers become quantum wire lasers.
For QW lasers, the modal gain and injection current density relation
is nonlinear due to the flat feature of the steplike density of states (Arakawa and Yariv, 1985; McIlroy et al., 1985; Kurobe et al., 1988; Cheng et
al., 1988). Assume that the number of quantum wells Nqw is not very large,
the quantum wells are decoupled, and the carrier injection is uniform with
the QWs. Then the modal gain g will be roughly scaled by Nqw because,
as shown schematically in Fig. 1.25, each quantum well contributes almost
equally to the laser field. The nonlinear relation of the modal gain and
injection current density can be approximated as
J
g - NqwFqwBqw In Jt--~r

(1.151)

where Fqw is the coupling factor for one QW and Bqw is a constant. From
Eqs. (1.151) and (1.149), the threshold current in the QW lasers is

[ 1 (11)]

Ith = w L J t r exp gqwFqwBq w Oli + -~ In ~

(1.152)

From Eq. (1.152), small w and a i, large Fqw and R, and large differential
gain (i.e., large Bqw) will lead to low threshold current in QW lasers. The
cavity-length dependence of Ith in QW lasers is very different from that
in bulk lasers. From Eq. (1.152), it is easy to find that there exists a
minimum threshold current

Jtr

Ith(min) = w NqwFqwBq w

exp(

ai
e 1)In 1
NqwFqwBqw
~

(1.153)
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]Figure 1.25: Schematic structures of SQW and MQW indicating that the
modal gain roughly scales with the number of quantum wells Nqw in the case
that Nqw is not too large.

that is achieved at a cavity length

L

_

1

NqwFqwBqw In

1

(1.154)

From Eqs. (1.152) to (1.154) we can find how the number of QWs
influences the threshold current. Both dtr and ai consist of two parts: One
part scales with Nqw, and the other is independent of Nqw. For Jtr, the
radiative loss of carriers within the QW scales with Nqw, but the radiative
carrier loss of the carriers in the OCL region and the nonradiative carrier
leakage are basically independent ofNqw, ai consists of free carrier absorption due to the carriers within the QW, free carrier absorption due to the
carriers in the OCL region, waveguide scattering, and impurity absorption. The first one scales with Nqw. The rest are independent of Nqw. The
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Nqw dependence of Ith is also strongly influenced by the threshold modal
gain. At very low threshold modal gain,
exp

[ 1 (1

1)] 1

a/ + ~ l n ~

the SQW lasers have lower threshold current due to the smaller Jtr. At
relatively high threshold modal gain, the term

[ 1 ( 1+1-s)l n]~

exp g q w r q w B q w

oli

dominates the threshold current. Use ofMQW (Nqw r 1) will significantly
reduce this term. This feature plus the extra differential gain enhancement in the MQW structure (i.e., larger Bqw) makes MQW lasers obtaining
low threshold current in certain circumstances even though the transparency current density is larger in comparison with SQW lasers. Equations
(1.153) and (1.154) indicate that compared with SQW lasers, lower minim u m threshold current can be obtained at shorter cavity length in MQW
lasers.
Figure 1.26 shows the threshold current distribution versus the cavity
length for SQW, double quantum well (DQW), and triple quantum well
(TQW) InGaAs/A1GaAs BH lasers (Chen et al., 1992a). The mirror facets
of these lasers are not coated. The lasers were fabricated by a two-step
hybrid crystal growth technique. The GRIN-SCH InGaAs strained SQW,
DQW, and TQW materials were grown by MBE or MOCVD. After the
MBE or MOCVD growth, mesas with an active stripe width of--~2/xm
were wet-chemically etched in order to fabricate buried heterostructure
(BH) lasers. Ap-Alo.4Gao.BAS layer and an n-Alo.4Gao.6As layer were grown
successively in a liquid-phase epitaxy (LPE) system to form a blocking
junction. The schematic structure for the BH lasers is shown in Fig. 1.27.
From Fig.1.26 it is seen that the optimal cavity length for low-thresholdcurrent operation in BH QW lasers decreases with an increasing number
of wells. Approximately, the optimal lengths are 300 to 400/xm for SQW,
200 to 300 # m for DQW, and 100 to 200 #m for TQW lasers, respectively.
The lowest threshold current obtained is 1 mA for an uncoated DQW laser
at 200-#m cavity length. Although slightly lower threshold currents in
BH strained InGaAs TQW lasers were reported by Xiao et al. (1992),
the threshold currents of TQW lasers were higher than what had been
expected. This could be caused by the degradation of crystal quality as
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F i g u r e 1.26: Threshold current versus cavity length for the SQW, DQW, and
TQW strained InGaAs/A1GaAs BH lasers. The width of the active stripe is - 2
#m. [From Chen et al. (1992a).]

the n u m b e r of strained layers increases or by the nonuniform carrier
injection into the QWs as the number of QWs increases. To further reduce
the threshold currents to the submilliampere range, high reflectivity (HR)
dielectric coatings were applied to the facet mirrors of the SQW lasers
(Chen et al., 1993a, 1993b, 1995). Threshold current behavior is shown
in Fig. 1.28 for an SQW laser of 125-/tm cavity length. The threshold
current was 2.8 mA for the laser with cleaved facets. When an HR coating
of 0.99 was applied to the rear facet, the threshold current dropped to
0.7 mA. A further application of an HR coating of 0.99 to the front facet
led to a threshold current of 0.165 mA.
Another technique to fabricate low-threshold-current QW lasers is
the patterned substrate (PS) approach, i.e., to grow QW laser structures
on patterned substrate. In the PS approach, QW laser structures with
good lateral optical and current injection confinement are obtained by
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1.27: Schematic structure of a buried heterostructure (BH) QW laser.

using the very different crystal growth rate on the mesa top or at the
groove bottom in comparison with that on the mesa sidewall, i.e., crystal
facet selective epitaxy. In comparison with BH lasers, the PS approach
can easily fabricate lasers of narrower active strip width, which thus have
the potential for lower threshold current. In one PS approach to grow a
patterned QW structure at the groove bottom, Kapon et al. (1990) demonstrated submilliampere threshold currents of 0.35 mA (pulsed) and 0.5
mA (CW) in a GaAs SQW laser with HR facet coatings. In another PS
approach, a triangular prism-shaped laser active region was grown on
the ridge top. By controlling the ridge height, the QW region and the ntype lower part of the active region could be buried in a pair of n-A1GaAs/
p-A1GaAs layers that were grown in the area on each side of the ridge. The
n-A1GaAs/p-A1GaAs layers provided a reversed p-n junction for current
confinement. Without the HR facet coatings, a low threshold current of
0.88 mA was demonstrated in a three-quantum-well GaAs laser of this
structure (Narui et al., 1992). Recently, low threshold currents of 0.6 mA
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1.28: Optical power versus injection current for a strained InGaAs
SQW BH laser of 125/~m cavity length and - 0 . 9 9 HR coatings to both facets.
Inset: (i) only back facet with HR coating of 0.99; (ii) no HR coating to both facets.
[From Chen et al (1995).]

(without HR facet coating) and 0.145 mA (with HR facet coating) were
achieved in strained InGaAs SQW lasers of submicron active region width
(Zhao et al., 1995). The submicron active region width was achieved by
growing the QW active region at the top tip of the mesa structure on
patterned substrate.
The threshold current in edge-emitting QW lasers can be further
reduced at low temperatures (Eng et al., 1991; Zhao et al., 1994). This
was motivated by the prospect of integration of semiconductor lasers
with low-temperature electronics for high performance. Many electronic
devices possess improved performance characteristics at cryogenic temperatures. For example, the high-temperature superconductor devices
have advantages in high speed, high sensitivity, and low power consump-
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tion in comparison with many conventional room-temperature electronic
devices as a result of the unique nature of superconductivity. Semiconductor field-effect devices and bipolar devices also have shown improved
performance and reliability at low operating temperatures due to the
improvement in carrier mobility, reduction in parasitic capacitance and
interconnect resistance, and reduced electromigration and power consumption. Optical interconnects using semiconductor lasers in these lowtemperature electronics appear very attractive because of the demonstrated extremely low threshold currents and the enhanced external quantum efficiency.
Figures 1.29 and 1.30 show the measured threshold current and
external quantum efficiency as functions of the temperature for three
225-ttm-long strained InGaAs SQW BH lasers with different facet HR
dielectric coatings. It is shown that the threshold current can be reduced
by a factor of 10 and the external quantum efficiency can be increased
by a factor of 2 as the ambient temperature decreases from the room
temperature ( - 3 0 0 K) to near liquid helium temperature ( - 4 K). The
dramatic decrease in threshold current is due to the reduction in statefilling effects, modification of band structures, and suppression of various
carrier loss mechanism at low temperatures in QW lasers. The increase
in external quantum efficiency stems from both the increase in internal
quantum efficiency and the decrease in internal loss constant in these
lasers as the ambient temperature decreases. For the laser of mirror
reflectivity of 0.75 and 0.99 (laser 3 shown in Figs. 1.29 and 1.30),
threshold currents of 38 tuk at 6 K and 56/tA at 77 K were demonstrated,
and the external quantum efficiency was about 1 mW/mA at both 6
and 77 K.
Vertical cavity surface emitting lasers (VCSEL) are especially suitable for 2D high-density applications (Iga, 1992). The extremely small
active volume in VCSEL QW lasers offers the advantage of obtaining
extremely low threshold currents in submilliampere range (Geels and
Coldren, 1990; Michalzik and Ebeling, 1993; Numai et al., 1993). Huffaker
et al. (1994a) first applied a selective oxidation technique in fabrication
of VCSEL QW lasers to effectively reduce the lateral dimension of the
active region for ultralow threshold current. In the selective oxidation
fabrication process, layers of AlAs or A1GaAs were first grown in the laser
structures and were partially oxidized in a subsequent process step to
provide confinement for injection current and optical mode (Dallesasse et
al., 1990; Dallesasse and Holonyak, 1991). The oxidized AlAs and A1GaAs
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layers possess a lower refractive index in comparison with the nonoxidized
ones. In the VCSEL structures, the selective oxidation layer introduces
an intracavity dielectric aperture that laterally confines the optical mode
and the current injection. In comparison with other VCSEL fabrication
techniques, small lateral active dimension, high current injection efficiency, and low intracavity loss can be obtained easily by the selective
oxidation method. Threshold currents below 0.1 mA were achieved in
strained InGaAs QW VCSELs fabricated by the selective oxidation method
(Huffaker et al., 1994b, 1996; Hayashi et al., 1995). To date, the lowest
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1.30: Measured external q u a n t u m efficiency as a function of ambient
temperature for 225-ttm-long strained InGaAs SQW BH lasers of different mirror
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threshold current in a semiconductor laser is 8.7 pA, which was achieved
in a strained InGaAs QW VCSEL fabricated by the selective oxidation
method (Yang et al., 1995). Although improvements in output power and
external quantum efficiency were observed, the threshold current reduction in VCSEL QW lasers from room temperature to low temperatures
was not as significant as that observed in edge-emitting lasers (Goobar
et al., 1995; Hornak et al., 1995; Goncher et al., 1996; Akulova et al.,
1997). This is attributed to the difficulty in alignment of the cavity mode to
the QW gain spectrum peak from room temperature to low temperatures.
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In InGaAsPHnP long-wavelength lasers, the application of strain,
either compressive or tensile, reduces the density of states and nonradiative carrier loss, leading to reduction in threshold current density and
threshold current. Threshold current density in the vicinity of 90 to 100
A/cm 2 was observed in both compressive and tensile strained SQW lasers
of 1.55 ttm wavelength (Thijs et al., 1992b; Yamamoto et al., 1994a; Mathur
and Dapkus, 1996). For 1.3-~m wavelength compressive strained SQW
lasers, the threshold current density is also in the vicinity of 90 to 100
A/cm 2 (Zah et al., 1992; Yamamoto, et al., 1994b). However, the threshold
current density in 1.3-#m wavelength tensile strained SQW lasers was
about 200 A/cm 2 (Zah et al., 1992; Yokouchi et al., 1996). Submilliampere
threshold currents in the range of 0.4 to 0.98 mA have been demonstrated
by using dielectric HR facet coatings to the 1.3- and 1.55-ttm wavelength
strained QW lasers (Zah et al., 1990; Temkin et al., 1990; Osinski et al.,
1992; Thijs et al., 1992a, 1992b; Uomi et al., 1994; Terakado et al., 1995).
For low-temperature operation, significant threshold current reduction
(from 27 mA at 300 K to 0.9 mA at 10 K) and modulation bandwidth
increase (from 10 GHz at 290 K to 27 GHz at 77 K) were observed in the
1.55-ttm wavelength InGaAsP strained MQW lasers (Yu et al., 1994). By
using GaAs/Al(Ga)As Bragg mirrors with strained InGaAsP active layers
bonded by wafer fusion, submilliampere threshold currents (-0.8 mA)
have been demonstrated for both 1.3- and 1.55-ttm long-wavelength
VCSEL strained QW lasers under pulsed operation (Margalit et al., 1996;
Qian et al., 1997).

1.6.2

High-speed

modulation

at low operation

current

High-speed modulation of semiconductor lasers is very important because
of their applications in optical telecommunications and optical interconnects. A number of research and development efforts have been devoted
to exploring high-speed performance. Chapter 3 (by Nagarajan and Bowers) in this book deals with the subject of high-speed modulation of semiconductor lasers. Here we limit our discussion to high-speed modulation
at low operation current.
It is appreciated that ultralow threshold lasers are going to play an
important role in optical interconnects for computer circuits due to their
low power consumption. It must be borne in mind, however, that these
lasers need be modulated at rates up to a few gigabits per second, and
the low power advantage will be lost if the bias current needed to reach
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the required modulation bandwidth is excessive. At steady state, the total
number of photons emitted from a laser cavity is

Po Yopt = Yi I - Ith
Tp
e

(1.155)

where Po is the photon density at the active region, Yop t is the effective
optical mode volume (Vopt = wtL), Tp is the photon lifetime, and Yi is
the internal quantum efficiency. From Eqs. (1.129) and (1.155), the 3-dB
modulation bandwidth at low optical power levels can be obtained as
1.55
f3 dB ~ 1.55 fr -- 21r ~/Vg~i
~ eVopt (I - I t h ) G ~

(1.156)

The m o d u l a t i o n current efficiency factor (MCEF) was introduced to better
characterize the high-speed modulation at low operation current in semiconductor lasers (Chen et al., 1993b), which is defined as

f3 dB
MCEF = X/I - Ith

~

1.55 ../GovgT] i
27r ~/eYop t

(1.157)

For the same effective injection current level (I - Ith), a higher MCEF
value will enable a higher modulation bandwidth in a semiconductor laser.
From Eq. (1.156), it follows that for a given injection current I, the
achievement of high f3 dB requires a low threshold Ith, a large differential
gain G~, a small optical mode volume Vopt, and a high internal quantum
efficiency ~i. QW lasers become the main contenders for this kind of
application because of the demonstrated submilliampere threshold currents. Equations (1.153) and (1.154) indicate that a lower threshold current can be achieved by increasing the QW number, using a shorter cavity
length, and using a narrower active strip width. At the same time, a
shorter cavity length and a narrower active strip width lead to smaller
optical mode volume, which, in turn, leads to a larger modulation bandwidth. However, shorter cavity length entails operation at higher current
(and carrier) densities because of the large threshold modal gain required.
This inevitably reduces the differential gain G~ in QW lasers due to the
nonlinear relationship of gain versus carrier density. High-reflectivity
coatings on the facets of such lasers with short cavity lengths can reduce
the threshold modal gain dramatically (and also the threshold current),
thus retaining a high value of differential gain. In addition, the use of
MQW as the active region will lead to a higher differential gain at low
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threshold modal gain compared with SQW structures because of the reduced state-filling effects. The use of strained QW leads to further improvement because strained QW lasers have demonstrated lower
threshold current density and higher differential gain due to the straininduced valence band modification.
Using design criteria inspired by the preceding arguments, a 5-GHz,
3-dB modulation bandwidth was demonstrated at an operating current
of 2.1 mA in a strained InGaAs double quantum well BH laser (Zhao et
al., 1992e). The modulation response is shown in Fig. 1.31. The high-speed
bandwidth at low operation current is attributed to the lower threshold
current (0.5 mA), smaller optical mode volume [short cavity (150 ttm) and
narrow active strip width (2 ttm)], and high differential gain at low modal
gain in this laser. The 0.95 HR coatings on both facets of this laser led
to very small threshold modal gain. The MCEF value in this laser was
about 4 GHz/V'mA. By using a narrower laser strip width and a shorter
cavity, a 5 GHz/~/--mA MCEF was demonstrated in a strained InGaAs
SQW laser (Chen et al., 1993b).
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The VCSELs are superior to edge-emitting lasers for high modulation
speed at low operation current. This is so primarily because the optical
mode volume in the VCSELs is much smaller than that in edge-emitting
lasers. From Eqs. (1.156) and (1.157), the significantly smaller optical
mode volume Yopt would enable a much larger MCEF and thus a much
larger modulation bandwidth at low injection current. A 3-dB modulation
bandwidth of 12.1 GHz at an operation current of 2.8 mA was demonstrated in a GaAs VCSEL of 9.5 G H z / N / - ~ MCEF (Lehman et al., 1995).
Recently, 3-dB modulation bandwidth of 15 GHz has been achieved at a
bias current of 2.1 mA in a strained InGaAs 3QW VCSEL of 3.1 tim
diameter (Thibeault et al., 1997). The threshold current was 0.3 mA, and
the MCEF was 14 G H z / ~ .
In addition, Lear et al. (1996) reported a
3-dB modulation bandwidth in excess of 16 GHz at an operation current
of 4.5 mA in another strained InGaAs 3QW VCSEL of 0.37 mA threshold
current and 16.8 G H z / ~
MCEF.
These results are attractive for the optical interconnects in computer
circuits and short-distance local-area communication systems. Due to the
damping effect on modulation response, at high operation current levels,
the operation current increase does not efficiently increase the modulation
bandwidth. Let us examine two extreme cases to construct a short-distance communication system. First, we assume that one uses a laser in
which a high-speed modulation bandwidth of 40 GHz can be obtained at
an operation current of 155 mA (Weisser et al., 1996). To obtain the 40GHz communication bandwidth, one can use a system consisting of three
lasers, and each of them has a 15-GHz modulation bandwidth at an
operating current of 2 mA (Thibeault et al., 1997). The typical series
resistance Rlaser of a packaged semiconductor laser is about a few ohms.
From Pel = 12 Rlase~- the electrical power consumption Pel in the second
configuration is about three orders of magnitude less than that in the
first configuration of using one single 40-GHz laser. On the other hand,
the requirements for high-speed (40-GHz) photodetectors and other supporting electronics can be relaxed to 15 GHz.

1.6.3

Amplitude-phase coupling and spectral linewidth

The amplitude-phase coupling factor a (or linewidth enhancement factor)
of a semiconductor laser determines its spectral linewidth at steady state
and the wavelength chirping under high-speed modulation. A reduction
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in a will lead to a reduction in spectral linewidth and wavelength chirping,
thus leading to an increase in optical telecommunications capacity.
As we discussed earlier, the state-filling effect strongly influences the
p a r a m e t e r of QW lasers. By using a large QW barrier height, reductions
in the a p a r a m e t e r and spectral linewidth have been observed in QW
lasers (Zhao et al., 1993a, 1993b). Figure 1.32 shows the measured linewidth (A,) of two typical QW lasers of different QW barrier heights (see
structures A and B in Fig. 1.18) as a function of the inverse optical power
from one facet of the lasers (l/P). The lasers were both 300 ttm long, and
their facets were uncoated. It is seen that the slope of the curve for

50-

40

:

-

i

-

-

o -

A

B

e-

"-

20

~

lO

0

/i/
!

I

I

I

I

I

0.0

0.2

0.4

0.6

0.8

1.0

Inverse output power ( m W -1 )
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structure B is about 4 times as large as that for structure A. Equation
(1.142) indicates that the slope of the h ~ - 1/P curve depends on the
threshold modal gain g, the mirror loss am, the spontaneous emission
factor nsp, and the a parameter in the form of (1 + a2). The effective
distributed mirror loss of these two 300-ttm-long, uncoated lasers was the
same am o f - 4 0 cm -1. From the measured internal loss constant in the
two laser structures, it was found that these two lasers had almost the
same threshold gain value g o f - 5 0 cm -1. The estimated nsp values in
structure A and structure B at modal gain of 50 cm-1 were very close to
each other (Zhao et al., 1993a). Since the geometries of these lasers were
essentially identical, it is concluded that the observed difference in the
dependence of linewidth on 1/P is caused mainly by the different amplitude-phase coupling (i.e., different a) in the two laser structures.
Indeed, these arguments have been confirmed by direct measurement
of the a parameter in these lasers. The measured a values versus wavelength are shown in Fig. 1.33 for the 300-ttm-long, uncoated lasers of
structures A and B, respectively. The a values were extracted from the
spontaneous emission spectra and Fabry-Perot mode wavelength shifts
under CW operation of the lasers (Zhao et al., 1993b). In comparison
with the a parameter measurement under pulsed operation (Henning and
Collins, 1983), the measurement under CW operation can significantly
improve the signal-to-noise ratios and enable a much higher spectral
resolution for accurate measurement. The lasing wavelength for the laser
of A structure was about 8500/k, and the lasing wavelength for the laser
of B structure was about 8570 A. From Fig. 1.33, the difference in a at
the lasing wavelength between the two lasers is evident.
Notice that the optical confinement in these two structures is almost
identical; at lasing, the two lasers were biased at such a point that the
carrier population within the QW gives almost the same peak material
gain. However, the separation between the quasi-Fermi energies and the
energy states in the OCL region is quite different at such a bias point
due to the different QW barrier heights in the two structures. This difference has two consequences for amplitude-phase coupling. First, in a structure with smaller barrier height, such as structure B, the smaller
separation between the quasi-Fermi energies and the large number of
states in the OCL region will cause a larger carrier population in the
OCL region. As discussed in Sect. 1.4.5, a larger interband-transition
component of a will result due to the larger OCL carrier state-filling effect
on the laser transitions. Second, the larger carrier population in the OCL
o
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region will result in a larger free-carrier component of ce through the
plasma effect.
As discussed earlier, use of the MQW structure as the active region
and the addition of strain to QW layers lead to reduction of state filling.
In addition to the improvement in modulation dynamics, these also lead
to a reduction in the a parameter. The strain effects on ce have been
studied extensively in various strained QW lasers (Rideout et al., 1990;
Dutta et al., 1990a, 1990b; Banerjee et al., 1991; Kikuchi et al., 1991;
Kano et al., 1991; Tiemeijer et al., 1991; Schonfelder et al., 1993). The
experimental results in these works show that the ceparameter in strained
(either compressive or tensile) QW lasers is consistently smaller than
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that in unstrained QW lasers. Figure 1.34 shows the a parameter as a
function of the detuning from the lasing photon energy for bulk InGaAsP,
lattice-matched InGaAs/InGaAsP MQW, compressive strained InGaAs/
InGaAsP MQW, and tensile strained InGaAs/InGaAsP MQW lasers (Thijs
et al., 1994). At the lasing wavelength, the a factors for bulk and unstrained MQW lasers are 5 and 3, respectively. In comparison, the
factors for compressive strained MQW and tensile strained MQW lasers
are 1.7 and 1.5, respectively, at the lasing wavelength. The slightly smaller
factor in tensile strained QW lasers is attributed to the quantumsqueezed free-carrier component of a (Tiemeijer et al., 1992). In the tensile
strained QW structures, the lasing mode is TM mode with its polarization
direction perpendicular to the QW plane. Due to the quantum confinement, the carriers in the QW can only move within the QW plane. Thus
these carriers in the QW do not have the plasma effect for the lasing TM
mode of polarization direction perpendicular to the QW plane.
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It has been found experimentally that the p-type doping in the compressive strained InGaAs MQW led to a reduction in the a parameter
(Schonfelder et al., 1994). The reduction was attributed to the p-dopinginduced reduction of differential index and enhancement of differential
gain. It is shown in Figs. 1.33 and 1.34 that the a parameters are strongly
wavelength or photon-energy dependent. It was shown theoretically that
in p-type doped compressive strained QW lasers, an a parameter of zero
value might be obtained at lasing wavelength detuned from the gain
peak wavelength to the shorter wavelength (Yamanaka et al., 1993). The
detuned operation can be achieved by employing a distributed Bragg
reflector (DBR) or distributed feedback (DFB) structure in the lasers.

1.6.4

W a v e l e n g t h t u n a b i l i t y and s w i t c h i n g

A QW laser can provide wide and flat gain spectra, as shown in Fig. 1.10.
The onset of the second quantized state results in more than one local
gain maximum in the gain spectrum. A wide and flat gain spectrum of a
QW laser structure will result in a large lasing wavelength tuning range
with proper device configuration. Tunable semiconductor lasers are desired for spectroscopy, heterodyne detection, wavelength division multiplexing (WDM) communications, and optical memory.
Lasing wavelength tuning ranges of 105 nm in GaAs SQW lasers
(Mehuys et al., 1989) and 170 nm in strained InGaAs SQW lasers (Eng
et al., 1990) were demonstrated, respectively, with a grating-coupled external cavity configuration (shown in Fig. 1.35). Figure 1.36 shows the thresh-
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Figure 1.35- Schematic diagram of external cavity configuration for a wide
tuning range of lasing wavelength.
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old current as a function of tuned lasing wavelength in GaAs and InGaAs
lasers. If we can monolithically integrate the GaAs and InGaAs QW laser
structures into one optical cavity, very wide wavelength tuning from 740
to 1010 nm would result (a tuning range of 270 nm). Using similar external
cavity configurations, tuning ranges of more than 200 nm were observed in
InGaAsP/InP MQW long-wavelength lasers (Lidgard et al., 1990; Bagley et
al., 1990; Tabuchi and Ishikawa, 1990). The single-mode operation, reduced spectral linewidth due to the external feedback, and wide tuning
range of lasing wavelength in the external cavity configuration are very
attractive for many applications. The compact and monolithic versions of
this configuration have been realized in various multielectrode DFB or
DBR laser structures. But the lasing wavelength tuning range is smaller
than that demonstrated in the external cavity configuration. By monolithic integration of various DBR and other mode-coupling structures,
continuous or quasi-continuous wavelength tuning ranges of 74 nm (Kim
et al., 1994) in a tensile strained MQW laser, 62 nm (Ishii et al., 1996) in

1.6

Some performance characteristics of QW lasers

105

a compressive strained MQW laser, and 58 nm (Lealman et al., 1996) in
a strain compensated MQW laser were demonstrated. The material system was InGaAsP/InP, and the lasing wavelength was near 1.55 ttm.
Detailed discussion on tunable semiconductor lasers can be found in Chapter 4 (by Amann) of this book.
Another interesting phenomenon in lasing wavelength behavior of
QW lasers is the observed lasing wavelength switching controlled by
injection current or temperature. It was found that in Fabry-Perot (FP)
QW lasers of a certain cavity length, the lasing wavelength suddenly
jumped to a shorter wavelength by about a few tens of nanometers as the
injection current increased beyond a certain value. This phenomenon was
first observed in GaAs SQW lasers (Tokuda et al., 1986) and then in
InGaAs MQW lasers (Chen et al., 1992b). In order to have the lasing
wavelength switching controlled by the injection current, one needs to
control the cavity loss (i.e., the threshold modal gain) to such a point that
the local maximum gain from the first quantized state is slightly larger
than that from the second quantized state in the gain spectrum. Initially,
the lasing is on the first quantized state. As the current increases, the
temperature of the laser increases. Higher temperature leads to smaller
local gain maximum from the first quantized state, and more carriers
need to populate the QW to retain the threshold modal gain. Most of the
added carriers will populate in the second quantized state due to the high
Fermi energy levels and larger number of states available for the carriers
to populate. This carrier state filling into the second quantized state will
increase the corresponding local maximum gain from the second quantized
state. Finally, as the injection current (and the temperature) increases
beyond a certain value, the local maximum gain from the second quantized
state is larger than that from the first quantized state. The lasing wavelength thus switches from the first quantized state (long wavelength) to
the second quantized state (short wavelength). Figure 1.37 shows the
calculated gain spectra of a GaAs SQW laser at different temperatures
for a given value of threshold modal gain (peak gain). It is clearly shown
how the lasing wavelength switches between the first quantized state
and the second quantized state as the temperature (or injection current)
changes.
The realization of monolithic lasing wavelength control in FP QW
lasers should be much more economical than that in DFB lasers. However,
to equalize the two local gain maxima in QW lasers, one needs to operate
the lasers under very high injection conditions. Sometimes it is difficult
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to achieve CW operation under such high injection levels, and operation
at very high injection levels can lead to reliability problems. By using
asymmetric double q u a n t u m well structures, lasing wavelength switching
was observed under lower injection conditions and CW operation (Ikeda
et al., 1989; Ikeda and Shimizu, 1991). In the laser structures, two nonidentical q u a n t u m wells were separated by a high and/or thick barrier.
This could result in non-quasi-thermal equilibration between the carriers
in the two wells; i.e., the quasi-Fermi energies for the carriers in the two
wells are different. The injected carrier density in each well was controlled
by changing the applied voltage to the lasers. The carrier distribution
change in each well resulted in a total gain profile change and gain peak
wavelength change, leading to the lasing wavelength switching.
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The wide gain spectrum and light radiation spectrum from a QW laser
are also useful in generating short mode-locked optical pulses. Ideally, the
pulse-width limit of a 100-nm-wide spectrum should be on the order of
10 femtoseconds, as deduced from the transform limit. Since the subject
of the mode locking of semiconductor lasers is covered in more detail in
Chapter 3 (by Nagarajan and Bowers) of this book, here we only discuss
briefly the wavelength tunability of mode-locked QW lasers.
Very short optical pulses (in the picosecond to femtosecond range)
have found many applications in studying ultrafast phenomena in physics,
chemistry, and biology. In some of these applications, one requirement
for the short optical pulses is that the pulse spectrum is not too wide and
the center wavelength of the pulse spectrum can be tuned over a certain
wavelength range. The typical spectral width of passively mode-locked
QW lasers is on the order of a few nanometers. Optical pulses as short
as 1.6 ps and tuning ranges of 8.8 nm were demonstrated in a temperaturetuned monolithic colliding pulse mode-locked (CPM) QW laser (Wu et
al., 1991). Using a two-section passively mode-locked QW laser with an
external cavity configuration, optical pulses of 4.5 ps and tuning ranges
of 26 nm were achieved (Schrans et al., 1992). A wider wavelength tuning
range of 115 nm was achieved for relatively long pulses ( - 3 0 ps) in a
mode-locked MQW laser with external cavity (Hofmann et al., 1994).
Figure 1.38 shows a setup for generation of tunable subpicosecond optical

Figure

1.38: Configuration for wavelength-tunable two-section mode-locked
QW lasers with external tuning grating and grating pair compressor.
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pulses (Salvatore et al., 1993). The laser was a two-section MQW laser
under passively mode-locked operation. The external grating is used for
centering the pulse spectrum to the desired wavelength. The grating pair
compressor is used to compress the linearly chirped optical pulses from
the laser by about one order of magnitude to subpicosecond range. Figure
1.39 shows the measured pulse width as a function of spectrum center
wavelength. The center wavelength was controlled by the tuning grating.
Subpicosecond (<0.6 ps) optical pulses with a tuning range of 16 nm have
been obtained.

1.7

Conclusion

and outlook

In this chapter we have discussed a number of interesting theoretical and
experimental results in QW lasers with emphasis on the basic physical
phenomena involved in gain, threshold current, modulation dynamics,
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spectral dynamics, and lasing wavelength tunability. The main challenges
in the development of QW lasers at the moment include the ever-larger
direct-current modulation bandwidth, the extremely small dynamic spectral linewidth under direct-current modulation, the very-high-speed operation with monolithic lasing wavelength tunability, the monolithic
integration ofultralow threshold and high-speed QW lasers on IC chips for
interconnect applications, the monolithic controllable ultrashort optical
pulse generation, the monolithic wide lasing wavelength tuning, the mode
and coherence control of high-power wide-area lasers including laser
arrays, the single-channel lasers with mode-controlled multiwatt output,
and the ever-shorter lasing wavelengths. The current level of research
on QW lasers should guarantee continued progress at an increased pace
in the future.
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2.1

Introduction

When a forward bias voltage is applied to a semiconductor diode laser,
the injected current of electrons and holes flows directly into states in
the active region, where they can recombine with the emission of light.
This direct conversion from electrical to optical power leads to high efficiency and the possibility of fast modulation. However, the broad energy
bands in semiconductors that, on the one hand, make the injection and
carrier transport possible, on the other hand, allow the electrons and
holes to occupy a wide range of energy and m o m e n t u m values. Thus,
because the useful laser output occurs as a beam of photons with a sharply
defined energy, direction, and polarization, only a very small fraction of
the injected carriers has the correct energy and m o m e n t u m to contribute
directly to the laser gain. Nevertheless, most of the carriers can take part
in nonradiative loss processes and in spontaneous emission, both of which
123
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reduce the efficiency of the device. One approach toward solving the first
problem of wide energy distributions is to progressively confine the carriers to lower dimensions, forming quantum wire and quantum dot structures, which concentrate the density of states and hence the carriers to
the band edge, as described in Chap. 4. The second problem of unwanted
spontaneous emission could be controlled through the formation of microcavity lasers [see e.g. Sale (1995)]. Here we consider how diode laser
characteristics can be greatly improved by introducing strain within the
active region. We describe below how strain can decrease the density of
states at the valence band maximum and so reduce the carrier density
required to reach threshold. It also reduces the three-dimensional symmetry of the lattice and helps match the wavefunctions of the holes to the
polarization of the laser beam, thus reducing the spontaneous emission.
These modifications were predicted by Adams (1986) and by Yablonovitch
and Kane (1986) to have significant benefits for semiconductor laser performance, including reduced threshold current density, improved efficiency and temperature sensitivity, and enhanced dynamic response and
high-speed performance (Suemune et al., 1988; Ghiti et al., 1989; Lau et
al., 1989). Many of these proposed advantages have now been demonstrated, and strained lasers are available commercially at a wide range
of wavelengths.
To examine more closely the first problem, concerning the energy
spread of the electrons, it is useful to consider the situation at transparency in a semiconductor laser. The Bernard-Duraffourg (1961) condition
tells us that transparency occurs when the quasi-Fermi levels for electrons
Efc and for holes Efv are separated by more than the band-gap energy Eg:

Efc - Efv > Eg

(2.1)

However, in a bulk direct-gap III-V semiconductor such as GaAs, the
conduction band has a low effective mass me, whereas the highest valence
band is always heavy-hole-like, with a large effective mass m h. This causes
the quasi-Fermi level for holes Efv to move downward much more slowly
than Efc moves upward as the injected carrier density is increased. Thus
EWe is well into the conduction band before Efv has reached the valence
band edge, as illustrated for a bulk laser in Fig. 2.1(a) and an idealized
unstrained quantum well laser in Fig. 2.1(b). If it were possible to make
the densities of states of the conduction and valence bands equal, transparency would be achieved as EWe and Efv simultaneously cross the band
edges, and the carriers would only be spread in energy by thermal effects.
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F i g u r e 2.1- Illustration of the electron and hole distributions at transparency
in the case of (a) an unstrained bulk semiconductor, where the density of states
(plotted horizontally) varies as E 1/2 and the conduction band density of states
(DOS) is typically at least a factor of 5 smaller than the valence band DOS, (b) a
model unstrained quantum well, where we again assume the valence band DOS
is 5 times larger than the conduction band DOS, and (c) an ideal quantum well
laser structure, where the valence band DOS equals the conduction band DOS.
The shaded regions indicate the electron and hole distributions in the conduction
and valence bands, respectively.

This situation is i l l u s t r a t e d in Fig. 2.1(c). W h e n a layer is grown in a
state of strain, both the cubic s y m m e t r y of the lattice and the degeneracy
of the so-called heavy- and light-hole bands are removed. Large strains,
either compressive or tensile, can lead to a considerable reduction in the
hole m a s s (Osbourn, 1986; Schirber et al., 1985; O'Reilly, 1989; Lancefield
et al., 1990; Krijn et al., 1992) and hence in the density of states at the
top of the valence b a n d (Krijn et al., 1992; Silver and O'Reilly, 1994) so
t h a t the laser characteristics m a y t h e n approach the more ideal situation
i l l u s t r a t e d in Fig. 2.1(c).
We now consider the second problem of m a t c h i n g the s y m m e t r y of
the carrier distibution to the uniaxial s y m m e t r y of the laser beam. The
states composing the top of the valence b a n d have almost pure p-like

126

Chapter 2 Strained Layer Quantum Well Lasers

symmetry (Harrison, 1980), and therefore, in a bulk semiconductor the
holes are equally distributed between Px, P~, and Pz states, and only onethird, e.g., those in the Pz states, can recombine to emit light along the
laser cavity with the required polarization, e.g., in the TM mode. However,
since the uniaxial strain removes the cubic symmetry of the lattice, it
changes the relative energies of the Px, P~, and Pz states. This can be used
to selectively engineer the states at the valence band maximum so that
almost all the injected holes are in states of the correct symmetry to take
part in the lasing action (O'Reilly et al., 1991; Sugawara, 1992; Jones and
O'Reilly, 1993).
Both the reduced density of states and the improved symmetry of the
states at the valence band maximum lead to a considerable reduction in
the radiative threshold current and threshold carrier density in all types
of semiconductor lasers. In addition, because all nonradiative loss mechanisms depend on the threshold carrier density, these are also reduced and
the efficiency of the lasers increased. This is particularly marked in lasers
operating at 1.5 #m, where Auger recombination is reduced (Thijs et al.,
1994) and intervalence band absorption is effectively eliminated by the
introduction of strain (Ring et al., 1992).
Since the strain helps assemble the injected carriers into those states
contributing to the laser gain, it greatly increases the rate of change of
gain G with carrier concentration n (Suemune et al., 1988; Ghiti et al.,
1989). Thus modulation of the laser output requires a smaller change in
n than in unstrained devices and therefore results in a smaller change in
refractive index and hence in chirp. Similarly, the linewidth enhancement
factor is reduced.
Because strain can be accommodated successfully in thin epitaxial
layers, it adds another degree of freedom to the combination of materials
that can be grown. Thus it is possible to extend the operating wavelength
of quantum well lasers grown on GaAs out to about 1.1 #m by using
compressively strained InGaAs, as reviewed by Coleman (1993). This
brings them into a useful wavelength range for pumping erbium- and
praseodymium-doped optical-fiber amplifiers, and they also enjoy the improved band structure described above. Since compressive strain leads to
enhanced gain of the TE mode, while tensile strain leads to enhanced
gain of the TM mode, it is possible by an appropriate combination of both
to produce a semiconductor optical amplifier that is practically insensitive
to the polarization of the light (Tiemeijer et al., 1993).
We shall see below how the gain and threshold properties of latticematched structures vary more rapidly with the introduction of a small
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amount of strain t h a n is the case for structures that are already highly
strained. Since device processing and mounting can introduce additional
and variable strains into the active region, the properties of highly
strained devices then show less variation with processing t h a n is the case
for lattice-matched structures. Highly strained devices therefore are more
suited for incorporation into optoelectronic integrated devices.
We begin the next section by describing the theoretical and experimental limits on strained growth. We then review in Sect. 2.3 the electronic structure of strained layers, concentrating in particular on the way
in which strain improves the valence band structure. We give a brief
overview of visible lasers in Sect. 2.4 and then focus in Sect. 2.5 on what
has been learned and achieved through the incorporation of strain in
lasers operating in the region of 1.5 ttm. We give a short review in Sect.
2.6 of the improvements that strain has brought for high-speed operation
of lasers and then consider optical amplifiers in Sect. 2.7. Finally, we
summarize our conclusions in Sect. 2.8. The properties of visible lasers
are described in more detail by Valster et al. in Volume 2, chapter 1, while
the dynamic characteristics of semiconductor lasers are also reviewed in
more detail by Nagarajan and Bowers in Chap. 3.

2.2

Strained

2.2.1

Elastic

layer structures

properties

It is now possible to grow high-quality strained epitaxial layer structures
in which, for example, a single layer is composed of a semiconductor that
normally would have a significantly different lattice constant a e to the
substrate lattice constant a s. For a sufficiently thin epilayer (i.e., below
the critical thickness), almost all the strain will be incorporated in the
layer [Fig. 2.2(a)]. The epilayer is under a biaxial stress such that its
in-plane lattice constant all equals the substrate lattice constant a s . We
consider growth along the [001] direction, which is the one normally used.
The net strain in the layer plane sll is given by
sll =

~xx

- %y =

as -

ae

(2.2)

ae

In response to the biaxial stress, the layer relaxes along the growth direction, the strain e • ( = S z z ) being of opposite sign to sll and given by
20-

e• =

1 - 0- el'

(2.3)
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F i g u r e 2.2: (a) Biaxial compression occurs when a mismatched layer has a
larger lattice constant than the substrate; the layer is compressed in the x and
y directions (the growth plane) and relaxes by expanding along the z axis (the
growth direction). Biaxial tension occurs when the mismatched layer has a smaller
lattice constant than the substrate. (b) Energy stored per unit area versus layer
thickness h in a strained layer (Est) and in a dislocation network relieving the
strain (Edis). The strained layer is thermodynamically stable for h < he.

w h e r e ~ris Poisson's ratio. F o r t e t r a h e d r a l semiconductors s t r e s s e d along
1
one of the principal axes, ~r is a p p r o x i m a t e l y ~, so s• ~ --ell. The total
s t r a i n can be resolved into a p u r e l y axial c o m p o n e n t Sex:
F,a x

~

F,_L - -

t~ll ~

-2sLi

(2.4)
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and a hydrostatic component Svol (= AV/V)
E:vol

--

~xx ~ ~yy ~ ~zz "~ ell

(2.5)

This resolution of the strain into two components is very useful because
we can treat independently the effects of each on the band structure, as
discussed below.

2.2.2

Critical layer thickness

The strain energy stored in a mismatched layer is linearly dependent on
the thickness of the layer, whereas a certain minimum energy is associated
with the formation of a dislocation and plastic relaxation [Fig. 2.2(b)].
Therefore, below a certain critical thickness he, the elastically strained
layers are predicted to be thermodynamically stable, and high-quality
"pseudomorphic" growth can be achieved. Studies of the critical thickness
for the onset of dislocations in various materials systems have turned
out to be quite difficult and sometimes even controversial. Part of this
controversy arises as a result of the sensitivities of the different characterization techniques used to study the coherent growth of strained-layer
structures (e.g., PL, TEM, x-ray diffraction). In practice, the experimentally observed critical thickness to introduce a small number of dislocations is comparable with the predicted value, and practical strained-layer
structures are used widely to produce reliable laser devices.
The energy stored per unit a r e a Est increases linearly with layer
thickness h as

Est-

2G 1 + ~r ~h

1-~

(2.6)

where G is the shear modulus of the layer material. Expressions vary as
to the energy required to introduce a network of dislocations (Frank and
van der Merwe, 1949; Matthews and Blakeslee, 1974, 1975, 1976; People
and Bean, 1985; Dunstan et al., 1991), with the most widely applied
approach being that of Matthews and Blakeslee. The energy required to
introduce a dislocation is large, since it involves breaking a line of bonds.
Once present, the dislocation energy increases slowly with layer thickness,
as ln(h), due to the strain field associated with it [Fig. 2.2(b)]. There will
thus be a critical layer thickness h e below which a dislocation-free strained
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layer is thermodynamically stable. This was calculated by Voisin (1988),
for instance, to be
1 - a/4 bsl~l[ln(hc/b) + t~]
hc=4~1+
~r)

(2.7)

where b is the dislocation Burgers vector (~4/~), and 0 is a constant ( - 1 )
reflecting the dislocation core energy. This predicts he ~ 90/~ for el, = 1%,
so good-quality stable layers may be expected with significant built-in
strain and reasonable layer thicknesses. Comparison of theory and experiment is complicated by the expectation of a thickness-dependent energy
barrier to the introduction of dislocations (Voisin, 1988), so the measured
critical layer thickness will then depend on growth conditions (People and
Bean, 1985; Kasper, 1986) and often can be larger than the predicted
value. As an example, Andersson et al. (1987) demonstrated that highquality growth of InxGal_xAs on GaAs can be achieved if the product of
lattice mismatch times layer thickness is less than about 200 A%.
Two approaches are possible to the growth of strained multi-quantum
well structures. A strained-layer superlattice with zero net stress can be
grown if alternating layers are under appropriate biaxial compression
and tension. Such a structure can, in principle, be grown a d i n f i n i t u m as
long as the individual layer thicknesses are each less than the relevant
critical layer thickness. The theoretical critical layer thickness h SL for an
individual layer in a superlattice where the lattice mismatch is shared
equally between the two materials is four times that of a single layer
(Matthews and Blakeslee, 1976; Voisin, 1988). For a net strain superlattice
(e.g., an InxGal_xAs-GaAs superlattice on GaAs), the situation is more
complicated, but if the individual layers are sufficiently thin, then the
theoretical critical thickness H e for the complete superlattice structure is
that expected for an alloy of the equivalent average composition on the
given substrate.
It was feared initially that the excess energy that is dissipated during
operation of a laser structure would encourage dislocation formation and
migration even in high-quality, moderately strained layers and lead to
rapid degradation of the material quality and laser characteristics. This
is not the case. Bour et al. (1990), for instance, reported 10,000 hours of
operation of InGaAs/GaAs lasers with a degradation rate of under 1% per
kh. This degradation rate is significantly better than that of comparable
lattice-matched GaAs/A1GaAs quantum well lasers (Harnagel et al., 1985;
Waters and Bertaska, 1988). Coleman (1993) grew a series of 1.75%
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strained InGaAs q u a n t u m well lasers on GaAs with different well widths
L z. Life-test m e a s u r e m e n t s showed that the devices were at least as
reliable as GaAs/A1GaAs lasers for L z - 100/~ but that the threshold
current increased rapidly with testing for L z - 125/~, giving a critical
strain-well width product for these SQW devices of between 175 and 220
.&%. Impressive results also have been obtained at longer wavelengths,
including the demonstration of 10,000 hours of reliable operation of 1480nm strained-layer lasers employing four 1.8% compressively strained 25/k q u a n t u m wells (Thijs e t a l . , 1992). These lasers have a projected median
lifetime at 70~ operation of 3.25 x 105 hours (37 years). This reflects the
improved efficiency of strained-layer lasers and the mechanical stability of
layers grown below the critical thickness.

2.3

Electronic

2.3.1

Requirements

structure

and gain

for efficient

lasers

The growth of strained-layer lasers has mostly taken place on (001) substrates or, for visible lasers, on substrates misoriented slightly from (001).
We choose a coordinate axis in this chapter in which the growth (and
strain) direction is along the z axis, with the x axis along the axis of the
laser cavity, as shown in Fig. 2.3. Thus TM stimulated emission involves
photons polarized along the z axis and, as we shall see below, is due to
recombination with z-like valence states, while TE stimulated emission
is due to recombination with y-like valence states.
The band structure of a bulk unstrained direct-gap III-V semiconductor is illustrated in Fig. 2.4(a). The light- and heavy-hole bands are degenerate at the zone center F, and the spin-split-off band lies at an energy E s o
below the two highest bands. The lowest conduction band is approximately
parabolic, and the electron dispersion at small k can be described by
E(k)

-

E c +

h2k 2
2m*

(2.8)

where E c is the conduction band edge energy, and m* is the electron
effective mass. The valence band structure of Fig. 2.4(a) has several disadvantages for laser operation. We have already discussed in the introduction how (1) the large density of states associated with the heavy-hole
band results in a large carrier density and a large spread in electron
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F i g u r e 2.3: Laser structure (not to scale) showing coordinate geometry used
in this chapter. The Z and Y directions indicate the directions of the electric field
for stimulated emission in the TM and TE modes, respectively. Photons with their
electric field in the X direction cannot contribute to gain along the cavity but only
to spontaneous (SP) emission.

energies at population inversion and (2) how the isotropic polarization
of the spontaneous emission increases the carrier and current density
required for threshold, as compared with the case where only one polarization component contributes significantly to spontaneous emission and
gain. In addition, (3) because the heavy and light bands are degenerate
at the valence band maximum, both bands will experience a population
inversion. While the carrier density in the light-hole band is much smaller
than that in the heavy-hole band, the carrier recombination lifetime is
shorter (Haug, 1987; Ghiti et al., 1992), and the two bands make approximately equal contributions to the radiative current density. Unfortunately,
since the heavy-hole band predominantly provides TE gain and the lighthole band TM gain, only one of the two bands is thus contributing efficiently to the TE (or TM) polarized stimulated emission of the laser beam.
In summary, for an ideal semiconductor laser we require that (1)
there is only one band at the valence band maximum, with (2) a densityof-states effective mass equal to that of the electrons, in order to minimize
the carrier and current density for population inversion. Above transpar-
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Figure
2 . 4 : (a) A schematic representation of the band structure of an unstrained direct-gap tetrahedral semiconductor. The light-hole (LH) and heavyhole (HH) bands are degenerate at the Brillouin zone center F, and the spin-splitoff(SO) band lies Eso lower in energy. The lowest conduction band (CB) is separated
by the band-gap energy from the valence bands. (b) Under biaxial compression,
the hydrostatic component of the stress increases the mean band gap, while
the axial component splits the degeneracy of the valence band maximum and
introduces an anisotropic valence band structure. Note that this introduces an
ambiguity in terminology, since the highest band is now heavy along kl, the strain
axis (= growth direction) but light along kH, in the growth plane. We label bands
in this chapter by their mass along the growth direction, so a band that is referred
to as heavy-hole may in fact have a low in-plane mass, as here. (c) Under biaxial
tension, the mean band gap decreases and the valence band splitting is reversed,
so the highest band is now light along kl, the strain axis, and comparatively heavy
along k H.

ency, we require (3) t h a t the polarization of the gain is anisotropic, with
s p o n t a n e o u s emission a n d gain being s u p p r e s s e d along all directions except along the axis c o n t r i b u t i n g to the laser beam. The g r o w t h of s t r a i n e d
q u a n t u m well s t r u c t u r e s can bring benefits in all t h r e e areas.

2.3.2

Strained-layer

band

structure

Axial s t r a i n b r e a k s the cubic s y m m e t r y of the semiconductor lattice, introducing a t e t r a g o n a l distortion t h a t splits the d e g e n e r a c y of the light- and
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heavy-hole states at the valence band maximum F, typically by about 60
to 80 meV for a 1% lattice mismatch. For strained epitaxial growth, the
strain axis is parallel to the growth (z) axis. The resulting valence band
structure is highly anisotropic [Fig. 2.4(b) and (c)], with the band that is
heavy along the strain (z) axis, k• being comparatively light perpendicular
to that direction, kll, and vice versa. The polarization of the spontaneous
emission and gain spectra also becomes anisotropic (Jones and O'Reilly,
1993). The band structure anisotropy leads to a reduction in the density
of states at the valence band maximum. For q u a n t u m well structures,
the mass along the strain axis (= growth direction) determines the confinement energy, while the density of states is determined by the effective
mass in the quantum well plane (i.e., perpendicular to the strain axis).
Figure 2.4(b) thus predicts that there should be a marked reduction in
the valence band density of states in compressively strained q u a n t u m
wells, and this has indeed been demonstrated experimentally, with the
hole effective mass m~, for instance, being reduced from the bulk value
of over 0.5 to a value of m~ of 0.155 in strained InGaAs q u a n t u m wells
grown on GaAs substrates (Lancefield et al., 1990).
The combination of axial strain and q u a n t u m confinement allows a
wide range of valence subband structures, with both tensile and compressive strain bringing benefits for laser applications. The variation of quantum well band structure with strain is illustrated in Fig. 2.5, where
we show the calculated in-plane valence subband dispersion for latticematched and strained In l_xGaxAs quantum wells with lattice-matched
InGaAsP barriers whose bandgap is 1.08 eV (Silver and O'Reilly, 1994).
The band structures were calculated using the 6 • 6 Luttinger-Kohn
Hamiltonian, which is described in more detail below, and the well widths
were adjusted to give laser emission at a wavelength of about 1.5 ttm. In
the lattice-matched case [Fig. 2.5(a)], quantum confinement splits the
degeneracy of the heavy- and light-hole bands and brings the heavy-hole
band to the valence band maximum. This band then has a low effective
mass and low in-plane density of states near the valence band maximum,
but only over a very limited energy range. The incorporation of compressive strain [Fig. 2.5(b)] increases the splitting between the heavy- and
light-hole zone center states, leading to a reduced density of states over
a much wider energy range, of obvious benefit for lasers. The situation
is more complicated in tensile-strained q u a n t u m wells. The incorporation
of a moderate amount of tensile strain can bring the light- and heavyhole bands into coincidence [Fig. 2.5(c)], and subband mixing effects cause
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the highest valence band to have an electron-like dispersion near the zone
center (negative effective mass) (Chang et al., 1986; O'Reilly, 1989; Vifia
et al., 1993). This band structure is particularly unsuited for conventional
laser operation. For larger tensile strain, however [Figure 2.5(d)], the
highest light-hole band shifts significantly above the heavy-hole states,
and although the effective mass is larger than in the compressive case,
the highest band is nevertheless approximately parabolic over a wide
energy range and is well separated from the second valence subband,
favoring laser action.
The band structure of bulk semiconductors and quantum wells can
be calculated by many different methods, including the pseudo-potential
(e.g., Jaros, 1985; Ninno et al., 1986) and tight-binding (Schulman and
Chang, 1985) techniques. The technique, however, that is most widely
used and has proved most fruitful is the envelope-function method both
because of its adaptability and because of the many insights that it gives
into valence band mixing and dispersion (O'Reilly, 1989; Corzine et al.,
1993, Foreman, 1994). Because many of the benefits of strained lasers
are due to the way in which strain modifies the valence band structure,
we now consider the calculation of the strained valence band structure,
focusing for simplicity mainly on the band structure of bulk strained
layers but considering also the case of quantum wells.

2.3.3

Strained

valence

band Hamiltonian

For general treatment of the valence bands, we use the 6 x 6 LuttingerKohn (LK) Hamiltonian (Luttinger and Kohn, 1955; Luttinger, 1956).
This includes the heavy-hole, light-hole, and spin-split-off bands and describes the dispersion of and interactions between these bands up to order
k 2. Some authors include also the lowest conduction band (Krijn et al.,
1992; Bastard and Brum, 1986; Eppenga et al., 1987) to give an 8 x 8
Hamiltonian. We omit the conduction band states from the Hamiltonian
here because we are interested primarily in elucidating valence effects.
We require six basis functions to describe the valence states at the zone
center, which are formed from linear combinations of [ and I spin functions
and spatial functions X, Y, and Z, which have the same symmetry as
atomic p states under the operation of the tetrahedral group. We consider
here the 6 x 6 LK Hamiltonian, in an (X, Y, Z) basis, for a tetrahedral
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semiconductor strained along the (001) direction, which (neglecting t e r m s
linear in k) is given by (Jones and O'Reilly, 1993)
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d

= -3~3kykz

e

= -3~3kxk z

(2.10)

A = Eso/3

with Eso equal to the spin-orbit splitting for zero strain and S = - b s a x
describing the strain-induced shift in the zone center states, where b is
the axial deformation potential (O'Reilly, 1989) and Sax is the built-in
axial strain. It can be seen how an (001) axial strain shifts the Z-like
state in the opposite direction to the X- and Y-like valence band m a x i m u m
states. This splitting can be understood from Fig. 2.2. In the u n s t r a i n e d
cubic crystal, the x, y, and z directions are equivalent, and so the three
valence states are at the same energy; strain differentiates the (001) (z)
direction from the other two, so the Z-like state need no longer be at the
same energy as the X- and Y-like valence states.
This H a m i l t o n i a n gives the same band dispersion as the more usual
6 • 6 H a m i l t o n i a n (Luttinger and Kohn, 1955; E p p e n g a et al., 1987;
O'Reilly 1989) but gives a clearer insight into aspects of laser gain in bulk
semiconductors because the x, y, or z character of each state directly
reflects the polarization of photons associated with transitions to or from
the given state (Jones and O'Reilly, 1993). TM gain in an (001) grown
laser structure is, for example, associated with recombination between
electrons in s-like conduction states and holes in z-like valence states. It
is possible to t r a n s f o r m from Eq. (2.9) to the H a m i l t o n i a n based on the
3
3 -+~>),
1
1 _+1>) zone center
heavy-hole (1~, -+~>),
light-hole (1~,
and split-off(l~,
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states quantized along the z direction. We recover, for instance, the Hamiltonian used by O'Reilly (1989) by using as basis states
I

2>

I , -.>
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- V ~ I x l + i S l + Z t>
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i
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The 6 x 6 LK Hamiltonian of Eq. (2.9) can be further simplified for specific
applications. Laser gain calculations often use the axial approximation
(Altarelli et al., 1985), which retains the exact dispersion along the (001)
direction (when kx = ky = 0) but modifies the Hamiltonian so that it is
axially symmetric in the xy plane about the z axis. This is achieved by
replacing ?'2 and ?'3 by ~'av in b and c, the terms involving (k2 - ky2) and
kxk~, where
1
~/av : 2(~/2 + ~/3)

(2.12)

The axial approximation works well for bulk layers and is also particularly
suited to q u a n t u m well structures because it gives the correct confinement
energies and still allows a straightforward expression for the average
matrix elements as a function of k t. The gain curves agree closely with
those calculated by retaining the angular dependence (Colak et al., 1987),
so the axial approximation is now widely used to study gain in semiconductor lasers, as described below. If we set k = (k t cos ~, k t sin r kz), the
eigenvalues for a given k t and k z are then independent of r and the 6 x
6 Hamiltonian of Eq. (2.9) can be decoupled into two independent 3 • 3
Hamiltonians (Broido and Sham, 1985; Ahn and Chuang, 1988; Jones
and O'Reilly 1993), one of which takes the form
+ A - B
iA
C-ih

-iA
a+A+B
h

C + ih
h
a-2A

(2.13)
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where
1

=
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C = -33/3ktkz
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kt2 + kz2

We used the Hamiltonian of Eq. (2.13) to calculate laser gain in strained
bulklike layers (Jones and O'Reilly, 1993).
In an unstrained bulklike semiconductor [Fig. 2.4(a)], the heavy- and
light-hole bands are degenerate at the valence band maximum, which
has equal contributions from X-, Y-, and Z-like states so that spontaneous
emission comes from two bands and has equal components polarized along
the three principal axes. Hence, when carriers are injected into such a
laser, equal proportions contribute to TM gain (polarized along z), to TE
gain (polarized along y), and to spontaneous emission polarized along the
direction of the laser cavity (taken here to be x). Therefore, only one-third
of the holes at the correct energy are in the right polarization state to
contribute to the lasing mode.
With biaxial compression [Fig. 2.4(b)], the heavy-hole state shifts
upward in energy; since this state has no z character at the center of the
Brillouin zone and equal x and y character, TE gain will be enhanced
and TM gain suppressed. One in two carriers near the band edge now
contributes directly to the dominant polarization component, so the
threshold current density should decrease and the differential gain should
increase with increasing biaxial compression. For biaxial tension, the
light-hole state shifts upward in energy. This state has two-thirds z-like
character at the zone center for small strains, and thus two of every three
carriers are able to contribute to the dominant gain mechanism. However,
under biaxial strain, the light-hole and spin-split-off states become coupled by the strain causing a change in the character of the light-hole
band. It can be shown by calculating the eigenvectors of the Hamiltonian
that the fractional z-like character of the light-hole band varies with
strain-splitting energy S as (Jones and O'Reilly, 1993)

fz=~

1 + X/9A 2 _ 6 S A + 9S 2

(2.15)

Figure 2.6 shows the calculated variation of f z, the z-like character of the
light-hole band, with tensile strain for 1.55-t~m GaInAsP layers on InP
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F i g u r e 2.6: Plot of fractional z-like character fz of the light-hole state as a
function of tensile strain for GaInAsP on InP (solid line), GaInP on GaAs (dashed
line), and assuming infinite spin-orbit splitting (dot-dashed line).

(solid line), for visible-wavelength GaInP layers on GaAs (dashed line),
and assuming an infinite spin-orbit splitting (dot-dashed line).
We note that since fz depends on the ratio of the strain-splitting
energy S (related to the lattice mismatch) to the spin-orbit splitting
energy Eso = 3A, the enhancement of z-like character with strain will
be most pronounced in phosphide-based tensile lasers, such as the tensile
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Gal_xInx P on GaAs structures that have demonstrated significant improvements for short-wavelength (visible red) semiconductor lasers. The
value offz relates directly to the transition matrix elements in the expression for the radiative gain (Jones and O'Reilly, 1993), and this has a
pronounced effect on the performance of the TM gain in tensile-strained
structures.

2.3.4

Laser gain

To illustrate the characteristics of the strained valence band structure
outlined above and its effects on laser performance, we initially calculate
the variation in peak gain with carrier density and radiative current
density in strained bulk layers. This allows us to concentrate on strain
effects alone, without the added complication of quantum confinement,
which will be described later. Figure 2.7 shows the peak gain as a function
of(a) carrier density and (b) radiative current density for bulk strained and
unstrained layers. The calculations were based on the GaInAsP material
system, assuming an optical gap of 800 meV, spin-orbit splitting of 320
meV, and the strain-splitting energy S set equal to _ 50 meV in the compressive and tensile layers, respectively. This is equivalent to about a
1.2% lattice mismatch between the strained layers and the substrate.
The TE and TM gains are equal in the unstrained layer (long dashed
line). When the layer is under biaxial compression, with S = 50 meV, the
heavy-hole states at the valence band maximum contribute equally to
emission polarized along the x and y directions. The TE gain (dashed line)
is then enhanced compared with the unstrained case, since one of every
two carriers near the band maximum contributes to TE gain, compared
with one in three in the unstrained case. By contrast, the TM gain (o) is
strongly suppressed, since only states from the light-hole band contribute
to it, and such states have been shifted away from the valence band
maximum. The transparency carrier density for TE gain is also reduced
because of the reduced density of states at the valence band maximum,
and the transparency radiative current density is reduced because recombination is predominantly with one valence band.
For layers under biaxial tension, with S = - 5 0 meV, the states at
the valence band maximum are predominantly z-like, and from Eq. (2.15),
83% of the carriers there contribute to TM gain, with the remainder
contributing equally to emissions polarized along the x and y directions.
The TM gain (solid line) is then almost three times larger than in the
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unstrained case at the same carrier or current density, whereas the TE
gain (D) is strongly suppressed for large biaxial tension. The transparency
carrier and current densities are further reduced in the tensile example
compared with the compressive one because the interaction between the
light-hole and spin-split-offbands leads to a larger splitting of the valence
band m a x i m u m in the tensile t h a n compressive case.
The differential gain d G / d n shown by the slopes of the curves in Fig.
2.7(a) is significantly enhanced with axial strain in the bulklike layers
considered here, being almost three times greater for TM gain in the
tensile-strained structure t h a n in the unstrained case. The TE differential
gain is also enhanced in the compressively strained structure but is still
only approximately half the value found for TM gain under biaxial tension,
due to the different character of the valence band m a x i m u m in the two
cases.
We see from Fig. 2.7 t h a t significant improvements can be obtained
in lasers with a built-in strain. In practice, the incorporation of any strain
in a bulklike layer will reduce the carrier and radiative current densities
compared with equivalent unstrained structures (Jones and O'Reilly,
1993). Similar results are obtained for strained q u a n t u m well structures.
The threshold current of q u a n t u m well structures depends on many factors t h a t may vary with strain in a series of practical devices, including
the well width (to maintain a particular emission wavelength), the band
offsets, subband splittings, and carrier spillover, all of which influence
the laser characteristics. Nevertheless, it is found experimentally (Thijs
et al., 1991, 1994; Zah et al., 1991; Valster et al., 1992; Smith et al., 1993;
Jones et al., 1998) and theoretically (Krijn et al., 1992; Silver and O'Reilly,
1994) t h a t strain is often the dominant factor influencing the threshold
characteristics, with the maximum threshold current generally found in
q u a n t u m wells with moderate tensile strain, where q u a n t u m confinement
and strain effects are balanced so that the heavy- and light-hole bands
are degenerate at the valence band maximum. This is illustrated in Fig.
2.8, which shows the calculated radiative current density at transparency
(dashed line) and at threshold (solid line) as a function of strain for
structures designed to emit at 1.5 ttm, each of which has four In l_xGaxAs
q u a n t u m wells grown on InP (Silver and O'Reilly, 1994). It can be seen
t h a t the largest threshold current density occurs in a q u a n t u m well structure for moderate tensile strain, when the highest heavy- and light-hole
states are approximately degenerate. The lattice-matched characteristics
are improved compared with this worst case owing to q u a n t u m confine-
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ment effects in Fig. 2.8, and the further improvement in going to, say,
1.2% compressive strain is then less marked than was the case in Fig.
2.7, where the lattice-matched layer is the "worst case" bulk layer. Because
the bandgap of strained In l_xGaxAs increases with decreasing x, it is
necessary to change the quantum well width from 160 A for 2.2% tension
to 25 .A for 1.2% compression. Since the critical layer thickness is expected
to be similar for layers under compressive or tensile strain, it is to be
expected, and it is indeed found experimentally (Thijs et al., 1994), that
the widest, highest strained tensile layers considered here are above the
critical thickness. The conduction band line-up is also calculated to become
type II at about -1.4% strain in the structures considered, with electrons
at low carrier densities then being confined in the barrier layers. Despite
these complications, we found that the peak radiative current density
occurs at moderate tensile strain and that the radiative component of the
threshold current density decreases both for compressive strain and at
larger tensile strain. The threshold carrier density is more strongly influenced by the change in well width and also by the reduced electron confinement, resulting in little change in the two-dimensional carrier density
with strain. We shall return to discuss these results further in Sect. 2.5.

2.3.5

Strained

layers

on non-[O01]

substrates

We have focused here on the advantages of strain for lasers grown on
(001) substrates, since this is by far the most common substrate orientation used. It is interesting, however, to consider the benefits or otherwise
of strained growth for other substrate orientations. Previous experimental
(Hayakawa et al., 1988a, 1988b) and theoretical (Ghiti et al., 1990) work
has shown that the threshold current density is reduced in [lll]-oriented
l a t t i c e - m a t c h e d lasers compared with equivalent [001] devices. This arises
primarily because the heavy-hole mass is anisotropic in a bulk semiconductor, being, for instance, approximately twice as large along [111] as
along [001] in GaAs (Mollenkamp et al., 1988; Shanabrook et al., 1989).
The increased heavy-hole mass then leads to an enhanced splitting between the highest heavy-hole state, HH1, and the highest light-hole state,
LH1, in lattice-matched [lll]-oriented structures compared with the [001]
case. This enhanced splitting leads to a reduced density of states at and
near the valence band maximum in the [111] lattice-matched case and
consequently to improved lasing characteristics. By contrast, the threshold characteristics in compressively strained lasers are in large part lim-
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ited by the splitting between the two highest heavy-hole states, HH1 and
HH2 (Seki et al., 1994), and since this energy separation is maximized
along [001], we do not expect a further reduction in threshold current
due to changing growth direction in this case. The situation is slightly
more complicated in the tensile-strained case, where the relevant splitting
is between LH1 at the valence band maximum and HH1 or LH2 as the
next confined state; since the light-hole mass varies more weakly with
growth direction, we do not expect an enhanced splitting contributing to
a reduced threshold current in this case.
Growth on non-[001] substrates does, however, allow at least two
possible interesting effects: the introduction of piezoelectric fields and
polarization anisotropy. It was originally proposed theoretically (Mailhiot
and Smith, 1987) and has been well confirmed experimentally (e.g., Laurich et al., 1989) that strained-layer structures grown along [111] [and in
fact most non-[001] directions] have a built-in piezoelectric field due to
the relative displacement of the cation and anion sublattices. The induced
fields can be on the order of 105 V/cm for a 1% lattice mismatch. Such
large fields have a significant effect on the band edge energy and can lead
to Stark shifts on the order of 50 meV and to spatial separation of the
electron and hole wavefunctions. Screening causes the built-in field to
decrease with increasing carrier density, but it is calculated that typically
only half the field would be screened at threshold for room-temperature
laser operation. This carrier-dependent field effect has potential applications both for nonlinear devices (Mailhiot and Smith, 1987) and for lasers
(Pabla et al., 1996).
Turning to consider polarization anisotropy, we saw above how the
polarization characteristics in a bulk semiconductor are isotropic, whereas
the incorporation of strain or growth of a q u a n t u m well along the (001)
direction differentiates the z-direction from the xy plane, leading to an
enhancement or suppression of TM polarized emission from a laser structure. However, with (001) growth, the two orthogonal directions remain
equivalent in the xy plane, and the gain characteristics for vertical emission (along the (001) direction) are in principle isotropic. This can lead to
polarization instability and switching just above threshold in vertical
cavity lasers. The same problem is also expected in [lll]-grown vertical
cavity structures, where the two orthogonal polarization directions are
again equivalent. We discuss below how the growth of chemically ordered
layers on a [001] substrate may overcome this problem. Another route to
polarization selectivity is to grow on a lower-symmetry substrate, such
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as 01i, where it has been shown both theoretically (Los et al., 1996) and
experimentally (Sun et al., 1995) that the two orthogonal directions (100)
and (01i) are no longer equivalent, leading to an enhancement of the
(011) polarized gain and a consequent suppression of the (100) polarization
direction. The introduction of such novel effects as piezoelectric fields and
polarization anisotropy should ensure that growth on non-[001] substrates
will remain a field of active interest in the coming years.

2.4

Visible lasers

Visible lasers fabricated using the materials system A1GaInP grown on
GaAs have received considerable attention because of their enormous
commercial potential. Bulk devices operating CW at room temperature
were demonstrated as early as 1985 by Kobayashi, but the best results
have generally been obtained using strained-layer QW structures (see,
for example, the chapter by Valster et al. in Volume 2). These wide-gap
devices can be grown under either compressive (In-rich) or tensile (Garich) strain. They do not suffer from nonradiative losses due to Auger
recombination and intervalence band absorption, which are present in
longer-wavelength devices, and therefore, they provide a good system for
comparison with the theory outlined above. In addition, it is possible to
achieve an ordered or a disordered crystal structure in this material
system, depending on the growth conditions (Mascarenhas et al., 1989).
In the disordered structure, the gallium and indium atoms occupy the
group III sublattice at random, whereas in the ordered case, gallium and
indium preferentially occupy alternate (lll)-type planes in the crystal
structure. This reduced symmetry has interesting consequences for polarization engineering, as discussed below.
A systematic study of the effects of strain in disordered GaInP/
A1GaInP/GaAs QW lasers operating at 633 nm has been undertaken by
Valster et al. (1992). The structures contained two quantum wells of
GaxInl_x P, with x varying between 0.65 ( - 1 % tension) and 0.38 (+1%
compression). In order to keep the operating wavelength the same for all
devices, it was necessary to vary the well width from about 100/~ ( - 1 %
tension) to 26/k (+1% compression), thus compensating for the change
in alloy composition with a change in the quantum confinement energy.
The observed variation at 300 K of the threshold current Ith for 300-ttm-
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long lasers with stripe widths of 7/zm is shown in Fig. 2.9 (from Thijs,
1992).
As can be seen, there is a close similarity between the theoretical
curve shown, for instance, in Fig. 2.8(a) for I n G a A and the observed
decrease in threshold current at moderate values of both tensile and
compressive strain. Also, the laser beam is found to be TE polarized in
devices with compressive strain and TM polarized in those with tensile
strain, as predicted. However, in both directions of strain, the threshold
current goes through a minimum near 0.5% strain and beyond this begins
to increase. The causes for this are believed to be different on the tensile
and compressive sides.
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The factor limiting the increase in the b a n d g a p of I n G a P lasers is
the presence of the indirect X and L conduction band minima, whose
average energy alters little with alloy composition. However, these minima can be strongly influenced by the presence of strain, depending on its
direction. The predicted variation of the F and X band edges for GaxInl_x P
grown on (001) GaAs is shown in Fig. 2.10 as a function of composition/
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strain (from Hawley et al., 1993). There is a strong splitting of the X
minima by the (001) strain so that in the tensile material the X minima
along the z (growth) direction approach the F minimum. It is therefore
believed that the increase in Ith observed at large tensile strain is due to
the thermal excitation of electrons to the X z minimum within the well.
This is one of the few deleterious effects of strain on semiconductor lasers.
It is also clear from Fig. 2.10 that the direct bandgap decreases considerably as the compressive strain (In content) is increased. To keep the
wavelength constant, this must be compensated by a decrease in the well
width, to increase the quantum confinement energies. Unfortunately, this
leads to a correspondingly large decrease in the optical confinement factor.
The resulting increase in the threshold gain cannot be matched at large
strain by improvements in the material gain, since the splitting between
the heavy-hole and light-hole band edges saturates at about 60 meV for
compressive strain in these materials due to the small spin-orbit splitting.
We believe that it is this gain saturation that leads to the increased
threshold current density in visible lasers with larger compressive strains.
The observed behavior and improvements of disordered visible lasers due
to strain therefore can be well accounted for by theory.
It is possible with appropriate growth conditions to grow GaInP with
a highly ordered crystal structure. Two types of ordered domains occur,
with gallium and indium atoms preferentially occupying alternate group
III layers either in the (111) or (111) direction. It is observed with highly
ordered GaInP active layers that the threshold current density is strongly
dependent on the laser cleavage direction (Fujii et al., 1992), with the
threshold current density increasing by 50% for laser diodes with stripes
in the (110) direction compared with diodes with stripes in the (i10)
direction, while Forstmann et al. (1994) also showed how the polarization
of the emitted laser beam depended on the stripe direction. This is a direct
consequence of and also a direct experimental verification of polarization
engineering of the type discussed above in Sect. 2.3 (Ueno, 1993).
We investigated the effects of ordering by considering a structure
ordered along the (111) direction, with the orthogonal coordinate axes
then chosen along (110) and (1i2). Ordering reduces the symmetry of the
crystal and shifts the (i11) valence state down in energy, enhancing the
(110) and (112) character of the valence band maximum. This is illustrated
in Fig. 2.11, which shows the character of the state at the valence band
maximum as a function of strain, assuming an ordering-induced splitting
of 22 meV at the valence band maximum in the unstrained case (O'Reilly
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and Meney, 1995). TM-polarized emission is associated with (001) states,
whereas TE emission is associated with (110) states for a (i10) stripe and
with (i10) states for a (110) stripe, respectively. It can be seen from Fig.
2.11 that the band edge matrix element for TE emission is considerably
enhanced in lasers with (i10) stripes and suppressed in the (110) case.
This modification of the matrix elements is directly responsible for
the poor performance of the lasers with (110) stripes. This result emphasizes the important role that polarization engineering can play in achiev-
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ing reduced threshold current densities in semiconductor lasers. The
incorporation of such chemically ordered GaInP layers into the active
region of surface-emitting lasers can also bring benefits (Meney et al.,
1995, Chen et al., 1997), enabling strong selectivity between the two
orthogonal polarization directions, reducing noise, and enabling stable
polarization control for applications such as magneto-optic disks and coherent detection systems, where the laser polarization state must be well
defined.

2.5

Long-wavelength

2.5.1

Introduction

lasers

Much effort has been devoted to developing semiconductor lasers for operation at 1.3 and at 1.55 ttm, the respective wavelengths at which pulse
dispersion and optical losses are minimized in silica-based optical fibers.
Despite these efforts, both bulk and quantum well lasers operating at
these wavelengths suffer from significant intrinsic losses, and as a consequence, both the threshold current and quantum efficiency are very temperature sensitive. It was predicted originally that the improved band
structure due to strain should significantly reduce the losses in strained
quantum well lasers compared with unstrained devices (Adams, 1986),
leading to reduced threshold current and improved temperature sensitivity and differential efficiency. In practice, useful improvements have been
obtained, but not on the scale that was first hoped. In this section we
first review the dominant loss mechanisms in long-wavelength lasers. We
then consider how strain influences these loss mechanisms. Finally, we
address the influence of strain on temperature sensitivity.

2.5.2

The loss mechanisms of Auger recombination
and intervalence band absorption

The most important mechanism contributing to the intrinsic loss in longwavelength lasers is Auger recombination (Beattie and Landsberg, 1959),
with intervalence band absorption (Adams et al., 1980; Asada et al., 1981)
believed also to play an important role in bulk heterostructure devices.
The intervalence band absorption (IVBA) process is illustrated by the
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solid lines in Fig. 2.12. W h e n a photon is emitted in the lasing process,
it m a y be reabsorbed by lifting an electron from the spin-split-off b a n d
into a hole t h a t has been injected into the heavy-hole band. The absorption
increases the gain required at threshold and hence increases the threshold
carrier density nth. This leads to an increase i n t h e radiative c u r r e n t
density and, more i m p o r t a n t in long-wavelength lasers, to an increase in
the Auger recombination current, which is described below. E x a m p l e s
of the two major band-to-band Auger recombination (AR) processes are
i l l u s t r a t e d in Fig. 2.13. W h e n an electron and hole recombine, they can

LU

I

I
I
I
I
I

A

klVBA~,
Wavevector, k
(a)

Wavevector, k
(b)

F i g u r e 2 . 1 2 : (a) In the intervalence band absorption (IVBA) process, a photon emitted in the lasing process is reabsorbed by exciting an electron from the
spin-split-offband into a hole state in the heavy-hole band (solid vertical arrow).
The dotted arrows indicate how IVBA moves to larger wavevector kIVBAand is
thereby reduced with increasing band gap. (b) The elimination of IVBA in strained
structures, where holes are confined in a smaller region of k space.
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CHCC

CHSH

(a)

(b)

p-CHSH

CB

(c)

F i g u r e 2.13: (a) In the direct CHCC Auger recombination process, the energy
and momentum released when a conduction electron and heavy hole recombine
across the band gap is used to excite a conduction electron to a higher conduction
band state. (b) In the CHSH process, the energy and momentum released excite
an electron from the spin-split-off band into a state in the heavy-hole band. (c) An
example of a phonon-assisted CHSH Auger transition. The electron excited from
the split-off band passes through a forbidden intermediate state (I) and is then
scattered with the absorption or emission of a phonon to the final state. The
phonon allows conservation of energy and momentum in the overall process.

t r a n s f e r t h e i r e n e r g y a n d m o m e n t u m to a n o t h e r electron by lifting it
h i g h e r into the conduction band. This is called the CHCC process a n d is
i l l u s t r a t e d in Fig. 2.13(a). Alternatively, a hole can be excited deeper into
the valence band. This is m o s t likely to involve the spin-split-off band,
as s h o w n in Fig. 2.13(b), and is t h e n called the CHSHprocess. M a n y other
possible Auger processes m a y occur, including p h o n o n - a s s i s t e d Auger, for
which the C H S H process is i l l u s t r a t e d in Fig. 2.13(c). It is very difficult
to obtain theoretically an accurate value of the total Auger r e c o m b i n a t i o n
rate. However, we have e s t i m a t e d t h a t in 1.5-ttm devices AR is responsible
for more t h a n 80% of the total c u r r e n t at room t e m p e r a t u r e (Silver a n d
O'Reilly, 1994, Silver et al., 1997). Time-resolved photoluminescence meas u r e m e n t s suggest t h a t b a n d - t o - b a n d AR is the d o m i n a n t loss m e c h a n i s m
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in bulk devices (Hausser et al., 1990). This was originally expected to be
the case in quantum well devices as well, but experimental evidence now
indicates that phonon-assisted Auger may be the dominant loss process
both in lattice-matched and strained QW structures (Fuchs et al., 1993;
Wang et al., 1993). It also has been suggested that the temperature and
carrier density dependence of the direct Auger recombination process is
much weaker in QW structures than that predicted using parabolic band
models and Boltzmann statistics (Lui et al., 1993).

2.5.3

Influence

of strain

on loss

mechanisms

The magnitude of IVBA depends directly on the density of holes at kIVBA
(see Fig. 2.12). If we assume a parabolic band structure, the kinetic energy
of the holes taking part in IVBA EIVBA = h 2 k 2 I v B A / 2 m h is determined by
the wavevector kIVBA, where the energy separation between the heavyhole and spin-split-offbands (Eso + h 2 k 2 / 2 m s ) - h 2 k 2 / 2 m h equals the bandgap energy Eg. This occurs when
EIVBA = ms'--~(E -- E s ~

(2.16)

m h -- m s

where m h is the heavy-hole effective mass, and m s is the spin-split-off
effective mass. Equation (2.16) shows that when the heavy-hole mass is
reduced toward that of the spin-split-off band, the corresponding hole
energy for IVBA increases, as illustrated by the dashed "heavy hole" band
in Fig. 2.12(b). Thus IVBA should decrease swiftly with decreasing heavyhole mass in strained structures and become impossible if the two masses
are equal.
On the assumption that the carrier concentration in the active region
becomes pinned at threshold, Auger recombination should not affect the
external differential efficiency above threshold ~?ex, which is related to the
internal differential efficiency T]in by (Yariv, 1989)
~?~xI -

~?FnI [ a L / l n (1/ R ) + 1]

(2.17)

where a is the effective internal losses, L the device length, and R is the
mirror reflectivity. However, IVBA contributes directly to the internal
losses, so ~?ex depends strongly on the magnitude of the IVBA coefficient,
and this has been studied in unstrained and strained QW lasers using
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hydrostatic pressure techniques. The results are shown in Fig. 2.14 (from
Ring et al., 1992 and A d a m s et al., 1993). W h e n hydrostatic p r e s s u r e is
applied to a I I I - V semiconductor, the direct energy gap increases, as
shown by the dotted line in Fig. 2.12(a). In 1.5-#m devices, hydrostatic
p r e s s u r e causes the photon energy at lasing to increase by about 9 meV/
kbar. F r o m Eq. (2.16), this increases the hole energy at which IVBA occurs
and hence decreases the m a g n i t u d e of the IVBA losses. As shown in Fig.
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2.14, this causes a considerable increase in ~ex in lattice-matched QW
lasers, as observed previously in bulk devices. However, when the same
pressure is applied to compressively or tensiley strained QW devices, no
such increase is seen, and indeed, ~ex even decreases somewhat. This may
be interpreted by assuming that IVBA was negligible in these QW devices,
at room t e m p e r a t u r e and so any further increase in bandgap due to
external pressure has no additional effect. Fuchs et al. ( 1 9 9 2 ) and Joindot
and Beylat (1993) also have measured m a r k e d reductions in the IVBA
coefficient in going from lattice-matched to compressively strained 1.5# m QW lasers.
Auger recombination involves three carriers, so the Auger current
JNR in a device with an undoped active region varies approximately as
J N R ( T ) = C(T)n3h

(2.18)

where C ( T ) is the temperature-dependent Auger coefficient, and nth is
the threshold carrier density, which is also a function of temperature. The
influence of strain on Auger recombination may be conveniently divided
into two aspects. First, JNR is very sensitive to any reduction in nth brought
about by strain through either a decrease in hole mass or an increase in
the optical transition strength. Second, strain may change the magnitude
of the Auger coefficient C ( T ) . We consider first the band-to-band Auger
processes, for which the Auger coefficient increases exponentially with
t e m p e r a t u r e (Taylor et al., 1985) and is given by
C ( T ) = C Oe x p ( - E a / k T )

(2.19)

where the activation energy E a is determined as being the sum of the
m i n i m u m carrier kinetic energies required to conserve both energy and
m o m e n t u m in the transitions of Fig. 2.13(a) and (b) and is given by
Ea(CHCC) =

meEK
me § mh

(2.20a)

ms(E~ - Es~
2 m h + m c - ms

(2.20b)

and
Ea(CHSH) =

assuming parabolic bands and Boltzmann statistics. This very simple
model implies that both the CHCC and CHSH band-to-band Auger coefficients should be reduced by several orders of magnitude due to a reduction
in the hole mass m h due to strain (Adams, 1986). More detailed calculations
show t h a t the effect of strain is generally less marked (Silver et al., 1997).
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The phonon-assisted Auger recombination rate Cp(T) also depends
on the band structure, varying as (Haug, 1990a, 1990b)

Cp(T)=

xB

[

e - 1 (E 1

1
+ ~W) 2 ~-

(E 1

eX
-- ~ w ) 2

]

(2.21)

where E1 is the kinetic energy associated with the forbidden intermediate
state, x = hw/kT, hw is the LO phonon energy, and B is proportional to
the transition matrix elements, with E1 given by

E1-

ms
mh(Eg - Eso )

(2.22a)

for the CHSH-P process [see Fig. 2.13(c)] and

E 1 = (mc/m h) Eg

(2.22b)

for the CHCC-P process. The two expressions for E 1 are calculated by
finding the heavy-hole kinetic energy at the wavevector ki, where the
final electron or hole state is at an energy Eg away from the band edge,
so that, for example, in Eq. (2.22b) we have E 1 = h2k2/2mh, where ki is
determined from Eg = h2k2/2mc . Combining Eqs. (2.21) and (2.22), we see
that Cp(T) is approximately proportional to m~ if we assume hw to be
small compared with E 1. This then predicts a reduction in the phononassisted Auger rate if the heavy-hole mass is reduced and all else remains
constant, but the expected reduction is much weaker than for the direct
processes, so Auger recombination could still remain a significant loss
mechanism in strained-layer 1.5-#m lasers.
To check that this is indeed the case, we have measured the variation
of spontaneous emission efficiency as a function of current in both unstrained and strained QW 1.5-~m lasers (Braithwaite et al., 1995). The
spontaneous emission was collected through a narrow window etched in
the substrate electrode and displayed on an optical spectrum analyzer.
By this method we were able to determine L, the integrated spontaneous
emission from the well material as a function of the total current I through
the device. Figure 2.15 shows a plot of I/L, which is proportional to the
reciprocal of the spontaneous emission efficiency, against L 1/2, which we
can assume is proportional to the carrier concentration n for (a) an unstrained laser and (b) a laser with 1% compressive strain. As can be seen,
a good straight line is achieved over most of the range of L. The straight
lines obtained show that I ~ L3/2; so that, with L ~ n 2 in the Boltzmann
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approximation, we can conclude t h a t to a good approximation in both our
devices, I ~ n 3. Since this is typical for an Auger process, which involves
t h r e e carriers, we take this as strong evidence t h a t the c u r r e n t density
in the s t r a i n e d as well as the u n s t r a i n e d devices is dominated by Auger
recombination.
Another i m p o r t a n t m e a s u r e of the relative s t r e n g t h of Auger recombination is obtained from the variation of threshold c u r r e n t with pressure.
This is shown for several 1.5-ttm lasers in Fig. 2.16, which, for comparison,
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F i g u r e 2.16: The pressure dependence of the threshold current density Ith
for a bulk unstrained laser, a compressively strained 4QW laser, and tensiley
strained SQW and 4QW lasers, all emitting at about 1.5/~m, compared with the
predicted pressure dependence of an ideal laser and that of GaAs lasers. The
threshold current density decreases rapidly with pressure in all the longwavelength devices, indicating that Auger recombination controls the current
flow in all cases.
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also shows some typical results for GaAs lasers (Adams et al., 1989, 1993).
In a loss-free laser, one would expect the threshold current to increase
with pressure as the bandgap and mode density increase. This is shown
by the dotted line in Fig. 2.16 and, as can be seen, is closely followed by
the behavior of the GaAs lasers. By contrast, all the 1.5-ttm devices show
a considerable decrease in threshold current with increasing pressure,
including the compressively and the tensiley strained lasers. This decrease can be understood if the current in the 1.5-ttm devices is dominated
by Auger recombination, which decreases with increasing bandgap. Although there is some difference between the different types of 1.5-tim
devices, basically the trend is the same, indicating that Auger recombination controls the current flow in all the long-wavelength lasers.
Since more t h a n 80% of the current at threshold is estimated to be
due to Auger recombination, a study of threshold current density Jth a s
a function of strain gives a very direct measure of the effect of strain on
the Auger recombination rate. Figure 2.17 shows a compilation by Thijs
et al. (1994) of threshold current densities per QW deduced for infinitecavity-length 1.5-ttm lasers versus the strain in the InGaAs(P) QWs, using
data reported in the literature. As can be seen, Jth is reduced by a factor
of about 2 to 3 at either 1.5% compressive or tensile strain. Since the
reduction in radiative current calculated in Fig. 2.8 is small on the scale
of Fig. 2.17, the results indicate t h a t the Auger current is itself reduced
by a factor of about 2 to 3 by the strain. These reductions are of very
considerable practical importance but are far less t h a n originally predicted by the simple parabolic model (Adams, 1986), This is because strain
primarily affects the bands near the zone center, having less effect at the
larger wavevectors associated with Auger transitions (Silver et al., 1997).

2.5.4

The influence
sensitivity

of strain

on temperature

The t e m p e r a t u r e sensitivity of a semiconductor laser is usually described
by the To parameter, where To is related to the t e m p e r a t u r e dependence
of the threshold current Ith(T) by
1/T o = d / d T [ l n ( I t h ) ]

(2.23)

Values of To for long-wavelength lasers are typically in the range T O =
55 +_ 20 K.
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The temperature sensitivity of strained 1.5-~m lasers is better t h a n
t h a t of bulk and lattice-matched QW devices, but not by a significant
factor. Thijs et al. (1994) reported an improvement in T o values in both
tensile and compressive lasers at room temperature, with the m a x i m u m
To values approaching 100 K in compressive structures. The performance
of lattice-matched and compressive 1.5-~m lasers degrades rapidly at
higher temperatures, whereas the best tensile lasers continue to operate
to 140~
F u r t h e r analysis of the integrated spontaneous emission L from the
windows in the electrodes (Braithwaite et al., 1995) allowed us to investi-
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gate the relative influence of the radiative and nonradiative current paths
on the t e m p e r a t u r e sensitivity of 1.5-ttm lasers. Figure 2.18 shows at two
t e m p e r a t u r e s how L increases sublinearly with current up to threshold,
where the carrier density in the well becomes pinned and L saturates.
The vertical dotted lines indicate the threshold current as determined
from the radiation from the facet. They agree well with the point at which
L becomes pinned and correspond to a T Oof 60 K in both cases. However,
the variation with t e m p e r a t u r e of L at threshold, which is directly proportional to the radiative threshold current, corresponds to values of T O of
300 and 265 K for strained and unstrained lasers, respectively. Theoretically, one would expect a T O of about 300 K, so the results show that
the radiative current is behaving completely normally and there is no
anomalous t e m p e r a t u r e dependence of the gain in these devices. However
the threshold current is dominated by Auger recombination, as discussed
earlier, which will therefore play a dominant role in the t e m p e r a t u r e
sensitivity of the laser.
We have shown theoretically that T O close to 100 K is the best that
can be achieved at room t e m p e r a t u r e in lasers where Auger recombination
is the dominant contribution to the threshold current (O'Reilly and Silver,
1993). We also have been able to explain the better performance achieved
in tensile lasers compared with compressive lasers at high temperature.
We assumed that Auger is an activated process, with the Auger coefficient C ( T ) given by Eq. (2.19). For direct Auger processes, the activation
energy E a can be quite large ( - 7 0 meV). Phonon-assisted processes are
much less t e m p e r a t u r e dependent and therefore have smaller values of
E a ( - 2 0 - 3 0 meV at room temperature). The threshold carrier density nth
increases linearly with t e m p e r a t u r e in an ideal q u a n t u m well (Ghiti et
al., 1992), where only the lowest conduction and valence subbands are
occupied. Any nonideal factors that degrade the differential gain, such as
carriers occupying higher subbands, carrier spillover into the barrier, or
IVBA, will increase the t e m p e r a t u r e dependence beyond linearity. We
represent these effects on nth as
nth ~ T l+x

(2.24)

where x = 0 in an ideal q u a n t u m well, as described above. It has been
shown experimentally t h a t the differential gain degrades rapidly with
t e m p e r a t u r e in lattice-matched and compressively strained InGaAsP lasers with very low T O values ( - 4 0 K) (O'Gorman et al., 1992; Zou et al.,
1993). The threshold carrier density nth consequently increases supralin-
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early in the devices investigated. Auger recombination nevertheless remains the dominant current path in such devices (Zou et al., 1993), so
we approximate the threshold current by Eq. (2.18):
Jth ~ Cn th
3

and substituting Eqs. (2.19) and (2.24) in Eqs.(2.18) and (2.23) gives
T
T~ = 3 + 3x + E a / k T

(2.25)

This puts an upper limit on the T O value because the best case we can
expect is that x = 0 and C is independent of temperature (E a - 0) so that
at room temperature
T
T~ - 3 - 100 K

(2.26)

This estimate agrees well with the best values reported and suggests
that this is indeed an upper limit for T Oin QW lasers dominated by Auger
recombination. Therefore, the low T o values (60-100 K) can be explained
by just a combination of Auger recombination with the theoretically predicted dependence of gain on temperature. However, the very low T O
values ( - 4 0 K) observed in many InGaAsP QW lasers may be associated
with a strong temperature dependence of the threshold carrier density
nth (Zou et al., 1993), while the Auger coefficient C has a much weaker
temperature dependence (Fuchs et al., 1993) t h a n was originally expected
(Adams, 1986).
To investigate this point further, we calculated the threshold carrier
density for InGaAs/InGaAsP/InP lasers operating at 1.5 ttm with both
tensile and compressive wells (O'Reilly and Silver, 1993). The gain as a
function of carrier density was calculated using the 6 x 6 Luttinger-Kohn
Hamiltonian for the valence states (Luttinger and Kohn, 1955; O'Reilly,
1989), while the conduction band states include the effect of carrier spillover into the barrier region by a self-consistent Poisson/SchrSdinger calculation (Barrau et al., 1992; Silver and O'Reilly, 1994). The structures
considered were based on the laser structures reported by Thijs et al.
(1994) and consist of four Inl_xGaxAs q u a n t u m wells between 170-/k Ino. 2_
Gao.sAso.45Po.55 barriers with the well width adjusted to emit at 1.5 ttm.
Figure 2.19 shows the calculated carrier densities at (a) transparency
and (b) threshold for 1.2% compressive and tensile InGaAs/InGaAsP quantum well lasers. The compressive wells are 25/k wide, while the tensile

3.0
O4

Compressive
Tensile

....

E
0

20

0

"

'1I"-"

a

1.0
I

0.0

2( )0

,

I

.

250

I

.

300

I

~,

350

Temperature (K)

400

4.0
~E 3.0

Compressive
Tensile

. . . . . .

0

o

2.01..

X

1.0

a

(b)

!

0

200

.

I

250

.

I

300

.

I

350

Temperature (K)

.

400

F i g u r e 2 . 1 9 : Calculated temperature dependence of the carrier density at
(a) transparency and (b) threshold for 1.2% compressive and tensile InGaAs/
InGaAsP quantum well lasers. Note that the compressive threshold carrier density
increases rapidly above room temperature because of gain saturation effects, while
the tensile structure shows an improved temperature sensitivity due to the lower
threshold gain required for lasing.

2. 6 Linewidth, chirp, and high-speed modulation

167

wells are 110/~ wide. Because of the reduced optical confinement factor,
the threshold material gain in the compressive laser needs to be much
higher (--3000 cm -1) than in the tensile structure (~500 cm-1).
The temperature dependence of the transparency carrier density for
both cases is close to the linear variation predicted for an ideal QW
structure. The threshold carrier density nth in the compressive structure,
however, is strongly temperature dependent, due to the degradation of
the differential gain at the high gains required for lasing. This rapid
increase in nth is responsible for the poor performance of these compressive
lasers at high temperature, in agreement with the analyses of others
(O'Gorman et al., 1992; Zou et al., 1993). Because of the lower threshold
gain, the temperature dependence of nth for the tensile laser is much
weaker, even when carrier spillover effects are included. This leads to a
reduced temperature sensitivity compared with the compressive laser
above room temperature and hence to a higher operating temperature
for the tensile devices, in agreement with experiment.
It may be surprising initially to find that carrier spillover into the
barriers has little influence on the temperature dependence of the threshold carrier density in the tensile layers. The spillover of electrons into
the barriers does, however, increase the magnitude of the threshold carrier
density and also reduces the magnitude of the differential gain in these
devices (see Silver and O'Reilly, 1994; also see Chap. 1, by Zhao and Yariv).
This may limit the use of tensile-strained InGaAs quantum wells with
InGaAsP barriers for high-speed applications.

2.6

L i n e w i d t h , chirp, and h i g h - s p e e d
modulation

We describe briefly here how the introduction of strain enhances the
dynamic properties of semiconductor lasers. The high-speed characteristics are reviewed in detail by Nagarajan and Bowers in Chap. 3, while
Zhao and Yariv discuss in Chap. 1 how state filling in QW structures can
degrade the laser dynamics.
A change in the carrier concentration n in the active region of a laser
leads to a change in the refractive index N and hence to a change in
wavelength of the longitudinal modes. Thus noise fluctuations in the
photon density and in n lead to an increase of the width of the laser line.
Similarly, any imposed variations in n as the device is modulated lead to
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chirp. Both effects are particularly undesirable in 1.5-ttm lasers used in
dispersive long-distance communication systems. They are usually described in terms of the linewidth enhancement factor a, which is given
by (Henry, 1982)
a =

- 4 Ir d N / d n
A dg/dn

(2.27)

Since the rate of change of gain with carrier concentration d g / d n is larger
in strained-layer lasers, much smaller excursions in carrier concentration
and hence refractive index result (Suemune et al., 1988; Ohtoshi and
Chinone, 1989; Ghiti et al., 1989; Lau et al., 1989). This reduces the
linewidth h v for a given power P as
hv ~

l+a 2
P

(2.28)

and also the chirp width, which is proportional to (1 + a2) 1/2.
There is a wide scatter in the published data on linewidth enhancement factor in lattice-matched and strained QW laser structures, due in
part to differences in measurement technique between different laboratories and also due to differences in the laser structures and material
systems being studied (Zhao et al., 1993). Factors such as carrier occupation of higher subbands (Burt, 1984) or carrier spillover into the barrier
region (Zhao et al., 1993) can significantly degrade the differential gain
and increase the a value, as described further in Chap. 1. Comparative
studies within a given laboratory, however, generally show that the linewidth enhancement factor is reduced in going from lattice-matched to
strained QW laser structures (Hirayama et al., 1991; Tiemeijer et al.,
1992; SchSnfelder et al., 1993), typically by a factor of about two.
An improved differential gain was predicted also to lead to enhanced
high-speed performance in strained-layer lasers, since the resonant frequency fr depends on d g / d n and the output power P in a single-mode laser
as (Bowers et al., 1986)
fr ~ (P d g / d n ) 1/2

(2.29)

so that a given relaxation frequency should be obtained for a lower output
power in strained-layer lasers. This has indeed been demonstrated by a
number of groups, particularly for InGaAs QW lasers operating at wavelengths in the neighbourhood of 1 #m (Offsey et al., 1990; Nagarajan et
al., 1991; Ralston et al., 1993). The 3-dB modulation bandwidth of a laser
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fmax depends, however, not just on fr but also on damping processes within
the laser due to such mechanisms as spectral hole burning (Agrawal,
1987; Ghiti and O'Reilly, 1990), carrier heating (Gomatam and deFonzo,
1990), and carrier transport through the core region (Rideout et al., 1991).
It has been found generally to date that due to these processes there is
little change in the damping factor K and the experimentally determined
fmax in strained-layer structures compared with lattice-matched devices
(Ralston et al., 1993; Meland et al., 1990; Morton et al., 1992).
The introduction of p-doping in the active region is also predicted to
improve the differential gain dg/dn (Uomi, 1990). It has been demonstrated that the combination of p-doping and strain can in fact simultaneously increase dg/dn and decrease K, yielding very efficient high-speed
modulation and the first semiconductor lasers to achieve a direct modulation bandwidth of 30 GHz under dc bias (Ralston et al., 1993). This combination of p-doping and strain appears to be the most promising route to
maximize the bandwidth of semiconductor lasers.

2.7

Strained laser amplifiers

The signal emerging from an optical fiber is, in general, randomly polarized, and therefore, it is very desirable that any optical amplifier provides
gain that is independent of the direction of polarization of the light. In a
normal QW system, the quantum confinement brings the heavy-hole band
to the top of the valence band, and light polarized in the TE mode is
amplified more than light polarized in the TM mode. This problem can
be overcome using strained-layer techniques. First, it is possible to grow
the wells or the barriers with a small amount of tensile strain (Magari
et al., 1990). This raises the light-hole band, and the strain can be adjusted
to increase the TM gain until it is just equal to that of the TE gain.
Unfortunately, it is found that the relative gains in the two modes are
sensitive to the magnitude of the amplifier current, and so the gains are
equal only over a very limited range.
Another more promising approach has been adopted by Tiemeijer et
al (1993), who introduced both compressively and tensilely strained wells
alternately into the active region. This provided gain to the TE and TM
modes, respectively, and the structure could be adjusted to make them
equal. Tiemeijer et al. concentrated on 1.3-ttm devices because there is
no suitable rare earth optical amplifier available at this wavelength. They
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found that a combination of four 45-/~-wide compressive wells and three
ll0-/~-wide tensile wells of InGaAsP each with 1% strain gave TE and
TM gain within 1 dB of each other over a wide wavelength band and over
an order of magnitude change in amplifier current. This structure is an
excellent example of the new flexibility in device design that is afforded
by the introduction of strained-layer techniques. Other applications of
such a structure include two-polarization/two-frequency lasers (Mathur
and Dapkus, 1992) and polarization control elements.

2.8

Conclusions

We have reviewed the manner in which the properties of semiconductor
lasers can be considerably improved by the introduction of either compressive or tensile strain. The changes observed in visible lasers can be explained well in terms of the influence of strain on the band structure
and gain processes. For long-wavelength (1.5-ttm) lasers, high-pressure
measurements of the quantum efficiency indicate that intervalence band
absorption is effectively eliminated, whereas measurements of the threshold current show that Auger recombination has been reduced significantly
in the devices investigated to date. Theoretical analysis, together with
the measured pressure dependence of the threshold current, indicates
that despite these improvements, the Auger process still remains the
dominant recombination path; this behavior is reflected in the fact that
the lasers remain temperature sensitive, with values of T Obelow 100 K,
as predicted by a simple theoretical analysis. The increased rate of change
of gain with carrier concentration in strained-layer lasers decreases the
linewidth enhancement factor a, resulting in narrower linewidth and
reduced chirp, while the modulation bandwidth is also enhanced in pdoped strained structures. We also have discussed briefly how the relaxation of the constraint of lattice matching allows new materials combinations and novel device applications, such as polarization-insensitive
amplifiers that contain both tensiley and compressively strained QW layers. In summary, strained layers retain the benefits of lattice-matched
QW structures and are also able to take advantage of new physical effects
and materials combinations. Finally, since it is observed that 1.5-ttm
devices have excellent low-degradation properties, with predicted operating lifetimes well into the next century, we can safely conclude that
strained-layer lasers are now here to stay!
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3.1

Introduction

High-speed semiconductor lasers are an integral part in the implementation of high-bit-rate optical communications systems. They are compact,
rugged, reliable, long-lived, and relatively inexpensive sources of coherent
light, and due to the very low attenuation window that exists in the silicabased optical fiber at 1.55 ttm and the zero dispersion point at 1.3/~m,
they have become the mainstay of optical fiber communication systems.
Semiconductor lasers can be easily amplitude or frequency modulated up
to very high frequencies by directly varying the drive current at the
required data rates. They also can be fabricated together with the drive
electronics of the transmitter circuitry on the same wafer to form optoelectronic integrated circuits. Advances in the optical fiber amplifier technology also have made the semiconductor laser-based systems more
economically attractive for long-haul high-bit-rate communications applications.
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Over the years, the field of high-speed semiconductor lasers has seen
a number of advances. In the 1980s, the realization that the device parasitics were the practical limit to higher and higher modulation rates led to
the development of low parasitic device structures, and this resulted in
large increases in the direct modulation bandwidth of semiconductor lasers. Toward the end of that decade, using advanced crystal growth techniques such as molecular beam epitaxy (MBE) and metal organic chemical
vapor deposition (MOCVD), quantum well lasers became a reality. Lasers
with quantum well active regions have larger differential gain compared
with their bulk counterparts, and the flexibility to vary the amount of
quantum confinement and the emission wavelength by changing the composition and the width of the quantum wells and the barrier regions
resulted in additional degrees of freedom to design semiconductor lasers
with higher and higher speeds. Although initially the expectations to
realize ultra-high-speed devices were plentiful, the mere replacement of
the bulk active regions with quantum wells did not result in automatic
increases in modulation speeds. Soon, it became evident that the phenomena of carrier transport, capture, and emission are the more dominant
limits to high-bit-rate operation in the quantum well lasers or in lasers
generally with one or more degrees of quantum confinement in the active
region.
This chapter will review the present level of understanding of the
high-speed properties of semiconductor lasers. High-speed semiconductor
lasers in both the GaAs and the InP systems have made great strides
over years. The emphasis here will be on the principles of high-speed
operation. Although InP-based lasers have become technologically important for optical communications system applications, device structures
and experimental data will be drawn from both material systems to illustrate the points being discussed. There have been several review-style
papers and book chapters on the high-speed properties of semiconductor
lasers written in the past that are complementary to the present effort
(Tucker, 1985; Lau and Yariv, 1985b; Agrawal and Dutta, 1986; Su and
Lanzisera, 1986; Bowers, 1987, 1989; Olshansky et al., 1987; Bowers and
Pollack, 1988). There have been a number of developments since these
contributions, the most notable being that of carrier transport effects on
the high-speed properties of quantum well lasers (Rideout et al., 1991;
Nagarajan et al., 1991c; Nagarajan, 1994). Theoretical treatment and
experimental evidence for these effects will be presented.
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This chapter is organized into three main sections. The first deals
with the rate equation description of the carrier and photon dynamics in
semiconductor lasers. Small signal analysis of the amplitude modulation,
relative intensity noise, and frequency modulation are presented. As far
as possible, analytical expressions are derived to present the physics of
high-speed lasers at a more intuitive level. The second section deals in
detail with some of the concepts derived in the first and applies the
principles to device design. Concepts of linear gain and nonlinear gain
suppression are discussed, experimental evidence and optimization of
carrier transport processes are presented, and the effects of device size
and structure on the high-speed properties are explored. The third section
is on the large signal modulation in semiconductor lasers and the related
topic of short pulse generation via mode locking and gain switching.

3.2

Laser dynamics

A set of two linear coupled rate equations, one for the carrier density in
the active area and the other for the photon density in the laser cavity,
are commonly used to analyze the dynamic behavior of semiconductor
lasers. These equations essentially keep track of the injected carriers and
the emitted photons and describe the laser operation in a basic manner.
Historical perspective of this form of analysis has been presented by Lau
and Yariv (1985b) and Bowers (1989) and will not be dealt with here. We
will use a set of three rate equations, one for the carrier density in the
current confinement region as well, instead of the traditional set of two,
to analyze the dynamics of a semiconductor laser under current injection.
The additional equation will include the effects of carrier transport in
the separate confinement heterostructure (SCH) region typically used in
quantum well lasers for carrier and optical confinement.
There are a number of simplifications involved in arriving at the set
of rate equations used for the analysis here. These approximations are
such that an accurate yet physically intuitive picture of the laser dynamics
can be obtained without having to resort to large numerical models for
the solution of the problem. We assume that the lateral and transverse
dimensions of the active layer are such that only one optical mode is
supported in both these directions. Only the optical confinement factor
in the transverse direction is considered, and in the lateral direction it
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is taken to be unity. For simplicity, we also have considered only one
longitudinal mode. The Fabry Perot (FP) lasers can in principle support
multiple longitudinal modes, and this assumption is strictly valid for the
technologically significant single-frequency lasers that have frequencyselective distributed feedback (DFB) structures as an integral part of the
laser cavity.
The variation in carrier density across the active area and the associated effects of lateral carrier diffusion on the modulation properties have
been neglected. This is a very good approximation in high-speed lasers that
have active regions that are sufficiently narrow in the lateral dimension.
Carrier density variation in the longitudinal direction is not significant
for lasers with facet reflectivity greater than 20% (Lau and Yariv, 1985b).
Semiconductor lasers with cleaved facets have greater than 30% facet
reflectivity and are thus not affected. Another factor that may lead to
spatial inhomogenieties are the phenomena that occur on the time scale
of the cavity transit time. This transit time is given by the photon lifetime,
and any high-speed phenomena whose time scale approaches this limit
cannot be described adequately by these sets of time and spatially averaged rate equations.

3.2.1

Rate equations

The rate equations for the carrier density in the quantum well (Nw) and
the SCH layer (NB) and the photon density in the cavity (S) are written
as in Eqs. (3.1) to (3.3). A drawing of the laser structure modeled by these
equations is given in Fig. 3.1. The quantum well, SCH, and cladding
regions are clearly indicated in this figure.
dNs=
dt

I

NB

eYsc H

7r

dNw = NB(VscH/Vw)
dt
Tr

(3.1)

NB t N w ( V w / V s c H )
Tnb

Nw
Tn

Te

Nw
Tnr

dS _ F%G(Nw)S _ S + FflNw
dt
1 + sS
rp
Tn

Nw
Te

%G(Nw)S
1 + sS

(3.2)
(3.3)

where rn is the radiative recombination lifetime in the quantum well, Tnr
is the nonradiative recombination lifetime in the quantum well, Tnb is the
total recombination lifetime in the SCH region, rp is the photon lifetime,
rr is the carrier transport time across the SCH to the quantum well active
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Figure
3.1- Schematic diagram of a single quantum well laser with a separate
confinement heterostructure used in the carrier transport model.

region, Te is the carrier thermionic emission time from the q u a n t u m well
into the barrier and SCH layers, F is the transverse optical confinement
factor, fl is the spontaneous emission feedback factor (the fraction of spontaneous emission that couples into the lasing mode), G ( N w ) is the carrier
density dependent gain, Vg is the mode velocity, s is the intrinsic gain
compression factor, V w is the volume of the q u a n t u m well, and VSCH is
the volume of the SCH. The spontaneous emission feedback term does
not have a significant effect on the modulation response except at low
power levels, where it contributes to additional damping. It will be neglected in the analysis of the laser dynamics. The nonradiative recombination Tnr in the active region and carrier recombination in the SCH region
rnb also have been neglected in the dynamic analysis because their contributions are not significant. They will be included later in the analysis of
the effects of carrier transport on the effective linewidth enhancement
factor. The optical gain G ( N w ) is a function of both the electron and hole
carrier density within the q u a n t u m well. The electron and hole densities
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are in general not equal to one another in the case of nonuniform carrier
injection in the quantum well lasers. We have neglected this effect here
in the simplified analysis. Later we present results from a numerical
model that highlight the nonuniform carrier distribution in the quantum
well active region. The photon lifetime is the inverse of the total cavity
loss rate and is written a s 1/[Vg(OZi + ffm)], where ffi is the internal loss
and
o~m is the mirror loss given by (1/2L c) In [1/(R1R2)]. The front and
rear facet reflectivities are given by R1 and R2, respectively, and Lc is the
cavity length.
In the rate equations, the terms with re represent the loss of carriers
from the quantum well and the gain of carriers by the SCH layer, and
the terms with Tr vice versa. There are two components to rr; one is the
transport time across the SCH, which is largely classical in nature, and
the other is the quantum mechanical local capture time at the quantum
well. The finite capture time of the quantum well is small (<1 ps) for the
holes, which primarily contributes to the magnitude of Tr. It is implicitly
a part of rr, and we have not included the effects of carrier capture time
separately. Models with an additional equation to describe the unconfined
carriers in the active area and the effects of the local capture time also
have been proposed (Tessler et al., 1992a, 1992b; Kan et al., 1992). Experimental evidence indicates that in practical laser structures at room temperature, hole transport across the SCH may indeed be the major speedlimiting factor (Nagarajan et al, 1993b). The magnitudes of rr and re and
the expressions to compute them will be derived and treated in detail later
on in this section. The carriers in the quantum well are two dimensionally
confined and the ones in the SCH layer have bulklike properties. The
rate equations have been written in terms of volume carrier densities.
The volume ratios VScH/V W and V w / V s c H have been used in the rate
equations to account for the fact that NB and N w are normalized with
respect to two different volumes.

3.2.2

Small-signal amplitude modulation

The small-signal solution of the rate equations is obtained by first making
the following substitution: I = I o + ie J~ N B -- NBo + nB eJwt, N w = Nwo
+ nw eiwt, S = S o + se ]wt, and G = Go + go n ~ ei~ The small-signal
quantities i, nB, nw, and s, with the ej~ factor, have a sinusoidal time
dependence with angular frequency o~ Optical gain varies linearly with
carrier density in bulk active areas but exhibits a saturation behavior at
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high carrier densities in quantum well lasers. Although G(Nw) is a sublinear function of the carrier density in lower-dimensional active areas, it
can always be linearized about some steady-state operating point, where
go is the differential gain at that steady-state carrier density. For the
small-signal carrier density variation nw, go is a constant and is determined by the carrier density in the quantum well, which is clamped at
the steady-state value of Nwo. The go value is then different for different
values of Nwo, and this accounts for the saturation of gain at high carrier
densities in quantum well lasers.
After the small-signal quantities are substituted into the rate equations [Eqs. (3.1) to (3.3)], the steady-state quantities are set to zero. The
resulting small-signal equations are obtained by retaining only the linear
terms in the carrier and photon densities, i.e., the terms with w angular
frequency variation. The higher-order terms with 2a~ 3o~ and higher-order
variations give rise to harmonic distortion, which will not be considered
here.
i
jwnB -- eVscH

nB + n w ( V w / Y s c H )
rr
re

j w n w = nB(VscH/Vw)
rr

jws

nw

nw

rn

re

F%g~176
s
= 1 + sSo nw + rp(1 + sSo)

(3.4)
V~goSo
v~Go
1 + sSo nw - (1 + sSo) 2 s

(3.5)

s
rp

(3.6)

The steady-state solution to the photon density equation, neglecting
the term involving the spontaneous emission factor (which does not have
a significant effect on the modulation response), gives the basic gain-loss
relationship in the laser cavity; (FvgGo)/(1 + sSo) = 1/rp. This set of
small-signal equations can be reduced by eliminating nB and nw to give
a relationship between the modulating current i and the optical output
s(w). The modulation response is given by IM(w)l, where M( w)= s( w)/( i/e ).
The complete M(w) function is (Nagarajan et al., 1992d)

(F%goSo]
M(to) =

Vw

Ao = V~goSo( l +
7p

1

]Ao + j e l w
s
Vggo r n

)

-

A2 w2 -

jAaw a

(3.7)

(3.8)
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+ Tr + -~n) + 1 ( 1 + sSo)
re
rn
+VggoSorrq sS~

Tp

A3 = Tr(1 + sSo)

(3.9)

(3.10)
(3.11)

The denominator of the exact expression is a third-order polynomial and
can be solved numerically. The exact expression for M(w) can be rewritten
as (Nagarajan et al., 1992a)

1

M( w) = ( l + ) wrr)
vgg~176
qVw

{,[ (

w 1 + 1 +jWTr]TeJ + l + s S o J

w(1 +

(3.12)

%goSo
sSo)+ rpj + rp(1 + sSo)

M(w) can be simplified by replacing the term within the parentheses in
the first part of denominator by rr, i.e., by assuming that IWrrl<<l. This
is typically the case in the frequency region, where high-speed laser performance is limited by the carrier transport time across the SCH. With this
replacement, M(w) is written as (Nagarajan et al., 1992a)

M(w)=

(1)

A

(3.13)

l+jwrr a~rr-- w2 +jwy

(3.14)

A = F(%g~176

Vw( 1 + sSo)

w2= (V~go/X)So (
rp(1 + sSo) 1 +

s

)

Vggo rn

(V~go/X)So sSo/Tp
1
sSo) + (1 + sSo) + Xrn

Y = (1 +

(3.15)

(3.16)

where a transport factor, X = 1 + (rr/re), has been introduced into the
equations. The original expressions for y and w2 are recoverable in the
limit of X = 1, i.e., in the limit of negligible transport effects (Bowers,
1989).
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From these analytic expressions, a number of effects of carrier transport in high-speed semiconductor lasers are evident. First, there is a lowfrequency rolloff in the modulation response only due to the transport
time across the SCH. This is a parasitic-like rolloffthat would significantly
limit the - 3 - d B modulation bandwidth for large rr and is i n d i s t i n g u i s h able from parasitics.
Second, the effective or dynamic differential gain has been reduced
to go/)(. This reduction is not responsible for the rolloff above and is present
even in the absence of a significant rolloff. This results in a reduction of
the resonance frequency.
Third, the effective bimolecular recombination lifetime has been increased to Xrn (Nagarajan et al., 1992d). Like the reduction in differential
gain go above, this is a dynamic increase in Tn and does not influence the
static properties. This increase in rn is relevant to the case of switching
in semiconductor lasers from below threshold, where the turn-on delay
is linearly proportional to the carrier lifetime, and any adverse effect of
carrier transport will increase this delay significantly. We will deal with
this in detail in Sect. 3.4.
The gain compression factor remains unmodified. This is in contrast
to the work by Rideout et al. (1991), where a well barrier holeburning
model has been used to explain the degradation of high-speed properties
via an enhancement in the nonlinear gain suppression factor s.
From these analytic expressions, a relationship for the K factor can
be derived. The K factor was originally defined as y = K f2 (Olshansky
et al., 1987) to characterize the slope of the linear dependence of the
damping rate on the square of the resonance frequency. However, experimentally, a dc offset is always observed, and therefore, a more accurate
definition is y = K f2 + Yo(Nagarajan et al., 1992a). The m a x i m u m possible modulation bandwidth in a semiconductor laser is determined by the
K factor. In principle, if one could drive the laser to arbitrarily high output
power levels without the detrimental effects of device heating, then the
m a x i m u m possible - 3 - d B bandwidth, in the absence of device parasitics
and carrier transport rolloff, is derived by first setting the amplitude
modulation response function to 1/V2:
M(w) =

M(O)
~or
2-

~o2 + j o y

1
= V~

w4 + (~2 - 2w2) w2 - ~4 = 0

(3.17)
(3.18)
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Using the linear dependence of w2 and T on the photon density So,
the expression for the m a x i m u m - 3 - d B bandwidth Wmax can derived by
evaluating d w / d S o = O. The result is
2

_

O)~TmX

-

(3.19)

[~(~- ~o)- ~r2]

-

Substituting this back into the original expression, we obtain

2

= 2Wmax + To

(3.20)

7 ' - To)

Using this expression and the definition of the K factor,

(

)2(1
1 + gfma x

fmax

47/2].ma x

~,~

2X/2r
9'0
~
+ 2X/2~r

(3.21)

(3.22)

In deriving the final expression for fmax, we have assumed t h a t
9,o/(Kf2ax) and (9,oK)/4r 2 < < 1. We then neglect the first term and take
the first-order Taylor expansion of the second. In the limit of 9'0 = 0, the
original expression fmax = ( 2 V 2 r
as derived by Olshansky et al. (1987)
is obtained.
Using the modified definition, the expressions for the K factor and
7'0 are

K-

4772 Tp + (Vggo/X)

~/o =

1

XTn

(3.23)

The intercept 9'o is a measure of the effective carrier recombination
lifetime. Since r n has been modified to Xrn, this leads to a structure dependence of ~'o. Also, depending on the laser structure, the K factor can be
significantly affected by carrier transport. The low-frequency rolloff
caused by transport means t h a t the maximum possible - 3 - d B modulation
bandwidth in a laser may not even be determined by this reduced K factor.
The transport delay is then the intrinsic limit to the maximum modulation
bandwidth: fmax = 1/(2 7rTr) when the resonance frequency is higher t h a n
flTIaX ~
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3.2.3

Relative intensity noise

The relative intensity noise spectrum can be derived using the same
formalism. The difference in this case is that the driving force is no longer
the input current but rather the real part of the Langevin force Fr of the
field due to the spontaneous emission, which is assumed to be uncorrelated
white Gaussian noise (Kikuchi and Okoshi, 1985; Okoshi and Kikuchi,
1988). In general, there also will be a noise term associated with the
carrier density fluctuations (Harder et al., 1982). The carrier density
fluctuation term is not significant in the analysis of relative intensity
noise in semiconductor lasers (Kikuchi and Okoshi, 1985). Including only
the photon density fluctuations, the small-signal rate equations are (Nagarajan et al., 1992b)
j w n B --

jwnw = nB(VscH/Vw)
Tr
jo.~

(3.24)

nB + n w ( V w / V s c H )
'rr
"re
nw
"rn

nw
re

S
F%g~176
= i + sSo n w + "rp(1 + s S o)

%goSo
v~Go
1 + s S o n w - (1 + sSo) 2 s
S
-

-

"rp

+ Fr

(3.25)
(3.26)

The small-signal carrier density terms n B and n w are eliminated to
obtain the expression for the Fourier component of the amplitude fluctuations R ( w ) due to F r. Without any simplifying assumptions, R(w) is given
by (Nagarajan et al., 1992b)
R( o.))

B 0 -~jBlO) -

B20) 2

~ r n 0 + j n l o) - n 2 o ) 2 - j n 3 (.o3

Bo = VggoSo + 1 ( 1 + sSo)
Tn

Te

B2 = rr(1 + sSo)

(3.27)
(3.28)

(3.29)
(3.30)

The denominator terms remain unchanged as in the expression for
M(w). The AM noise spectrum is defined as the power spectral density
function SA(W) of the amplitude fluctuation, and it is written in terms of
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the Fourier transform of the amplitude fluctuations defined in the time
interval - T / 2 < t < T/2 (Okoshi and Kikuchi, 1988).

SA(W) =

lim

(3.31)

1

The relative intensity noise ( R I N ) is the ratio of the intensity fluctuation to the time-averaged intensity. To obtain the y and Or in the conventional sense of their definitions, i.e., with respect to a second-order
polynomial in the denominator, one would have to first compute the R I N
spectrum using the expression given above and then numerically fit it to
a conventional form of the expression and extract the relevant parameters
(Ishikawa et al., 1992b).
Again, neglecting the frequency dependence of rr as in Eq. (3.12), the
resulting expression for R(w) is (Nagarajan et al., 1992b)
7* + j w

R ( o ) = F r o 2 _ o2 + j o y

(3.32)

7* = (Vggo/X)So t 1
1 + sSo
Xrn

(3.33)

The other terms of the expression are the same as in the modulation
response function. The y and 7* terms are almost identical at sufficiently
low powers and small s. The analytic expression for R I N spectrum can
be written easily in this case as
RIN(f)

f2

+ (7./21r)2

= 4(~f)sT
2 f2)2 + (T/2~) 2 f2
9r
( f r --

(3.34)

where (r
is the intrinsic Schawlow-Townes linewidth that is due to
the spontaneous emission events (Okoshi and Kikuchi, 1988).
The additional low-frequency rolloff present in the expression for the
modulation response is absent here. For large values of Tr, the modulation
bandwidth could be severely reduced, although the K factor values as
determined from the noise measurements, which are affected by X alone
and not the low-frequency rolloff, could still be optimistic. It is generally
believed that the noise spectrum measurement is a parasitic-free means
of determining the actual or potential modulation performance of a laser.
In the presence of significant transport effects, this is no longer true.
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Figure 3.2 shows the m a x i m u m possible modulation bandwidth as a
function of SCH width for a 300-ttm cavity length Ino.2Gao.sAs/GaAs single
q u a n t u m well (SQW) laser (Nagarajan et al. 1992b). The dashed line
shows the K factor limit, which is commonly inferred from noise spectra
measurements. The bold line is the real limit determined by carrier transport across the SCH, i.e., the m a x i m u m modulation bandwidth that is
possible in practice, despite an intrinsic high-frequency design, in a laser
diode whose dynamic response is limited by carrier transport.
Herein lies the real danger of relying on K factors and R I N measurements to predict modulation bandwidths. A small K factor is indeed an
indication of the good device and material quality, but one has to be careful
as to the m a x i m u m modulation bandwidth limits implied by this quantity.
One can truly use this as the limit only in devices where the carrier
transport effects are minimal.
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F i g u r e 3.2- Comparison of maximum possible modulation bandwidth as a
function of the width of SCH inferred from the modulation response and the
relative intensity noise measurements for an Ino.2Gao.8As/Alo.lGao.9As SQW laser.
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and chirping

The variation in carrier density under intensity modulation leads to a
corresponding change in the refractive index in the laser cavity. This
change in index causes a change in the lasing wavelength (or alternatively,
the oscillation frequency) of the laser emission. This is commonly referred
to as the w a v e l e n g t h c h i r p i n g or the f r e q u e n c y m o d u l a t i o n ( F M ) r e s p o n s e
of the semiconductor laser.
We start with the photon density rate equation to derive the magnitude of wavelength chirp under intensity modulation. Although a different
form of gain suppression is used in our analysis, we essentially follow the
method of Koch and Bowers (1984) and Koch and Linke (1986) for the
derivation. Without assuming anything about the magnitude of the photon
density variation and the corresponding change in gain under modulation,
the following substitutions for the time-varying quantities--G(t) = Go +
hG(t) and S ( t ) - S O + h S ( t ) - - a r e made where G(t) is same as the G ( N W)
term we had used previously, but only the time dependence is considered
here, and Go is the steady-state gain at the laser operating point. The
expansion for the 1/(1 + sS) term is made to the first order. After the
substitution for the time-varying and steady-state quantities are made
in the photon density rate equation [Eq. (3.3)] and simplification, the
resulting expression is
(1 + s S ) (d Ss/dt) + s AS(t) ~ ( d S / d t ) + s AS(t) -- Fvg AG(t)
rp
s
r~
(3.35)
The index of refraction in the laser cavity generally can be written
in terms of its real and imaginary components, n = n' +in". The gain
G and the imaginary part of the index of refraction are related; G =
( 4 ~ ) n", where ~ is the emission wavelength of the laser. In terms of the
effective index, this is written as FG = ( 4 ~ ) n"eff, where F is the transverse optical confinement factor. The linewidth enhancement factor o/
(Henry, 1982) is the ratio of the variation of the real part of the index of
refraction with carrier density to the imaginary part with carrier density:
( an ' / a N )/( an "/aN ). The linewidth enhancement factor also may be written
in terms of the effective real and imaginary part of the index of refraction
as O / etf = (an'e~/aN)/(anef~/aN). The definition of the linewidth enhancement factor o/in terms of the effective index quantities is consistent
because both neff and neff are evaluated with respect to the same mode
!

f?
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overlap integral. Using this modified definition of the linewidth enhancement factor, the change in the effective (modal) gain and the real part
of the index of refraction can be written in terms of a:
F G ( t ) - (47r/~)[n'eff(t)/s]. Substituting this in Eq. (3.35) gives
An'eft(t)

a /l

4 7r Vg

[

dln(S)+ s

dt

--

(3.36)

Tp
t

The change in the effective index An'ef
t and the group index ngeff are
related to the first order as hneff = -ngeff (A p]p), where Avis the frequency
deviation as the result of the change in the real part of the index of
refraction An'elf. This is then substituted in Eq. (3.36). The resulting expression for the time dependence of the frequency deviation is
t

h~(t) =

s {d ln[P(t)] + sF (Sm + Si)p(t) }
dt
Vwh ,
S m

(3.37)

4~r

where h , is the photon energy, and P(t) is the optical power. Although we
had assumed a 1/(1 + sS) form of gain suppression, the expression for
frequency deviation is the same as the one originally derived by Koch
and Linke (1986).
Since the derivation of chirp under current modulation involves only
the photon density rate equation, the carrier transport times t h a t enter
the equations for the carrier density in the SCH and the q u a n t u m well
regions do not directly affect wavelength chirping. On the other hand,
the effective index term that enters the definition of Setf is directly affected
by carrier transport. The additional contribution to wavelength chirping
due to carrier transport can be derived in terms of Setf for the whole laser
structure consisting of the active layer and the SCH region. Thus the
change in the effective gain and the real part of the index of refraction
are related via an effective s that is true only for the particular laser
structure, and hence, the s p a r a m e t e r is structure dependent (Nagarajan
and Bowers, 1993a). We have called this the effective c~. Although the a
as originally derived is purely a material parameter, the ae~ defined here
is affected by the structure-dependent carrier transport parameters.
The derivative of the effective index (n'efr) of the mode with respect
to the steady-state carrier density (Nwo) in the q u a n t u m well, to the first
order, is
On'eft = F On'

Ogwo

ONBo On'
ONwo + ( 1 - F) ~
O-NBo

(3.3 8)
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where the quantity of interest is the variation of the carrier density in
the SCH with respect to the carrier density in the quantum well, ONBo/
ONwo. In general, the index contribution from the confinement regions
should be weighted by the appropriate mode overlap integral. Since the
optical mode outside the active area lies mostly within these regions, the
(1 - F) term is used instead. To compute an expression for ONso/ONwo, we
have to look at the steady-state solution of the rate equation for NB, which
can be written as

(~
1)
Io
1 +
VscHNBo=_+
rnb
e

VwNwo

(3.39)

re

Taking the derivative of this equation with respect to I o,

O(VscHNBo/%)

_

1+

O(/o/e)

O(VwNwo/rn)(rn)
O(io/e)
-~e

(3.40)

1~ Tb

Tr

Typically Tn is much larger than Te in the range where the transport
effects are severe enough to cause a noticeable change in aeff, and hence
the second term in the numerator of the right-hand side of the equation
is much larger than unity. With this assumption, the following expression
may be written for ONBo/ONwo:

ONwo

VSCH

(

Tb + rr

)=

1, (

rb + rr

)

Using this expression for ONBo/ONwo, the final expression for aeff is
(Nagarajan and Bowers, 1993a),

4 [On

aeff :~oo ONwo +

- 1

( X - 1) Tb -+- Tr

ONbo

(3.42)

where go is the differential gain, which may be carrier density dependent.
An interesting feature of the expression for aeff is the geometric factor
[(l/r)--1](Vw/VscH). In multiple quantum well lasers, the optical confinement factor scales linearly with the number of quantum wells (this is a
very good approximation for a small number of wells), and so does the
volume of the active region Vw. Thus, for a given SCH width, and in the
absence of complications due to carrier transport in multiple quantum
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well structures, the o/eftin multiple quantum well lasers will be lower due
to the higher differential gain at equivalent threshold gain levels.
The effective linewidth enhancement factor can be written in terms
of an intrinsic component from the index variation in the active area and
a transport-related component from the index variation in the SCH region,
where both components are with respect to the differential gain in the
active area

o/eft---- O / q u a n t u m well +

--

1

VSCH

1)(Tb)O/SCH
Tb + Tr

(3.43)

In the absence of carrier transport effects, i.e., in the limit of Tr being
negligibly short or Te being significantly long, o/eft reaches its minimum
value. In this limit, the wavelength chirping is solely governed by the
index changes in the quantum well active area. The expression for the
o/eft that has been derived here can be used directly in the Eq. (3.37)
derived for A~(t) to compute the total wavelength chirp under high-speed
current modulation of the quantum well laser structures.

3.2.5

Carrier transport

times

Electron and hole transport from the doped cladding layers to the quantum
well consists of two parts (Polland et al., 1988; Morin et al., 1991). First
is the transport across the SCH. This is governed by the classical current
continuity equations that describe the diffusion, recombination, and, in
the presence of any electric field, drift of carriers across the SCH. The
second part is the carrier capture by the quantum well. This is a quantum
mechanical problem that has to take into account the relevant dynamics
of the phonon scattering mechanism that mediates this capture. This
scattering process is a function of the initial and final state wavefunctions,
the coupling strength of the transition, and the phonon dispersion in the
material. In addition to carrier-phonon scattering, carrier-carrier scattering also contributes to carrier capture (Preisel et al., 1994). In this analysis, as shown in Fig. 3.1, the SCH width is taken to be the distance
between the quantum well active area and the point from which the
claddings are being doped instead of just being the region sandwiched
between the quantum well and the cladding. This distance is commonly
referred to as the doping offset from the active during epitaxial growth.
For carrier transport, it is the width of the undoped region between the
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quantum well and the cladding layer that is of significance, and in most
cases it is the width of the SCH.
The next transport mechanism that is significant in devices operating
at room temperature is the thermally activated carrier escape from the
quantum well or thermionic emission. Although this process degrades the
overall carrier capture efficiency of a SQW structure, it is essential for
carrier transport between quantum wells in a multiple quantum well
(MQW) structure. Another transport process of interest in an MQW system is tunneling between the quantum wells. Thermionic emission is a
strong function of barrier height, while tunneling is sensitive to both
barrier height and width. The barriers in an MQW structure should be
designed such that the quantum wells efficiently capture and contain the
carriers for laser action in a two-dimensionally confined system without
adversely sacrificing the transport (leading to carrier trapping) across the
structure. There have been predictions that in a biased multiple quantum
well laser diode carrier transport by the resonant tunneling mechanism
may be switched off due to band bending in the quantum well region
(Tessler and Eisenstein, 1993b).
For small-signal modulation experiments, the laser diode is forward
biased, and a small microwave signal is imposed on this dc bias. The
response of the laser is then measured using a high-speed photodiode.
Since the modulating signal is very small, the device is essentially at
constant forward bias. We will consider large-signal modulation in Sect.
3.4. Further, we will only consider an SCH that is not compositionally
graded, and this excludes any built-in fields in the SCH to aid carrier
transport.
Under normal operation, the semiconductor laser is essentially a
forward-biased p-i-n diode, with the claddings doped p and n and the SCH
region nominally undoped. The electrons are injected from the one side
and the holes from the other and across the SCH. The important difference
is the quantum well in the middle of the SCH where the injected carriers
recombine. Although the carrier injection is from the opposite ends of the
SCH, any physical separation of the two types of charges across the
quantum well layer would lead to very large electric fields between them.
The laser normally operates under high forward injection, where the
carrier density levels are about 1018 cm -3, and solving the Poisson equation in one dimension, assuming that the SCH layers on the right- and
left-hand sides of the quantum well are uniformly pumped with electrons
and holes, respectively, leads to electric fields in excess of 106 V/cm be-
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tween the carrier distributions. Since the carriers are highly mobile, they
would redistribute themselves until the charge neutrality condition is
satisfied throughout the SCH. Further, at this level of carrier injection,
the unintentional background doping levels are negligible.
SCH transport

time

The laser structure can then be analyzed like a heavily forward biased
p - i - n diode (Howard and Johnson, 1965). The equations for the electron

and hole current densities, including both the drift and diffusion components, are given by

(en

Jn - eDn \ k T

+ -~x

Jp - eDp \ k T

-~x

(3.44)

In this expression we have used the Einstein relation D / # - k T/e.
The current continuity conditions are
On = 1 0 J n
Ot
e Ox

U(n, p)

019 =
Ot

10~p.f _ U(n, p )
e Ox

(3.45)

where U(n, p) is the net recombination rate. Assuming high injection
conditions, n ~ p, and charge neutrality, OE/Ox = 0, the expressions in
Eq. (3.45) can be combined. The electric field term E can be eliminated
to give the following equation under steady-state conditions (i.e., On/Ot =
Op/Ot = 0):
d2n
dx 2

D n + Dp U(n) = 0
2D nDp

(3.46)

This simplification does not mean that the dynamic carrier effects
have been eliminated from the charge transport equations. The steadystate carrier density distribution profile is derived first, and then the
small signal response of this distribution is computed to determine the
dynamic properties of the device under current modulation. In Eq. (3.46),
if an ambipolar diffusion coefficient D e = 2DnDp/(D n + Dp) is introduced
and the recombination rate U is determined by an ambipolar lifetime ra,
then Eq. (3.46) modifies to
d2n
dx 2

n
- 0
L2o

(3.47)
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where L a o - N/DaTa is the ambipolar diffusion length. Generally in the
III-V compounds used to fabricate semiconductor laser diodes, D n > > D p ,
and this leads to an ambipolar diffusion coefficient D e ~ 2 D p . In other
words, the carrier transport proceeds as if it is purely diffusion, but with
an effective diffusion coefficient that is twice the normal hole diffusion
coefficient. It m u s t be e m p h a s i z e d that in this derivation we have only
assumed that OE/Ox = 0, not E = 0, and in fact, E r 0. The ambipolar
type carrier transport is the result of a nonzero electric field and is not
an a priori assumption. Subpicosecond luminescence spectroscopy experiments done in graded and ungraded SCH G a A s / A l x G a l _ x. As quantum
well structures have revealed evidence for ambipolar transport of carriers
in structures similar to the one that is being modeled here (Deveaud et
al., 1987; Blom et al., 1990).
The steady-state carrier distribution in the SCH region is obtained
by solving the ambipolar diffusion equation [Eq. (3.47)] with appropriate
boundary conditions. The general solution to this second-order differential
equation is

n(x)

= C1 e+x/La~ + C2 e-x/La~

(3.48)

where C1 and C2 are constants to be determined from the relevant boundary conditions. At the edge of the SCH (x = - L s ) , a constant supply of
carriers is established by the dc bias current flowing into the SCH. For
a dc current of I s, the required boundary condition is
I s _ _eDa d n
-X -Jix

(3.49)
x =-Ls

where A is the cross-sectional area of the laser diode. The second boundary
condition is that at x = 0, i.e., at the position of the quantum well, the
carrier density is given by the steady-state carrier density in the well
Nwo. The carrier density in the quantum well is determined by the steadystate carrier-photon dynamics within the quantum well. This is determined from the rate equations for the carrier and photon densities. In
laser structures with very narrow SCH regions, the electric fields at
the SCH-cladding and S C H - q u a n t u m well interfaces may significantly
influence the carrier distributions. We will present experimental evidence
later in this section that indicates that ambipolar transport is indeed the
carrier transport mode in common high-speed quantum well structures.
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The coefficients C 1 and
Nwoe+LS/Lao
y~
~'~'1

e +LS/Lao + e

C 2 are

then

IsLao
eDaA

p

-LS/Lao

~'~2

Nwoe-Ls/Lao + IsLao
eDaA
e +LS/Lao + e -LS/Lao

(3.5O)

The current flowing into the quantum well under steady-state conditions Iw is given by
iw

_eDa A dn
=

~x

= Issech(L~ao)-eVw(~w)tanh(L~ao)NW~

(3.51)

x=0

where Vw is the volume of the quantum well and L W is the width of the
quantum well.
A differential SCH transport factor asc H analogous to the commonbase current gain of a bipolar junction transistor (BJT) (Sze, 1981a) can
be defined as

aIw= sech( Ls )
~ S CH =

aI s

(3.52)

~aoao

The quantity of interest is the small-signal value of OlSCH. The expression for this can be derived by substituting Leo by L a in Eq. (3.52), which
is given by

L2ao
La =

(3.53)

1 + jw~"a

The small-signal expression simplifies to

1
OISCH, s m a l l - s i g n a l =

cosh[(L~/DaTa)l/2~/1 + jWra ]

1 + jw(L~/2D a)

(3.54)
In the final expression on the right-hand side of Eq. (3.54), the width of
one side of the SCH has been assumed to be much smaller than the
ambipolar diffusion length, i.e., L s < < Leo ( - ~r
This is a valid
assumption because the nonradiative lifetime and even the spontaneous
recombination lifetime in the SCH layer are on the order of nanoseconds
and are much longer than the SCH layer ambipolar transport time given
by Tr -~ L2/2Da . This is similar to the base layer of a BJT, where the
bandwidth limit due to the minority carrier transport time is called the
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a l p h a c u t o f f frequency and is given by fT = 1/27rrr. The transport time
across the SCH has been directly determined from gain recovery measurements in quantum well optical amplifiers and has been shown to vary
experimentally as the square of SCH width (Eisenstein et al., 1991; Weiss
et al., 1992).
The expression for rr, derived above, also can be written as

Tr - 2D a

L~ (Dn +__Dp~
I ~L~
L~ ~ = Tr, holes + Tr, electrons
2 \ 2DnD p / = 2 \2Dp + 2Dn]
2

(3.55)
This means that the total ambipolar diffusion time can be viewed as an
average of the individual hole and electron diffusion times. This is a
rather useful way of conceptualizing the ambipolar carrier transport in
a quantum well structure.
Thermionic

emission

time

The thermionic emission time is derived using the standard thermionic
emission theory (Sze, 1981b). Assuming that the carriers in the barriers
have bulklike properties and obey Boltzmann statistics, the thermionic
emission lifetime Te from a quantum well is (Schneider and Klitzing, 1988)

Te =

kT

exp ~-~

(3.56)

where E B is the effective barrier height, m* is the effective carrier mass,
k is the Boltzmann constant, and T is temperature in kelvins. Thermionic
emission is a sensitive function of barrier height and temperature.
Tunneling time

In an MQW structure, there are a number of wells each separated by
barriers of energy height EB and thickness L B. In this case the electron
and hole wavefunctions are no longer completely localized within the
individual quantum wells, and for any finite L B there will be coupling
between the wells. For a system of two symmetric wells, the interwell
coupling would remove the energy degeneracy that exists in the limit of
infinite L B. The lowest odd (E 1) and even (E 2) bound states of such a twowell system are separated by some small energy, hE = E 1 - E 2 (E 1
> E2) (Kroemer and Okamoto, 1984; Bastard, 1988). The overall linear
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superposition wavefunction of this system corresponds to an electron or
a hole oscillating between the wells at a frequency given by A E / h , where
h is the Planck constant. The tunneling time, defined as the one-half
period of the oscillation, is given by ~t = h / 2 h E . Although this result has
been derived for a two-well system, it will generally be true for an MQW
system in the limit of weak interwell coupling (Kroemer and Okamoto,
1984).

Capture time
Calculating the carrier capture time by the q u a n t u m well involves computation of the probability per unit time that a carrier in some initial state
in the SCH emits a longitudinal optical (LO) phonon and ends up in some
final state within the q u a n t u m well as dictated by energy and m o m e n t u m
conservation conditions. Early theoretical works based on semiclassical
t r e a t m e n t argued t h a t the q u a n t u m well width had to be on the order of
or larger t h a n the LO phonon scattering limited electron mean free path
(-100A) for the q u a n t u m well to efficiently capture carriers and act as
a center for radiative recombination (Shichijo et al., 1978; Tang et al.,
1982).
Q u a n t u m mechanical calculations have relaxed this condition but
have predicted strong oscillations in the capture time as a function of the
q u a n t u m well width. As the well width increases, first, the states within
the q u a n t u m well become more tightly bound, and second, the virtual
states above the q u a n t u m well become bound to the well. These result in
the final energy states within the q u a n t u m well moving in and out of the
reach of any state in the SCH separated by a phonon energy, from which
a carrier can scatter (Brum and Bastard, 1986; Brum et al., 1986; Babiker
and Ridley, 1986). Theoretically calculated capture times in SQW structures have been found to oscillate between 10 ps and 1 ns for q u a n t u m
wells with an ungraded SCH (Brum and Bastard, 1986) and between 20
and 200 ps for q u a n t u m wells with a linearly graded SCH (Brum et al.,
1986).
Later calculations done for MQW structures have predicted carrier
capture times in the range of 1 ps, closer to the experimentally observed
values (Blom et al., 1991). This calculation is an adaptation of the previous
one for the SQW structure. The difference is that the increase in the
number of wells results in an increase in the total number of final states
to which carriers may scatter and a corresponding decrease in the total
o
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capture time. The capture time has in fact been calculated to be nearly
inversely proportional to the number of wells, with all other structural
parameters held constant (Blom et al., 1991). As noted previously, the
capture time is a function of the quantum well width, and in addition, it
is also sensitive to the choice of SCH width (also applicable to the SQW
case), barrier width, and barrier height.
Experimentally, the carrier capture times have been measured by
subpicosecond luminescence up-conversion spectroscopy (Deveaud et al.,
1988; Morin et al., 1991; Kersting et al., 1992). Using this technique, the
time-resolved barrier and quantum well luminescences are measured,
and the effective electron and hole capture times are extracted from these
measurements. Since the luminescence intensity is proportional to the
number of both electrons and holes, the barrier luminescence is expected
to decay with the faster of the two effective capture times, and quantum
well luminescence is expected to rise with the slower of the two (Deveaud
et al., 1988). The rise in the quantum well luminescence is not only
influenced by the carrier transfer from the barrier layers but also by
the carrier relaxation time within the quantum wells. This introduces
additional complications to the interpretation of the quantum well luminescence rise time (Kersting et al., 1992). The quantum mechanical calculations indicate that the hole capture times are smaller than the electron
capture times because of their larger effective mass. Faster hole capture
times have been measured directly in experimental setups where it has
been possible to distinguish between the two carrier types (Kersting et
al., 1992).
The experimentally measured effective capture times are given in
Table 3.1. The hole capture times are smaller than the electron capture
times. This is due to the larger density of states in the valence band of
the quantum well to which holes can scatter to from the SCH. The magnitudes of both the electron and hole local capture times are small, within
a picosecond. The carrier capture times reported by Deveaud et al. (1988),
Morin et al. (1991), and Kersting et al. (1992) were determined from
ultrafast pump-probe-type measurements, and those reported by Hirayama et al. (1992a) were extracted using extensive modeling from the
measurements of the spontaneous emission spectra above threshold in
semiconductor lasers. Although the carrier density in the quantum well
is clamped above threshold, the carrier density in the SCH continues to
increase above threshold due to the finite carrier capture time. Hence, by
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Reference

Deveaud et al., 1 9 8 8
Morin et al., 1 9 9 1
Kersting et al., 1 9 9 2
Hirayama et al., 1992a

Material
System

GaAs/A1GaAs
InGaAs/InP
InGaAs/InP
InGaAs/InP

Hole Capture
Time (ps)

Electron Capture
Time (ps)

-0.65
<0.3
-0.2
0.2-0.25

- 1.2
<1.0
-0.8

T a b l e 3.1: Experimentally determined local electron and hole capture times
in GaAs and InP quantum well systems.

measuring the spontaneous emission spectra due to barrier recombination
above threshold, the carrier capture time may be estimated. Although
this is somewhat indirect, it agrees well with the capture times determined
by more direct methods. This is another indication of the significance of
carrier transport times in the operation of q u a n t u m well semiconductor
lasers. Experiments observing the theoretically predicted oscillations in
the carrier capture time with QW width at low temperatures (8 K) (Blom
et al., 1993) have been reported.
The use of a linearly or parabolically graded index (L-GRIN or PGRIN) SCH layer has been shown experimentally to enhance the carrier
collection efficiency of the q u a n t u m well (Polland et al., 1988; Morin et
al., 1991). In the GaAs/AlxGal_xAs system, this grading is achieved during
crystal growth by continually varying the A1 mole fraction x to introduce
a quasi-electric field within the SCH. At low temperatures (6 K), q u a n t u m
wells with the L-GRINSCH have been shown to exhibit almost 100%
collection efficiency, while those with an ungraded SCH show only about
50% (Polland et al., 1988). Time-resolved photoluminescence experiments
have shown that the decay time of the luminescence from an L-GRINSCH
(2 ps) can be as much as 11 times faster t h a n the ungraded SCH (22
ps) luminescence at low temperatures (80 K) (Morin et al.~ 1991). The
performance of the P-GRINSCH q u a n t u m well is in between these two
limits, probably due to the electric field going to zero at the q u a n t u m well
interface. The capture and escape times are also greatly influenced by
the energy-level separation of the electronic states in the SCH relative
to the q u a n t u m well. The grading strategy adopted for the SCH has a

202

Chapter 3 High-Speed Lasers

profound effect on the availability and energy-level separation of these
states.
At low temperatures, the main transport limit in the L-GRINSCH is
the carrier capture by the q u a n t u m well. At room temperature, the drift
time in the L-GRINSCH becomes important compared with the q u a n t u m
well capture time. This is in contrast to the ungraded SCH, where the
variation in transport time is essentially due to the variation in mobility
with temperature. Thus at room temperature the L-GRINSCH has been
predicted to be only twice as fast as the ungraded SCH (Morin et al., 1991).
This would not lead to any improvement in the high-speed performance
of L-GRINSCH lasers because the width of the L-GRINSCH needed to
maximize the optical confinement factor is about twice that for an ungraded SCH, and for any shorter widths, the confinement factor decreases
rather rapidly. The variation in the optical confinement factor with the
SCH dimensions for different energy profiles is given in Fig. 3.3. This
comparison of the various optical confinement schemes also was reported
by Streifer et al., (1983). Further, some later experiments, in contrast
with the preceding ones, have determined that the gain recovery times,
which are a measure of the carrier transport/dwell times in the SCH, in
L-GRINSCH q u a n t u m well optical amplifiers ( - 1 4 ps) are actually about
3 to 4 times larger than in amplifiers with ungraded SCH ( - 4 ps) of
comparable width (Weiss et al., 1992). Thus at room temperature there
may not be any advantage in using an L-GRINSCH for the design of a
high-speed q u a n t u m well laser.

3.3

High-speed laser design

There are number of aspects to the design of high-speed semiconductor
lasers. From the small-signal analysis of Sect. 3.2, specifically using the
expressions for the resonance frequency, the K factor, and the effective
linewidth enhancement factor, to design a high-speed laser device with
low chirp, one has a number of parameters to optimize. The process is as
follows (T means to increase and I means to decrease):
Differential gain go T
Carrier transport time across the confinement heterostructure Tr I
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Figure

C a r r i e r escape time from the active a r e a into the confinement heteros t r u c t u r e re (not necessarily time for multiple q u a n t u m well active region) T
Gain compression factor s 1
Device size (photon lifetime r~) 1
Photon density So T
Device parasitics 1
In this section we will deal with these factors in detail and outline the
compromises t h a t have to be m a d e in the final design.
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Differential gain

To understand the role of differential gain and how it may be optimized,
let us first look at the gain function in a semiconductor laser. In the early
years of semiconductor lasers, the band tail model with the assumption
that the momentum is not conserved in a optical transition was used
extensively to compute the gain function. This was a good physical model
for the early devices, where the active layers often were heavily doped.
Doping the active area leads to the formation of recombination bands
(and hence the name band tails) below the band edge, and the initial
and final states of the optical transition had different momentum due to
scattering by the charged impurity sites. A good review of the band tail
model may be found in Casey and Panish (1978). In modern-day laser
diodes, the active area is usually undoped to minimize the free carrier
absorption losses. The band tail model is no longer physically correct for
this case. Another model based on strict momentum conservation and
relaxation broadening, derived using the density matrix analysis, was
proposed. In this model, the experimental observation of the existence of
band tails (in the spontaneous emission spectra) and smooth gain profiles
(especially in quantum well and wire lasers), even for the case of undoped
active regions, has been attributed to intraband relaxation processes (Nishimura and Nishimura, 1973; Zee, 1978; Yamada and Suematsu, 1979;
Kazarinov et al., 1982; Asada and Suematsu, 1985). Over the years, the
relaxation broadening model has been widely accepted, and we will use
it for the gain analysis here.
Using the relaxation broadening model, the optical gain as a function
of the emission energy E i is written as (Asada et al., 1984)
1the2
g(E i) = m2NrsocEi f M2pr(E)[ fc(E) - fv(E)] L ( E ) d E

(3.57)

where m o is the free electron mass, Nr is the refractive index of the gain
medium, ~o is the permittivity of free space, c is the velocity of light, M 2
is the momentum matrix element that gives the relative strength of the
various optical transitions, Pr is the reduced density of states function, fc
and fv are the Fermi occupation probabilities in the conduction and valence
bands, respectively, and L(E) is the gain broadening function.
We will consider the band structure, for the computation of gain, in
the parabolic band approximation without the complications of the bandmixing effects in the valence bands. The effects of band mixing are im-
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portant when considering active regions that are composed of low-dimensional materials like the q u a n t u m wells, which in addition also may be
coherently strained. One of the main effects of the band-mixing phenomena is the modification of the valence band effective masses (Suemune,
1991b). This can be included, as we will, in the parabolic band approximation by replacing the effective mass values that appear in the expressions
for the gain and the density of states with those which have been specifically computed (Ridley, 1990) or experimentally determined (Jones et al.,
1989) for these cases. In this approximation, the reduced density of states
function for the various types of active regions may be written as
4[mr~

Bulk:

3/2

~2h2]

VIE - Ebulk

Quantum well: n~l
1 ( --s
mr ) H ( E
= -~

-

Ebulk

(3.58)

--

Eva

-

Eva)

(3.59)

1

(3.60)

, 1/2

Quantum wire" n~ 1 1 ~ 2 m r ~
=
~ \-~2 ]

VIE

--

Ebulk

--

E v a z - E v n z - E cny - E vny

where H ( E ) is the unitary Heaviside function, Ebulk is the bandgap of the
equivalent bulk material, Ecn and E v n are the quantized subband energy
levels in the conduction and valence bands, respectively, and m r is the
reduced effective mass, which is written in terms of the conduction band
and valence band effective masses, m e and m~ as I / m r - 1 / m e + 1/m~,
For the q u a n t u m well and wire cases, the density of states functions are
additionally summed over the various quantized subbands. The z and y
subscripts for the q u a n t u m wire are used to distinguish between the
two Cartesian coordinate directions along which the carriers have been
confined.
The Fermi functions fc and fv are determined by the respective conduction and valence band quasi-Fermi levels #c and #~ which in turn are
related to the electron n and hole p carrier densities in the active area.
The relations for the quasi-Fermi levels are written as
n =
P =

fo o

1
dE
pc(E) 1 + e x p [ ( E - ttc)/k77

fo Pv (E

1

- Eg)l + exp[(E - E g - # v ) / k 7 7

(3.61)
dE

where Pc and Pv are the density of states in the conduction and valence
bands, respectively. The zero point of the energy band diagram is taken
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with respect to the conduction band, so the energies that appear in the
computation for #v are offset by the bandgap energy Eg. The value for Eg
is the effective bandgap in the sense that it also includes all the shifts in
the band edge due to carrier quantization in the q u a n t u m wells and wires
and is equal to Ebulk in the case of bulk active regions. In semiconductor
lasers fabricated these days, the active areas are generally undoped, and
hence the condition of charge neutrality is assumed to hold, i.e., n = p.
Once the quasi-Fermi levels are known, the Fermi occupation probabilities used in the equation for optical gain [Eq. (3.57)], fc and fv are
written assuming that the m o m e n t u m is conserved (the photon carries
very little momentum, so its contribution is ignored) during the optical
t r a n s i t i o n - - t h e so-called k conservation principle, which states t h a t the
initial (conduction band) and final (valence band) states of the optical
transition have the same k value. The fc and fv functions are written as
1

fc(E) = 1 + exp[(mr/mc)E- #c]
1
fv(E) 1 + e x p [ - ( m r / m v ) ( E - E g ) - it v]

(3.62)

where Eg is again the effective bandgap.
Using the k.p method, the m o m e n t u m matrix element for the case
of the bulk active area is written as (Kane, 1957)

too(too_ l~Eg(Eg + Ao)
M2=--~ - ~
/ Eg + ~ho

(3.63)

where Eg is the original bulk bandgap, h o is the spilt-off band energy,
and m* is not the effective electron mass me, as it has been commonly
assumed, but a modified quantity that also includes the effects of higheror lower-lying bands in addition to the usual valence and split-off bands
(Hermann and Weisbuch, 1984; Yan et al., 1990). There are further modifications to this basic form of M 2 in active areas with q u a n t u m wells or
wires. They lead to interesting properties, such as TE mode of oscillation
being favored over the TM in lattice-matched (Yamanishi and Suemune,
1984) and compressively strained q u a n t u m well lasers and TM favored
over TE for tensile strain in the active area. In q u a n t u m wire lasers, the
matrix elements are also a function of the direction of propagation of the
electric field vector (Asada et al., 1985). Although these properties of
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matrix elements play a role in active-layer design, we will not consider
them here because they are not numerically large prefactors.
The broadening function L(E) has been a source of much controversy.
Using the density matrix analysis, this can be written simply as a Lorentzian
L(E)

h/Tin

= 1

rr (E

-

Ei) 2 +

(3.64)

(h/Tin)2

where Tin is the intraband scattering time, and the 1/~r factor has been
used to normalize the Lorentzian lineshape function when the integration
is done for the gain function g(E) in the energy space E(0, oo). The intraband scattering time Tin is commonly known as the dephasing time T2 in
the density matrix analysis. In the early models for the lineshape function,
a constant value was assumed for tin. This leads to the appearance of
gradual tailing in the spontaneous emission spectrum and the unphysical
absorption regions in the gain spectrum at photon energies below the
bandgap. Mathematically speaking, this is the result of the weak convergence of the Lorentzian lineshape used for the gain-broadening function.
More elaborate t r e a t m e n t s of the intraband relaxation process including
various forms of scattering mechanisms have managed to eliminate these
shortcomings (Landsberg and Robbins, 1985; Yamanishi and Lee, 1987;
Asada, 1989; Kucharska and Robbins, 1990; Ohtoshi and Yamanishi,
1991). A common result of these analyses is that Tin itself is energydependent, leading to a faster converging lineshape function whose rate
of convergence is typically between a Lorentzian and a Gaussian. Interface
roughness in the active region can introduce additional broadening of the
energy levels. This is especially severe in lower-dimensional active areas
like the q u a n t u m wires, which have small fabrication tolerances (Zarem
et al., 1989). The magnitude of Tin is important because it affects both
the linear gain [g(E)T as TinT] and the nonlinear gain (from spectral hole
burning arguments) (sT as TinT). From the expression for the K factor [Eq.
(3.23)], it is the ratio of the nonlinear to the linear gain that needs to be
minimized. For the purposes of gain computation here, we have assumed
a constant value of 100 fs for tin.
Quantum

size effects and strain

The use of q u a n t u m wells, wires, or even boxes (quantum confinement
in all three spatial dimensions) instead of bulk material for the active
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area of semiconductor lasers was predicted to increase the differential
gain dramatically (Asada et al., 1986; A r a k a w a and Yariv, 1986). U s i n g

the expression for gain in Eq. (3.57), it can be seen that except for the
minor variations in the m a g n i t u d e of m o m e n t u m matrix e l e m e n t M 2, the

major influence on the gain function comes from the p r ( E ) [ f c ( E ) - f v ( E ) ]
term, which is a product of the reduced density of states and the difference
in the conduction band and valence band Fermi occupation probabilities.

The enhancement in the differential gain is the direct result of the modification of the density of states function in the lower-dimensional materials.
Figure 3.4 shows the gain and differential gain plotted as a function
of carrier density for bulk, quantum well, and quantum wire active areas.
Although the effective masses are somewhat modified in the quantum
well and wire, we have assumed m e
0.067mo, m h - - 0 . 5 m o , and m* =
0.056m o for all three cases. The quantum well has a steplike density of
states, and in the quantum wire, the density of states goes to infinity at
the band edge. In practice, the band-edge density of states in the quantum
=

104

100

Wire
|

v-q

i

r

10

10 3

Well

epm

I

e,,m

0
m
e~.q

Bulk
e~

10 2

'
0

1

1
2

3

4

5

6

C a r r i e r density (x 10 is cm'3)
F i g u r e 3 . 4 : Comparison of gain and differential gain as a function of carrier
density for bulk, quantum well, and quantum wire active areas. The quantum
well is taken to be 100 A thick and the quantum wire with a square cross section
of 100/k on the sides. The calculations are for the GaAs/A1GaAs system. The
effective masses used in the calculations are in the text.
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wires does not go to infinity and is affected by inhomogeneous broadening.
In both these cases, unlike the bulk case, where the density of states is
zero at the band edge, the enhancement in the density of states function
results in a much larger gain at lower carrier densities. This leads to
lower-transparency carrier densities and overall much reduced threshold
current densities as well. The differential gain, which is the slope of the
gain-carrier density relationship d g / d n , is also very much enhanced in
the case ofquantized active regions, but unfortunately, it is also a sensitive
function of the carrier density, i.e., a function of threshold gain itself. The
d g / d n curve is fairly flat and is independent of the carrier density for the
case of bulk active area.
Figure 3.4 has been computed for a single quantized level in a single
q u a n t u m well and wire. This results in a rapid gain saturation with
carrier density, which is a major drawback of the lower-dimensional active
areas. In practice, there may be additional quantized levels to provide
gain, but the phenomenon of gain saturation with a single q u a n t u m well
or wire is still sufficiently severe. To overcome this, multiple q u a n t u m
wells or wires may been used. Figure 3.5 illustrates the principle with
multiple q u a n t u m well (MQW) lasers. Starting with the gain function for
a single q u a n t u m well (SQW), the gain and carrier density are multiplied
by the number of wells. The carrier density at transparency increases
proportionately to the number of q u a n t u m wells, but for lasers that have a
high threshold gain, MQW structures offer a valuable tradeoffin increased
differential gain. The bands in Fig. 3.5 show the regions of operation for
minimum threshold current for various ranges of threshold gain. Maxim u m differential gain is always obtained at the minimum carrier density
point irrespective of the active layer type or size.
In the III-V group of direct bandgap materials generally used to make
semiconductor lasers, there is a large asymmetry between the conduction
band electron mass and the dominant valence band heavy hole mass,
which is typically about 7 times heavier. The lasing condition is satisfied
once the separation of the quasi-Fermi levels exceeds the bandgap, i.e.,
/.tc - tt v > Eg, of the material (Bernard and Duraffourg, 1961), and the
optimal way to achieve this is in a material where the conduction and
valence bands are mirror reflections of one another and have low density
of states such that the electron and hole distributions become degenerate
at low injected carrier densities (Adams, 1986; Yablonovitch and Kane,
1986). The triple degeneracy at the valence band edge is broken in the
bulk material by the spin-orbit coupling that leads to the formation of
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F i g u r e 3 . 5 : Gain-carrier density relationship for 1, 2, and 3 quantum wells.
The calculation is first done for 1 quantum well, and the result is then scaled to
obtain the family of curves. For a given threshold gain, the horizontal regions
define the optimal range of operation for the minimum threshold carrier density.
The material parameters are the same as the quantum well case in Fig. 3.4.

the split-off band. The large mass of the heavy hole b a n d results from
the interaction between the r e m a i n i n g double degeneracy. There are a
n u m b e r of ways to remove this degeneracy, and one of t h e m is q u a n t u m
confinement, as in the q u a n t u m wells. This can be f u r t h e r enhanced by
the use of compressive strain, which moves the light-hole b a n d edge furt h e r below the heavy-hole b a n d edge such t h a t the topmost valence b a n d
is now more parabolic with a light-hole character. In the case of tensile
strain, the light-hole b a n d edge moves up relative to the heavy-hole b a n d
and at sufficiently high levels of s t r a i n becomes the topmost band with
a low effective mass.
To illustrate the effects of incorporation of s t r a i n on differential gain,
we again use the expression for gain in Eq. (3.57). We have used the
e x p e r i m e n t a l effective masses d e t e r m i n e d for the strained Ino.2Gao.sAs/
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GaAs system for our calculations: m e - 0.071m o and m h - 0.086m o (Jones
et al., 1989). Figure 3.6 shows the two distinct effects of the inclusion of
strain, i.e., the drastic reduction in the t r a n s p a r e n c y carrier density and
the increase in the differential gain (Suemune 1991a; Lester et al., 1991b).
Large e n h a n c e m e n t s in the modulation b a n d w i d t h were predicted based
on this increase in differential gain for strain-incorporated s t r u c t u r e s
(Suemune et al., 1988). Figure 3.6 also points out t h a t the gain for strained
s t r u c t u r e s also s a t u r a t e s more rapidly t h a n for the lattice-matched case.
This s a t u r a t i o n is easily overcome with MQW s t r u c t u r e s or w h e n there
is more t h a n one quantized level present.
In the GaAs system, strained active layers are typically obtained
using InxGal_xAs as the active area. For increasing values of In mole
fraction, the active region becomes more compressively strained. In the
InP system, InxGal_xAs is lattice matched for x = 0.53; for x > 0.53, the
active area is u n d e r compression, and for x < 0.53, the active area is
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F i g u r e 3 . 6 : Comparison of gain and differential gain for strained and lattice
matched active areas. The gain is enhanced and the transparency carrier density
reduced for the case of strain in the active region. The calculations compare the
strained SQW InGaAs/GaAs and unstrained GaAs/A1GaAs systems.
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under tension. It is also possible to obtain quartenaries, InxGal_xASyPl_~,
with both types of strains in the InP system. Although low-threshold
InP lasers have been demonstrated for compressive and tensile strained
active areas, both theoretical (Corzine and Coldren, 1991) and experimental (Fukushima et al., 1991a, 1993a) work suggests that lasers
with compressively strained active regions may be better for high-speed
performance.
Experimentally, there is a maximum thickness, called the critical
thickness, to which lattice-mismatched materials may be grown, for a
given amount of strain, before it becomes thermodynamically favorable
for this mismatch to be accommodated via the formation of dislocations.
This thickness is typically on the order of 100s of angstroms. This means
that typically it is only the quantum well lasers that are coherently
strained as well. In the InP system, where materials with both compressive and tensile strain can be grown, it is possible to beat this critical
thickness limit by some form of strain compensation (Miller et al., 1991;
Seltzer et al., 1991).
Presently, the largest modulation bandwidths in both the InP and
GaAs systems have been obtained with strained MQW structures. A modulation bandwidth of more than 40 GHz has been demonstrated for
Ino.35Gao.65As/GaAs compressively strained quantum well lasers with
four quantum wells (Weisser et al., 1992, 1996; Ralston et al., 1994),
and InGaAs/InP lasers comprising seven compressively strained quantum
wells with maximum bandwidths of 25 GHz also have been fabricated
(Morton et al., 1992).
Quantum well or wire lasers have very small active areas, and unlike
the bulk lasers with much larger active areas, they require a separate
confinement heterostructure (SCH) to maximize the transverse optical
confinement factor. In the preceding section we saw the effects of carrier
transport across the SCH region on the dynamic properties of semiconductor lasers. As the carrier density rises in the active region, there is an
increasing probability that the SCH region also gets significantly populated. Due to the much larger density of states present in the SCH region,
this process of bandfilling or carrier overflow causes a proportionately
smaller increase in the quasi-Fermi levels for the same level of carrier
injection. From the gain equation, it can be seen that the [fc(E) - fv(E)]
function is correspondingly reduced, leading to lower levels of gain for
the same injected carrier densities.
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The bandfilling function or the movement of the quasi-Fermi levels
under carrier injection, including the effects of the SCH regions, may be
computed as

n = Lrs~CH~pc ScH(E -- E b)
j_~QW JEb

'

1
dE
1 + e x p [ ( E - ~c)/k~

(3.65)

+ ~o~Pc'Qw(E)I + e x p [ (1E - ttc)/kT] dE
where E b is the energy barrier in conduction band, L s c H is the width of
the SCH region, LQW is the width of the quantum well active area, and
Pc,SCH and Pc,QW are the conduction band density of states in the SCH
and quantum well regions, respectively. The LScH/LQw is included to
account for the larger number of states (volumetrically) available in the
SCH compared with the quantum well. The calculation is similarly carried
out for the valence band to determine tt~ These are then used as input
to the gain equation. The bandfilling function is calculated assuming that
the carrier distributions in the SCH regions are uniform.
Figure 3.7 shows the effect of carrier overflow on the gain function.
The SCH region is assumed to be 2000/k wide and has a total band offset
of 350 meV, of which 60% is across the conduction band. The effective
masses in the SCH regions have been assumed to be the same as those
in the active area. The total gain, as well as the differential gain, is
reduced as a result of carrier overflow from the active region. From Fig.
3.7 it also can be seen that the conduction band overflow is a more sensitive
function of the carrier density. Although initially the hole overflow is
larger than the electron overflow due to the larger density of states, it is
also not very sensitive to carrier density for the same reason and remains
at low values throughout. The carrier occupation of the confinement regions, as well as the higher-lying bands like the L and X valleys, has a
profound effect on the static properties, like the threshold current, as well
as the dynamic properties of quantum well lasers (Nagle et al., 1986;
Chinn et al., 1988; Nagarajan et al., 1989; Blood et. al., 1989; Zhao et al.,
1991). The effect ofbandfilling is dealt with in detail in Chapter 1 of this
book.

p-Doping
Doping the active area with an acceptor impurity has been shown to
increase the differential gain and improve the dynamic performance of
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F i g u r e 3.7: Effect of bandfilling and cartier overflow on the gain-carrier
density relationship. Due to the lower mass and a smaller density of states in
the current confinement regions, electron overflow is more significant than hole
overflow. The SCH region is assumed to be 2000 A wide and has a total band
offset of 350 meV, of which 60% is across the conduction band.

semiconductor lasers (Su and Lanzisera, 1984; Uomi et al., 1990; Aoki et
al., 1990; Sugano et al., 1990; Zah et al., 1990; Cheng et al., 1991; Lealman
et al., 1992). Although there are some modifications to the band structure,
like the formation of band tails, from the gain function it can be seen that
doping the active region affects the [fc (E) - fv(E)] function primarily.
Figure 3.8 shows the effect of both p and n doping of the active region.
Intuitively, any form of doping leads to some initial separation of the
quasi-Fermi levels, thereby reducing the level of carrier injection required
to reach threshold. This is reflected in the reduction of the transparency
carrier density for both cases but more so for the case of n doping (Vahala
and Zah, 1988; Shank et al., 1992; Yamamoto et al., 1994). This is due to
the lower conduction band effective mass and the resulting smaller density
of states. The differential gain is higher only for the case p doping, and
it is lower in the case n doping (Vahala and Zah, 1988). The reduction in
differential gain in the case of n doping is not as puzzling as it may seem.
The n doping pushes the initial electron Fermi level into the conduction
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Figure
3 . 8 : Modification of the gain function by p and n doping of the active
region, n doping the active area leads to lower carrier density at transparency,
and p doping it leads to enhanced differential gain. The material parameters are
the same as the quantum well case in Fig. 3.4.

band, where the electron density of states is larger. Thus any increment
of carriers under injection does not cause as rapid a separation of the
Fermi levels (and hence as large an increase in gain) as at the band edge.
At sufficiently high carrier densities, the differential gain enhancement
is no longer present due to gain saturation. This is a real problem, because
doping the active area generally leads to increased levels of internal loss,
thus requiring much larger gain at threshold (Cheng et al., 1991). The
use of a q u a n t u m well active area allows for a modulation doping scheme
where the barriers and/or the SCH are selectively p doped (Uomi et al.,
1990). This allows the acceptor sites to be separated from the active region.
This limits the increase in free carrier absorption loss t h a t can result
from directly doping the active region. Selectively doping the barriers also
prevents the complications of band tail formations t h a t can result from
doping the active region.
Some of the largest bandwidth lasers demonstrated to date have pdoped active regions. In addition to the compressively strained MQW
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structures, the lasers with the largest modulation bandwidths at 1-ttm
wavelength (InGaAs/GaAs) are modulation p doped with Be (Weisser et
al., 1992; 1996; Ralston et al., 1994) and at 1.55-ttm wavelength (InP)
are completely p doped with Zn (Morton et al., 1992). Modulation bandwidths as high as 22 GHz have been demonstrated in Zn p-doped bulk
active region lasers at 1.3 ~m (Huang et al., 1992).

Wavelength detuning
This method of differential gain enhancement is applicable to laser structures where the lasing wavelength can be set independently of the peak
wavelength of the material gain, as in the distributed feedback (DFB)
lasers, where the lasing wavelength is determined by the internal grating
structure that provides the feedback. This wavelength need not coincide
with the peak of the gain spectrum as long as there is sufficient gain in
the spectral region where the lasing occurs.
The principle of differential gain enhancement using wavelength detuning is illustrated in Fig. 3.9, where the gain and the differential gain
are plotted as a function of wavelength for a quantum well active area.
It can be seen that the differential gain is higher on the shorter-wavelength side of the gain peak. Negative detuning of the lasing wavelength
from the gain peak is employed in DFB structures to take advantage of
this differential gain enhancement (Kamite et al., 1987; Nishimoto et al.,
1987). The fastest bulk (Uomi et al., 1989) and quantum well (Morton et
al., 1993, 1994) DFB lasers operating at 1.5-ttm wavelength are negatively
detuned.
Another interesting point in Fig. 3.9 is that there is a maximum in
the spectral variation of the differential gain. Although intuitively it will
be best for the high-speed devices to operate at that point, unfortunately,
it occurs in the region of negative gain for the regular undoped quantum
well lasers. As also illustrated in the same figure, the wavelength at
which the maximum in the differential gain occurs can be shifted into
the region of positive gain by p-doping the active region. The use of strain
will shift it further toward the gain peak. What is not obvious here is
that as the dg/dn term passes through the maximum, the dn'/dn, i.e., the
variation in the refractive index with carrier density, which is related to
the differential gain via the Kramers-Kronig relationship, will pass
through zero. The linewidth enhancement parameter, which is the ratio
of the index variation with carrier density to the gain variation with
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carrier density, will be zero at this wavelength (Yamanaka et al., 1992).
Thus it is possible to fabricate lasers with ultralow chirp u n d e r modulation
using wavelength detuning. Lasers with a p a r a m e t e r s less t h a n unity in
the wavelength region with positive m a t e r i a l gain have been demons t r a t e d by Kano et al. (1993) by d e t u n i n g the lasing mode in p modulation
doped strained multiple q u a n t u m well InGaAsP/InP lasers.

3.3.2

Optimization

of

carrier

transport

parameters

In Sect. 3.2 we h a d included the effects of the carrier t r a n s p o r t time across
the separate confinement h e t e r o s t r u c t u r e (SCH) and the carrier emission
time out of the active area into the SCH in the rate equation analysis of
laser dynamics. An SCH layer is typically used together with active areas
of very small widths, as in q u a n t u m well lasers, to maximize the transverse optical confinement factor. This region is usually absent in bulk
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laser designs, which have much wider active areas. The SCH layer, which
is optimized for both optical and carrier confinement, is inserted between
the normally doped cladding regions and the quantum well active area.
The SCH region is nominally undoped to reduce the internal loss.
This leads to carrier transport delays in the SCH that translates into a
parasitic-like roll-off in the modulation-response curves. The bandgap
energy chosen for the SCH region determines the confinement energy for
the carriers in the active area. The carrier escape rate is an exponential
function of this energy, and a small barrier results in a degradation of
the differential gain via static bandfilling effects and dynamic carrier
emission events. The transport effects are more complicated in a multiple
quantum well laser structure, where one has to also consider the transport
mechanisms between the various wells. Carrier trapping can lead to severe localization of carriers within certain wells. The resulting nonuniform
pumping of the quantum wells will degrade the high-speed response of
multiple quantum well lasers.
Carrier transport

time

From the analysis of Sect. 3.2, the most dramatic effect of carrier transport
is the low-frequency roll-off in the amplitude modulation response. To
investigate the effects of varying the transport time Tr on the modulation
response, lasers were fabricated from three SQW Ino.2Gao.sAs/
Alo.lGao.9As samples with different SCH widths: sample A with 760-Awide SCH, sample B with 1500-/~-wide SCH, and sample C with 3000-Awide SCH. Figure 3.10 shows the experimental C.W. modulation response
of samples A and C, respectively. The samples both have 300-#m-long
cavities and 2.5-#m-wide ridges. Although the devices are identical except
for the SCH width, the modulation response of sample C with the widest
SCH region is completely damped at about half the output power level
of sample A, and the bandwidth of sample A is six times that of sample
C at higher power levels. The maximum C.W. modulation bandwidth for
sample A is 18.1 GHz, which is the largest reported to date in SQW lasers
(Nagarajan et al., 1992a). Such a roll-off in wide SCH but otherwise
identical laser structures in the InP system also has been reported (Wright
et al., 1992; Grabmaier et al., 1993).
The damped response of sample C shows all the effects predicted by
the carrier transport model. The response is similar to one of a device
that is limited by a low-frequency parasitic-like roll-off. In this case it
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cannot be attributed to device parasitics because both devices had been
processed identically. To ascertain this, the parasitics, including the bond
wire inductance, were extracted from the $11 parameter measured at the
input port to the laser mount, and in addition, the series resistance was
measured using the HP 4145B semiconductor parameter analyzer. The
series resistance of the devices is 4 D, The roll-off frequency due to the
device parasitics is about 25 GHz. From the fit to the low-frequency rolloff in the modulation response o of sample C, the value of Tr is determined
to be about 54 ps for the 3000-A-wide SCH, in agreement with the values
calculated from published mobility values (Nagarajan et al., 1992d).
The variation of differential gain and gain compression factor ~ with
SCH width in these lasers is obtained from the modulation response as
well as the relative intensity noise spectra. As shown in Fig. 3.11, the
results from the modulation response agree with the data extracted from
the noise spectra measurements. This indicates that except for the roll-
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off that places, an upper limit on the amplitude modulation bandwidth,
the differential gain, and gain compression data can be extracted accurately from the noise spectra measurements. Figure 3.11 shows that the
gain compression factor slightly increases for larger SCH widths, but
given the scatter in the data, this variation of ~ with SCH is not significant,
and this variation alone cannot explain the severe low-frequency roll-off
in sample C with the widest SCH region. The variation in the differential
gain extracted from the modulation response and noise spectra measurements, which can be thought of as an effective differential gain, is in
contrast to the results from the threshold gain measurements (derived
from the broad area threshold current density measurements) in Fig.
3.12, which predicts an increasing differential gain with increasing width
of the SCH layer. Sample C with the lowest threshold current density
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has the lowest effective differential gain. This is again due to carrier
transport, which reduces the differential gain from go to go/)(. This reduction in the differential gain is also responsible for the reduction in resonance frequency at high power levels in sample C compared with sample
A [Fig. 3.10(a) compared with Fig. 3.10(b)].
Figure 3.13 shows the variation in the - 3 - d B modulation bandwidth
with the square root of optical power for samples B and C. There is good
agreement between the experiment and model over a large range of optical
power, and the model accurately predicts the discontinuity, caused by
carrier transport, in the - 3 - d B bandwidth for sample C. In the calculations, the value for e is taken to be 1.5 x 10 -17 cm 3 throughout. The bold
line gives the exact solution [Eq. (3.12)], and the dashed line shows the
analytic results [Eq. (3.13)]. For a SCH width of 1500/k, both equations
give identical results. At 3000 A, the bandwidth values predicted by both
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expressions are almost the same, except in the vicinity of the power level
at which the low-frequency roll-off causes a j u m p in the curve. This shows
t h a t the assumption made to obtain the analytic expressions is valid even
for the devices with the widest SCH layers.
Figure 3.14 shows the experimental variation in the - 3 - d B modulation bandwidth with SCH width at different power levels. Here again,
the predictions of the analytic expression are very close to the results from
the exact expression. The optimal SCH width also corresponds roughly to
the point at which the optical confinement factor is a maximum. For a
narrow SCH, the bandwidth drops off due to a decreasing optical confinement factor, resulting in a larger threshold gain and thus a lower differential gain. At larger SCH widths, the combination of a decreasing
confinement factor and an increasing carrier transport time across the
undoped regions of the SCH limits the modulation bandwidth. At suffi-
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ciently high powers for wide SCH devices, the characteristic drop due to
carrier transport appears in the modulation bandwidth curve.
Figure 3.15 shows the variation in aeff with width of the SCH. For a
given carrier confinement energy in the SCH, laser structures with wide
SCH regions have a larger amount of wavelength chirping. This translates
into higher FM efficiencies in lasers with wider SCH regions (Nagarajan
and Bowers, 1993a). This trend has been observed experimentally (Wright
et al., 1992; Yamazaki et al., 1993; Kitamura et al., 1993). The increase
in the amount of chirp with the SCH width is due primarily to the increase
in carrier transport time, which is proportional to the square of the SCH
width, and the decrease in the optical confinement factor.
The experimental values for the intrinsic variation of index with carrier
density in the q u a n t u m well active region (On/ONwo) and the SCH region
(On/ONbo)are required as material p a r a m e t e r inputs to the analytic expressions for aeffin Eq. (3.43). There have been a range of values between 10 -20
and 10 -22 cm -3 reported in literature for the GaAs/A1GaAs (Manning et
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al., 1983; D u t t a et al., 1984) and the InGaAs/GaAs systems (Rideout et al.,
1990; D u t t a et al., 1992), with the later results in the InGaAs/GaAs s y s t e m
( D u t t a et al., 1992) being at lower end of the spectrum. In our case, the SCH
is bulk A1GaAs, and the active region is a InGaAs q u a n t u m well. We have
t a k e n an/aNwo ( q u a n t u m well active region) to be 5 • 10 -21 cm -3 and
On/ONbo (bulk SCH region) to be 5 • 10 -20 cm -3.

Carrier escape time
The e x p e r i m e n t a l d a t a for the dependence of the high-speed p a r a m e t e r s
on the thermionic emission time is obtained from two samples with different energy b a r r i e r s in the SCH: sample D with Alo.15Gao.s5As SCH and
sample E with GaAs SCH. Figure 3.16 shows the variation in resonance
frequency with the square root of the power obtained from the modulation
response d a t a for the two cases considered here. The resonance frequency
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for the MQW laser with Alo.15Gao.s5As SCH (higher barrier and hence a
longer thermionic emission time) is almost twice that of the laser with
GaAs SCH at equivalent power levels.
The data for the comparison is summarized in Table 3.2 (Nagarajan
et al., 1992c), where it can be seen that the differential gain for sample
D is more than 2.5 times that of sample E. The gain compression coefficient
s for both cases is about the same. Both devices have a 205-ttm-long cavity
and a 2-ttm-wide ridge. The larger differential gain in the case of sample
D, with Alo.15Gao.ssAs SCH, is surprising considering that it had a larger
threshold gain due to a larger internal loss and a smaller optical confinement factor. Consequently, due to gain saturation in q u a n t u m well lasers,
it is expected that they have a lower differential gain. This result is
consistent with the carrier transport model, which attributes part of this
discrepancy to the reduction in the effective or dynamic differential gain
in sample E due to an increase in X caused by a reduction in re. Further,
the lower energy barrier and the larger density of states in SCH of sample
E lead to a severe carrier overflow, thereby causing a much slower rise
in the quasi-Fermi levels under carrier injection (Nagle et al., 1986; Nagarajan et al., 1989; Zhao et al., 1992). This reduces the differential gain
even under static operating conditions.
The various carrier transport times in a q u a n t u m well laser are a
sensitive function of temperature. As a further proof of validity of the
present model, the noise spectra of the lasers at various temperatures
between - 6 5 and + 50~ were measured, and the temperature dependence
of the K factor was extracted.
In semiconductor lasers, even in the absence of transport effects, the
K factor would increase with temperature if the gain compression factor
is temperature-independent. This is so because the gain, and thus the
differential gain, decreases as the temperature increases. In the presence
of transport effects, this increase would be more pronounced because the
transport factor X also increases with temperature, leading to a further
reduction in the differential gain.
Figure 3.17(a) shows the variation in K factor with temperature for
sample F, which is an SQW Ino.2Gao.sAs/Alo.lGao.~S laser with an SCH
width of 900/k, and Fig. 3.17(b) shows that of sample C, which is also an
SQW Ino.2Gao.sAs/Alo.lGao.9As laser but with an SCH width of 3000 A. The
Kfactor for sample C is much more sensitive to temperature variations t h a n
that of sample F (Ishikawa et al., 199 la; Nagarajan et al., 1992d).
Results from the model for three different cases have been presented in
Fig. 3.17 together with the experimental data. The first curve was computed
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Gain C o m p r e s s i o n
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1.8 x 10 -17 cm 3

1080 c m - 1
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Table
3 . 2 : Effect of bandfilling and thermionic emmission on the t h r e s h o l d gain, differential gain, and gain compression factor as m e a s u r e d in two otherwise identical devices with different carrier confinement energies in the SCH region.
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using the analytic expression, the second using the exact solution, and the
third using the analytic solution but neglecting transport effects and considering only the variation in differential gain with temperature. For the
case of sample F, where the transport effects are not significant, all three
curves lie close to one another and do not show much variation with temperature. For sample C, variations in differential gain with temperature alone
are clearly insufficient to explain the Kfactor trend with temperature. From
the Fig. 3.17(a) and (b) it can be seen that the analytic solution is in good
agreement with the exact solution. There is some discrepancy in the actual
K factor values predicted in the wide SCH case. The model assumes a
constant value for the gain compression factor s, but experimentally, there
is some increase in the e values for the wide SCH devices (see Fig. 3.11).
This increase in s will have to be taken into account for better absolute
agreement between the model and the experiment.
The enhanced temperature sensitivity of the K factor in the wide
SCH case is the result of the temperature dependence of the transport
parameters. Figure 3.18 shows the calculated variation of Te, Tr and X
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with temperature for sample C with the widest undoped SCH region. The
thermionic emission time decreases exponentially with temperature and
is the major contributor to the increase in X. The SCH diffusion time is
temperature-dependent via the temperature dependence of the ambipolar
diffusion coefficient. Generally, the carrier mobilities decrease as the
square of the temperature and the diffusion coefficient increases linearly
with temperature, leading to a linear increase in Tr with temperature.
Both the decrease in Te and the increase in Tr lead to an increase in X and
thus an enhanced reduction in K. This clearly demonstrates the significant
role played by carrier transport in the modulation dynamics of semiconductor lasers.
The enhanced temperature dependence of K factor in laser structures
where transport effects are dominant also have been observed in the InP
system. Figures 3.19 and 3.20 show the temperature dependence of the
K factor for 1.3- and 1.5-#m wavelength lasers (Ishikawa et al., 1992a).
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The lasers with fewer and narrower q u a n t u m wells have a large K factor
at room temperature, and the temperature dependence is also more significant. The K factors are less sensitive to t e m p e r a t u r e for the lasers with
a larger number and wider q u a n t u m wells. The K factor for the bulk
double heterostructure (DH) sample is also insensitive to temperature.
Laser structures with lower carrier confinement energies in the SCH
layers also have larger aeff and hence larger amounts of wavelength chirping under current modulation (Nagarajan and Bowers, 1993a). As shown
in Fig. 3.21, Ino.2Gao.sAs/AlxGal_xAs lasers require A1 mole fractions (x)
of at least 15% for the wavelength chirping to reach its m i n i m u m value.
The variation of differential gain go with carrier confinement energy,
which is required as an input for the computation of the results presented
in Fig. 3.21, was theoretically calculated using more sophisticated models
t h a n discussed earlier, considering valence band mixing effects and the
appropriate m o m e n t u m matrix elements (Corzine et al., 1990). This calcu-
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and the dynamic carrier transport effects.

lation also considered the carrier occupation in the SCH region u n d e r
bandfilling and carrier overflow effects. The static differential gain increases as the confinement energy increases due to a reduction in the
bandfilling or the carrier overflow effect. The dashed line in Fig. 3.21
shows the variation in the effective a p a r a m e t e r caused solely by the
variation in the differential gain with confinement energy. This could
be called the structure dependent contribution as opposed to the purely
transport component, which is given by the difference between the bold
and dashed curves.
In Fig. 3.15, the variation in aeff with width of the SCH is almost all
due to carrier transport. The carrier overflow is not a sensitive function
of SCH width, at least not for the moderately high confinement energy
(A] mole fraction of 10%) considered in Fig. 3.15, so the differential gain
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does not vary significantly with SCH width. The only time when there
may be a significant variation in differential gain with SCH width is when
the loss levels in the cladding regions are dominant (Fig. 15a in Nagarajan
et al., 1992d). In this case, differential gain will be reduced at very small
SCH widths due to a large gain required at threshold, and the curves in
Fig. 3.15 would roll over in that region.
Multiple

quantum

well structures

There are additional complications due to carrier transport between the
various quantum wells in the MQW system. Carrier transport across the
MQW structure, i.e., between the quantum wells, is either via thermionic
emission and then transport across the barrier and capture by the next
quantum well or tunneling (r t) through the barrier. For a well-designed
barrier, the barrier transport and capture times are negligible compared
with the initial thermionic emission time from the quantum well. Thermionic emission and tunneling are competing processes, and the faster one
will dominate. If a barrier transport time Tb is defined, then
1
....
Tb

1
1
~
T~ Tt
-

-

(3.66)

The barrier transport time Tb corresponding to the electrons and holes
will be different. The derivation of the ambipolar tunneling or emission
times is more difficult. In the case where the dynamics of one carrier
dominates, its tunneling or emission time may be taken to be the effective
quantity with little effect on the final results. Figure 3.22 shows the
variation in carrier transport times, at room temperature, for different
barrier thicknesses for an Ino.2Gao.sAs quantum well and a GaAs barrier
(Nagarajan et al., 1991c, 1992d). For sufficiently small widths (<50 A),
tunneling dominates the carrier transport across the barriers. For intermediate structures, hole transport is mainly by thermionic emission, while
tunneling dominates electron transport. For thick barriers, the experimental tunneling times are somewhat larger than the calculated ones
because the scattering in the barriers makes the tunneling process incoherent (Leo et al., 1990). This does not affect our model because thermionic
emission and subsequent diffusion across the barrier dominate both electron and hole transport in this regime. The slope of the electron and hole
transport times decreases for wider barriers, and this apparent saturation
is due to the fact that the diffusion time is still a small part of the total
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transport time across the barrier. For very wide barriers, the diffusion
time across the barrier dominates over the thermionic emission time,
which is independent of the barrier width.
Our analysis so far has considered a single quantum well active area.
The multiple quantum well structure also may be analyzed using the
ambipolar current injection mechanism discussed previously. Figure 3.23
compares the carrier distribution in the SCH obtained using the exact
self-consistent solution to the current continuity and Poisson's equations
with the one obtained using the assumption of ambipolar current flow.
Although the electron and hole injections are from the opposites of the
SCH, the final carrier distribution is weighted toward the p cladding side
due to the smaller mobility of the holes and follows the ambipolar carrier
distribution very closely. This calculation is done for the case of an unstrained 10-quantum-well InGaAs/InP laser (Ishikawa et al., 1994) with
barrier bandgap wavelength of 1.2 /zm. The quantum wells are 100
thick.
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Although the ambipolar model may be used to accurately describe
the spatial carrier density variation among the q u a n t u m wells in an MQW
structure, the actual carrier density within the q u a n t u m well will be
different because only part of the carriers are two dimensionally confined
to the q u a n t u m well, whereas the rest remain unconfined in the three
dimensional bulk like energy states above the q u a n t u m well. Figure 3.24
shows the distribution of the carriers (electrons and holes) between the
confined and unconfined states. This calculation is again done for the
same InGaAs/InP laser structure, where the holes are more effectively
confined and the electron overflow is significant. The differential gain of
the active region is determined by the confined carriers, and hence the
spatial variation in the carrier density will lead to the degradation in the
overall device performance (Tessler and Eisenstein, 1993a, 1994). Proper
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F i g u r e 3 . 2 4 : Calculated carrier (holes and electrons) profile as in the case
of Fig. 3.23 but showing the distribution of the carriers between the twodimensionally confined states in the quantum well and three-dimensionally confined states above the quantum well or in the barriers.

design of the SCH, barrier, and q u a n t u m well layers is needed to minimize
these effects.
There are a number of differences between designing high-speed lasers in the InGaAs/GaAs/A1GaAs and the InGaAsP/InP systems. The first
difference in the InP system is t h a t the total change in the confinement
energy t h a t can be obtained in going from InP to InGaAs, under latticematched conditions, is only 0.75 eV compared with 1.59 eV in the bandgaps
of GaAs and AlAs lasers. InGaAs has a smaller bandgap t h a n GaAs,
thus offering an even larger energy range. The refractive index difference
obtainable for the same composition range is also larger in the InGaAs/
GaAs system. These factors lead to more efficient design of the q u a n t u m
confinement and waveguiding structures in the InGaAs/GaAs system as
compared with the InGaAs/InP system.
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The second difference in the InGaAs/InP system is that the conduction
band offset is 40% and thus is smaller than the valence band offset. This,
together with the fact that the energy range for the design of quantum
structures in the InGaAs/InP system is small, leads to two problems. The
first is that the electrons are not sufficiently confined to the quantum
wells, and the second is that the holes are rather easily trapped in the
quantum wells. Although this may seem like two different ways of stating
the same problem, the implications are different. The first implies a small
thermionic emission time, and thus a large X, leading to a reduction in
the effective differential gain. The second implies a large barrier transport
time, leading to hole trapping, a large X, and poor operation of an MQW
structure. Since the carrier transport in this case is also ambipolar, the
average of these two effects will govern the dynamics of lasers in this
system.
One solution to the carrier transport problems encountered in longwavelength, high-speed lasers in the InGaAs/InP system is to use
InA1GaAs instead of InGaAsP for the barrier, SCH, and the cladding
regions. The conduction band offset ratio in the InGaAs/InA1GaAs system
is the same as in the InGaAs/GaAs system. InGaAs/InA1GaAs lasers
operating at 1.55 ]~m have been shown to have a smaller K factor and a
smaller gain compression factor compared with lasers in the InGaAs/
InGaAsP system (Grabmaier et al., 1991). Figure 3.25 shows the calculated modulation bandwidth as a function of the undoped SCH width for
InGaAsP and InA1GaAs SCH material with the same bandgap wavelength
of 1.25 ~m and width of 2000/~ (Ishikawa et al., 1992b). The thermionic
emission time is longer for the InA1GaAs SCH due to the deep conduction
band well, and it leads to overall better carrier confinement and consequently a larger modulation bandwidth.
In the carrier transport model, the effective transport time is computed for the undoped SCH region between the doped cladding and the
quantum well active region. Keeping the SCH region undoped couples
the problem of optimizing the optical confinement factor and the carrier
transport time. Figure 3.25 shows how the SCH width and the carrier
transport time may be independently optimized by doping the SCH region
part way. The SCH width is optimized for maximum optical confinement
factor, and the doping profile is adjusted to obtain the minimum transport
time without increasing the internal loss, due to free carrier absorption,
to unacceptable levels at small doping offsets. The increase in internal
loss, and hence a reduction in the differential gain due to gain saturation,
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with decreasing doping offset from the q u a n t u m well active region has
not been considered in this calculation.
We will not discuss all the tradeoffs required in the design of an
optimized MQW laser structure in detail here. Instead, we will highlight
the major reason that was stated previously for using more t h a n one
q u a n t u m well in the active region, i.e., the gain saturation in a single
q u a n t u m well and the larger available differential gain with multiple
q u a n t u m wells. This gain saturation with carrier density leads to an
optimal cavity length for the maximum modulation bandwidth. This is
quite unlike lasers with bulk active areas, where the differential gain is
fairly insensitive to carrier density variations and shorter cavity lengths
lead to larger modulation bandwidths due to the reduction in the photon
lifetime. In q u a n t u m well lasers, the carrier density-dependent differential gain works in opposition to the effects of a reduced photon lifetime.
These tradeoffs are illustrated in Fig. 3.26, which shows the experimental
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and theoretical variations in modulation bandwith with cavity length for
SQW and MQW lasers. The parasitics were more significant in this set
of devices, and the R C product was about 14.5 ps. The effects of the
parasitics have been deconvolved from the experimental data presented
in Fig. 3.26. As the cavity length is reduced, the threshold gain increases,
leading to a decrease in the differential gain. This is balanced by the
reduction in photon lifetime, and this results in an optimal cavity length
for the m a x i m u m modulation bandwidth. Generally, MQW lasers have a
larger modulation bandwidth t h a n SQW lasers, but the cavity length in
the MQW case has to be sufficiently short to take full advantage of this.
The optimal cavity length for the SQW case is 300 ttm. For three or more
q u a n t u m wells, the optimal cavity length is below 100 ttm (Nagarajan et
al., 1992d). It is difficult to cleave lasers below this limit, and one may
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have to resort to dry etching techniques to fabricate lasers with very short
cavity lengths (Lester et al., 1991a). Further, lasers with short cavity
lengths are more prone to thermal heating and may not perform as well
as theoretically expected. To overcome this practical problem, one may
have to use MQW lasers with nonoptimal cavity lengths.
3.3.3

Nonlinear gain

In addition to the gain saturation at high carrier densities, which is more
pronounced in low-dimensional active regions, the gain also saturates at
high photon densities, irrespective of the type of active area. In the rate
equation analysis of semiconductor laser dynamics, this saturation phenomenon has been included via the gain compression factor s. The form
and the source of the gain suppression have been a source of controversy.
Using the third-order perturbation theory in the density matrix approach, the linear form of gain suppression is written as geff - g(1 - sS) (Yamada and Suematsu, 1979; Kazarinov et al., 1982; Asada
and Suematsu, 1985; Agrawal, 1987), where S is the photon density in
the laser cavity and g is the material gain that was derived previously
also using the same density matrix method. This form has the drawback
that geff becomes negative at sufficiently large photon densities. For s,
which is typically on the order of 10 -17 c m 3, these photon densities are
well within the operating range of the semiconductor lasers.
Using the theory of gain saturation in homogeneously broadened twolevel laser systems (Yariv, 1989), Channin (1979) suggested the g e f f g/(1 + sS) form of gain suppression for analyzing semiconductor laser
dynamics. Although the experimental data for high-speed lasers is in
better agreement with this form of gain suppression originally derived
for a two-level laser system (Bowers, 1985), it does not strictly hold for
semiconductor lasers, where light emission is the result of band-to-band
transitions that occur between two continuums in the energy space. In
the limit of s S < < l , i.e., for small photon densities, both expressions
for gain suppression are equivalent (the former is the first-order Taylor
expansion of the latter).
Again using the density matrix analysis by modeling the laser gain
medium as an ensemble of two-level systems with different transition
frequencies, Agrawal (1988) proposed the geft
g/N/1 + sS form as an
approximate analytic expression for gain suppression. This expression
does not have the drawbacks of the original one, and again, for small
-

-
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photon densities, it is close to the original expression derived using the
third-order perturbation analysis. In a more elaborate work, including
the effects of non-Markovian type of intraband relaxation on the density
matrix formalism, Tomita and Suzuki (1991) have shown that of the three
analytic expressions that have been proposed, the geff = g/(1 + ~S) form
best agrees with the exact n u m e r i c a l solution of the problem. We have
thus used this throughout our analysis here.
The source of this nonlinearity also has been under much debate.
The two commonly accepted causes are spectral hole burning and transient carrier heating (Kesler and Ippen, 1987; Gomatam and DeFonzo,
1990; Willatzen et al., 1991). The relaxation broadening model for gain
implies the spectral hole burning model for gain suppression. The third
model attributes the nonlinear gain suppression to the feedback from the
spatial dielectric grating that is induced by the electric field standing
wave in the lasing cavity (Su, 1988). Later investigations in this area
(Frankenberger and Schimpe, 1990; Eom et al., 1991) have largely eliminated this as a probable cause for gain suppression in semiconductor
lasers.
Figure 3.27 shows the essential differences between spectral hole
burning and transient carrier heating as the causes of nonlinear gain
suppression in semiconductor lasers. In the spectral hole burning model,
depletion of carriers in the spectral vicinity of the lasing mode, which
generally coincides with the peak position of the gain function, causes a
reduction in the gain. A larger photon density causes an increased amount
of carriers to be depleted and hence a stronger suppression of gain. The
magnitude of this so-called spectral hole will depend not only on the rate
at which the carriers recombine but also on the rate at which they are
replenished via intraband scattering. The carrier heating model makes
use of the fact that the lasing energy is smaller than the separation of
the quasi-Fermi levels, and hence the recombination process actually
removes cold carriers from the conduction and valence bands. This leads
to an effective rise in the carrier temperature and hence a reduction in the
gain. A crucial difference in these two is that carrier heating component is
negative across the entire gain spectrum; i.e., the gain is reduced and the
absorption is increased (absorption is negative gain, so the same signs
have opposite effects) by this mechanism. The spectral hole burning component is negative in the gain region and positive (i.e., it reduces the
absorption by the creation instead of depletion of carriers) in the region to
the short-wavelength side of the transparency point in the gain spectrum.
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3 . 2 7 : Illustration of(a) the spectral hole burning and (b) the transient
carrier heating mechanisms proposed to explain the origin of the intrinsic gain
reduction with increasing photon densities in semiconductor lasers. In both figures, the dashed curve is the original material gain, and the bold curve is the
reduced (real) gain profile as affected by the respective gain-suppression mechanism.
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Measurements in semiconductor lasers using direct modulation techniques (Frankenberger and Schimpe, 1992) and ultrafast pump-probe
techniques (Mark and M~rk, 1992; Hall et al., 1992) have indicated that
both spectral hole burning and transient carrier heating components contribute to nonlinear gain suspension.

Spectral hole burning
From the density matrix analysis of nonlinear gain and spectral hole
burning arguments, the analytic expression for the gain compression factor can be written as (Yamada, 1983; Agrawal, 1987; Uomi and Chinone,
1989)

~-

(me2rEi)M2(~l)2(TcTv)

(3.67)

where t~r is the dielectric constant of the material, and Tc and Tv are the
intraband relaxation times in the conduction and valence bands, respectively. This expression has been derived the case for the bulk active region
here and thus is smaller than that given by Uomi and Chinone (1989) by a
factor of 1.5. This factor is the result of the enhancement in the momentum
matrix elements, at the band edge, in the case of the quantum wells. The
effective intraband relaxation time Tin used to compute the gain function
is related to re and r v as 1/Tin - (1/7"c + 1/Tv)/2. The (F3/F 2) is a geometric
factor that is defined as
~ +d/2

F3_

dj_d/21C(x)14dx

Ir (x)l dx
-d/2

where d is the total width of the active region, r
is the electric field
distribution, in the transverse direction, of the optical mode in the laser
cavity, and F1 and F 3 are the first- and third-order optical confinement
factors, respectively.
The conduction and valence band relaxation times are generally functions of the quantum well width, in addition to being also sensitive to the
carrier density and the energy from the respective band edges (Asada,
1989). Since the intraband relaxation times are also part of the gain
function, it is thus possible to optimize the effect of spectral hole burning
on the high-speed performance of quantum well lasers by optimizing the
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s / ( d g / d n ) ratio or the K factor (Uomi and Chinone, 1989). Although from
the density matrix analysis the gain compression takes the form of geff
= g ( 1 -- s S ) , it is still a useful way to optimize high-speed quantum well
structures.
Figure 3.28 shows the result of such an optimization assuming a
constant value for Tc of 200 fs and Tv of 70 fs, which gives a consistent
value of about 100 fs for Tin. Since the intraband scattering times are
not a very sensitive function of quantum well width (Asada, 1989), the
minimum in the s / ( d g / d n ) function generally occurs in the region of maximum d g / d n . Figure 3.28 shows the variation in the K factor and the
threshold carrier density with well width for a modal gain of 40 cm -1.
There is a minimum in the K factor at around well widths of 80 to 100
A. This is consistent with a previous report of such an optimization process, which also considered the variation in intraband scattering times
with quantum well width, for the InGaAs/InP quantum well structures,
where a minimum in the K factor was computed in the same range of
quantum well widths (Uomi and Chinone, 1989). Figure 3.28 shows that
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the threshold carrier density also increases as the well width is reduced.
This calculation does not include carrier overflow, which will make this
trend even more severe. Thus, for both high-speed and low-threshold
current, q u a n t u m well widths between 80 and 100/~ are optimal. A more
detailed analysis of spectral hole burning and its variation with q u a n t u m
confinement or strain is given by Takahashi and A r a k a w a (1989) and
Ghiti and O'Reilly (1990). These two works and others (Takahashi and
Arakawa, 1991) predict an enhancement in the nonlinear gain suppression with increasing levels of q u a n t u m confinement. Although the trend
with q u a n t u m confinement has been observed, the theoretically predicted
enhancement of gain suppression in q u a n t u m well lasers has not been
observed experimentally (Nagarajan et al., 199 lb, 1992c). There also have
been some experimental reports that p doping the active region leads to
a reduction in the nonlinear gain compression factor (Aoki et al., 1990;
Ralston et al., 1993). The reduction in s has been attributed to a reduction
in the intraband relaxation time as the result of doping. In these reports,
this trend in s was deduced from K factor m e a s u r e m e n t s in high-speed
lasers.
The experimental data for the gain compression factor presented
previously in Fig. 3.11 shows that it is about the same magnitude as
reported in lasers with bulk active areas and did not vary significantly
with SCH width. The carrier transport model that was derived in Sect.
3.2 did not influence ~ at all, although other models with enhancement
in s due to carrier transport also have been proposed (Rideout et al., 1991;
Wu et al. 1992; Tessler et al., 1992b). Although the s values quoted for
lasers in the InGaAs/InP system (Uomi et al., 1991; F u k u s h i m a et al.,
1991a, 1991b; Shimizu et al., 1991), on average, are higher t h a n the ones
t h a t we have reported for the InGaAs/GaAs system (Nagarajan et al.,
1991b), they are by no means anomalously high or enhanced in q u a n t u m
well lasers as they were initially speculated to be (Sharfin et al., 1991).
Experimental reports seem to indicate that ~ is independent of the laser
structure and is even unaffected by the inclusion of strain, compressive
or tensile, in the q u a n t u m wells (Hirayama et al., 1991; N a g a r a j a n et al.,
1991b; F u k u s h i m a et al., 1991a; Shimizu et al., 1991). Figure 3.29 shows
the experimental variation in the gain compression factor with cavity
length for SQW and MQW lasers. The gain compression factor is lower
for shorter-cavity lasers and lasers with a smaller number of wells. In
this case, the lowest value of s was for an SQW laser of 200-ttm cavity
length. This value of 9.98 x 10-18 cm 3 is about 5 to 6 times lower t h a n the
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values reported for MQW lasers operating at around 1.55-ttm wavelength
(Westbrook et al., 1989; Kitamura, 1989; Uomi et al., 1991; Fukushima,
et al., 1991b). The higher values of gain compression for MQW lasers
and lasers with longer cavity lengths indicate that this nonlinearity is
enhanced by increasing the quantum confinement of the carriers.

Transient

carrier

heating

Analysis of gain suppression due to transient carrier heating is somewhat
more complicated (Gomatam and DeFonzo, 1990; Willatzen et al., 1991).
In addition to the rate equations for the carrier and photon densities, the
analysis also requires separate equations for electron and hole energy
densities, which are a function of the respective carrier temperatures.
Willatzen et al. (1991) have derived an analytic expression for ~ assuming
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the geff
here:

-

-

g(1 - sS) form of gain suppression. We will just quote the result

E [ ag] [ouil-1Theat'iVg {[oui]
L~

i=c,v -- -~iiJNL-~ii JN

_t_Ei}

(3.69)

where T i is the carrier temperature, Ui is the energy density, E i is the
carrier energy at the lasing wavelength, Theat,i is the time constant with
which the carrier energy density relaxes toward the equilibrium lattice
energy density, Vg is the optical mode velocity in the laser cavity, and the
summation is carried over the conduction and valence bands, i = c, v.
The value for s is positive because the ag/aTi term, i.e., the variation of
gain with temperature, is usually negative. This term can be designed to
be positive, in which case negative s or gain enhancement with increasing
optical power density is possible. Experimental observation and theoretical t r e a t m e n t of such an enhancement in vertical cavity surface emitting
lasers were reported by Wang et al. (1993).
3.3.4

Photon density

From the expression for the resonance frequency derived in Eq. (3.15)
one of the parameters required for wide modulation bandwidth is a large
photon density in the laser cavity. The photon density So is related to the
output optical power Po and the bias current, Io as

So =

1hpvgO; m o=(1)
1
~
eVg(Olm --k Oli) ~i (Io -

Ith)

(3.70)
where Po is the total output power (including both facets), Ith is the
threshold current, Yi is the internal q u a n t u m efficiency, a m is the mirror
loss, ai is the internal loss, V is the volume of the active region, and V/F
is the volume of the optical mode.
From Eq. (3.70) it can be seen that a large output power does not
necessarily imply a correspondingly large photon density within the optical cavity. Although a high output power capability in a semiconductor
laser is highly desirable for large modulation bandwidths, it is the mode
volume that largely determines the photon density within the laser cavity.
Thus a large modulation bandwidth laser structure requires a tight optical
confinement within the laser cavity, and lasers using structures with large
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optical cavities (LOCs) to increase the reliable output power capability
will not be suitable for high-speed operation (Lau and Yariv, 1985a).
In distributed feedback (DFB) lasers that have internal phase-shift/
adjustment regions (a total of ~ 4 shift) for single-mode operation, the
large photon density required for high-speed operation within the optical
cavity leads to the spatial hole burning effect. In these DFB lasers, the
photon density within the cavity is nonuniform and is much higher at
the center of the cavity, where the phase shift region is located. The carrier
density in this region is reduced due to stimulated recombination, leading
to spatial variations in the refractive index. This degrades the singlemode behavior of the DFB lasers, and the side-mode suppression is reduced because the cavity is now capable of supporting multiple longitudinal modes (Soda et al., 1987). The magnitude of the spatial hole burning
effect increases with the amount of phase shift incorporated and the
magnitude of the coupling coefficient of the grating.
Spatial hole burning is undesirable for a number of reasons, the main
one being that it limits the maximum useful output power from a DFB
laser, thus limiting the maximum photon density in the laser cavity and
the resonance frequency. The nonuniform photon density distribution also
leads to nonuniform gain suppression (via ~, the gain compression factor)
over the length of the cavity. This affects the overall modulation response
of the DFB laser. The spatial hole burning effect also has been shown to
limit the minimum attainable laser linewidth (Okai et al., 1989) and
significantly modifies the wavelength chirping characteristics (Kinoshita
and Matsumoto, 1988) in DFB lasers.

3.3.5

Device operating conditions

The original expression for the resonance frequency [Eq.(3.15)] was derived in terms of the photon density. Ignoring the carrier transport effects
(which will only reduce the effective value of differential gain) and the
minor terms in ~ that have little effect on the analysis here, the equation
for the resonance frequency may be rewritten in terms of the experimentally measured quantities such as the output power and the bias current
as

Tp

\ h12 ]

~m

Y-~

e

(3.71)
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Equation (3.71) is interesting because it indicates different optimization procedures for devices that are limited by the photon density within
the laser cavity, output power, or thermal heating due to the bias current.
Using the expression in terms of So for photon density-limited devices,
reducing 7p will lead to enhancements in the resonance frequency. This
can be achieved by low-reflectivity facet coatings, and the assumption is
with the reduced reflectivity and the corresponding decrease in the external differential efficiency t h a t the bias current can be increased sufficiently to restore the original power level, if so required, without any
detrimental effects.
However, most devices are current limited or limited by the thermal
dissipation of the device structure. Using the expression in terms of I o,
Yi has to be increased and Ith has to be reduced to enhance the resonance
frequency.
Although the expression for w2 in terms of So does not present the
complete picture, it is the physical limitation, while the previous two are
more like device limitations. This is the one that has been used over the
years as a starting point for high-speed device optimization, and using
this approach, reducing the photon lifetime or increasing the cavity loss
rate, will lead to an enhancement in the resonance frequency. This can
be achieved by using short-cavity lasers and/or antireflection coatings on
the facets. This is only recommended if the device is neither power nor
thermally limited. These constraints on the output power and the bias
current can be met successfully to various degrees with modern crystal
growth and device fabrication technology. One does not strictly operate
in any one of these regimes, and as the device characteristics are modified,
e.g., by facet coating, etc., one in fact moves from one to another. It is
desirable to be in the photon density-limited regime and not to be limited
either by the output power level or the device thermal dissipation limit.
From these tradeoffs one can determine an optimal design point, i.e., facet
reflectivity for a given cavity length, with respect to these parameters
(Mar et al., 1990).
Given the constraint of having to keep the device size smaller t h a n
the modulating signal wavelength, one has to go to shorter cavity lengths
to achieve higher speeds of operation. This will increase the cavity loss
and may cause the device to become thermally limited. One can then
employ some of the methods, such as facet coating, discussed earlier to
compensate for this.
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with low parasitics

In practice, the often dominant limit to the modulation response of laser
diodes is the device parasitics. The simplest model that may be used to
represent the laser diode is an inductance (due to the bond wire) in series
with a parallel combination of the device capacitance and resistance.
There could be additional capacitance in parallel before the series inductance due to packaging elements such as the bonding pads, etc. The
intrinsic resistance of the laser diode given by ~TkT/eI o, where I o is the
bias current and y is the ideality factor, is very small at the large bias
currents (about 0.5 t2 for I o = 100 mA and ~ = 2, which is typical in laser
diodes) used in the high-speed modulation experiments that it appears
to be essentially a short circuit. The major goals in any high-speed device
design is then to minimize the series resistance and the parasitic capacitance. The effect of bond wire inductance may be eliminated in the measurements by the use of laser structures suitable for use with coplanar
microwave probes (Offsey et al., 1990). In practice, the bond wire inductance is an important consideration in all packaged semiconductor lasers
required for high-speed system applications (Bowers et al, 1986).
Figure 3.30 shows the two major contributions to the total device
series resistance Rd; the first is the contact resistance Re, and the second

F i g u r e 3.30: Major contributions to the total device series resistance in a
semiconductor laser; the top contact resistance Re and the upper cladding resistance R s.
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is the bulk resistance of the top cladding layer Rs. In the fabrication of a
typical laser structure, a ridge/mesa is first etched partway down the
upper cladding or all the way down past the active area for lateral mode
and current confinement. The structure is then planarized either by regrowing current blocking layers to the sides of the mesa or using a thick
layer of polyimide. In many cases a thin dielectric layer (SiOx or SiN x) is
also used. An electrode is then deposited to contact the top of the original
mesa for current injection. The upper cladding is usually heavily p doped
(for n substrates), and in some cases where p substrates are used, it is n
doped. The lower cladding region is not etched, and the contact to the
substrate side is large (size of the laser chip is typically about 500 ttm
on one side and the cavity length on the other). Due to this, the resistance
contributions from the bottom cladding and contact and the substrate are
negligible.
The contact resistance is determined by the contact resistivity t2c of
the metal-semiconductor interface, which is a function of the doping in
the contact/cap layer of the laser structure and the metal sequence used
as the electrode. A good contact resistivity is about ~c = 10-6 ~ cm2. Let
us consider a laser structure with a cavity length L c of 150 ttm, mesa
width L s of 1.5 ttm, and upper cladding thickness L h of 1 ttm. Doping
levels ofn = 1018 cm -3 are typical in the cladding regions, and the majority
carrier mobility values are small at this large doping level. Let us assume
a mobility value of tt = 100 cm2/V s. Using these values, the total device
resistance is
R d - Re + Rs -

~c +
Lh
LsLc
en/~Lc

= 2.8 + 0.4 = 3.2 t2

(3.72)

Device resistance of about 2 to 3 ~ is typical for high-speed laser
diodes. For a given contact resistivity, the contact resistance is large for
a smaller device geometry, but the parasitic device capacitance scales
inversely with the area (LcL s product), and hence the total R C product is
unchanged with respect to the contact resistance component. The dominant contribution to R d comes from Rs. This can be reduced by having
narrower cladding regions (reducing Lh) , but it will be at the expense of
poorer optical mode confinement in the lateral direction, if the refractive
index of the cladding region cannot be decreased adequately to compensate
for the reduced thickness. The more commonly employed method is to
increase the doping level in the cladding and use very heavily doped (1-5
x 1019 cm -3) graded and/or low-bandgap material to form the contact
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layer. Since a part of the optical mode is in the cladding regions, the main
drawback of this scheme is the increased free carrier absorption loss. A
number of material combinations for low contact resistance in devices
based on III-V compounds have been reported in the literature, and details
of many of these may be found in a review by Shen et al. (1992). Since
the majority of these contacts are alloyed, optimization of the alloying
temperature and time is also important to minimize the resistance at the
metal-semiconductor interface.
Since the contribution of the lower cladding and substrate to the total
resistance is minimal, the use of p-type substrates instead of the typical
n-type has been suggested for fabricating lower-resistance devices. In this
structure, the n-type material with the higher electron mobility will form
the upper cladding, which has the largest contribution to the device resistance. In the GaAs system, where the cladding regions are composed of
AlxGal_xAs with large A1 mole fractions (60% and above), the electron
mobility saturates at an intrinsically low value slightly less than 200
cm2/Vs because the F valley is no longer the minimum at these high A1
compositions, and the electrons from X valley with the much larger effective mass dominate the conduction process (Saxena, 1981). This is only
slightly larger than the hole mobility values (in the range of 100 to 200
cm2/Vs in AlxGal_xAs for similar A1 mole fractions (Masu et al., 1983).
The actual mobility values in the devices will be lower due to impurity
scattering when the claddings are heavily doped. Thus there is no distinct
advantage to the use of p-type substrates for laser diodes in the GaAs
system.
In the InP system, there may be advantages in fabricating lasers
on p-type substrates. Tsang and Liau (1987) have reported modulation
bandwidths up to 16.4 GHz in mass-transported InP lasers emitting at
1.3 # m on p-type substrates. They also have suggested that with p-type
substrates the devices need not be mounted junction down for better heat
dissipation, a procedure that tends to increase the parasitic capacitance
and is not desirable for high-speed operation.
The other major component of the device parasitics is the capacitance.
Since the device resistance is constrained by the minimum cladding layer
thickness required for good lateral optical confinement and the maximum
doping in the cladding for acceptable levels of free carrier absorption loss,
lowering the parasitic capacitance is the most effective way of controlling
the R C product.
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Figure 3.31 shows a number of low parasitic structures employed in
the InP system to fabricate high-speed lasers. This is by no means a list
of all the structures that have been reported to date, but a few chosen to
illustrate the principles involved in such designs. The most straightforward of these methods is shown in Fig. 3.31(a), which illustrates the use
of isolation channels to minimize the parasitic capacitance. A regular
buried heterostructure (BH) laser with reverse-biased p - n junctions to
minimize leakage currents is first grown. The parasitic capacitance of
such a laser is large mainly due to the capacitance of the reverse-biased
current-blocking layers. This capacitance is then reduced considerably by
etching deep grooves on either side of the mesa close to the active region
(Ishikawa et al., 1987; Kamite et al., 1987). In addition to the isolation
channels, an air bridge may be used to contact the narrow ridge across
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F i g u r e 3.31: Schematic diagrams illustrating the principle behind the various low parasitic capacitance laser structures reported in technical literature
to date: (a)use of isolation channels in a buried heterostructure configuration;
(b) polyimide buried ridge waveguide geometry; (c) undercut mesa-type structures; and (d) Fe-doped semi-insulating InP-based structures.
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the channels. This overcomes the problem of having to directly contact a
fairly narrow ridge after the isolation etch. InGaAsP/InP DFB lasers
operating at 1.3 ttm utilizing this air bridge contact configuration with
bandwidths in excess of 17 GHz have been reported (Chen et al., 1993).
The use of a polyimide layer to minimize the parasitic capacitance
has become fairly common over the years. The polyimide is insulating
and has the advantage that thick, dense layers can be easily spun on,
cured, and planarized unlike the dielectric insulating layers, which do
not planarize and can only be deposited in limited amounts. The simplest
laser structure is one that uses a polyimide layer instead of regrowth
around the mesa that is first etched. Figure 3.31(b) shows one such structure where some amount of initial regrowth has been used to provide
lateral confinement for the optical mode and heat-dissipation path around
the active region (Uomi et al., 1989). A good alternative would be to not
etch past the active region at all and simply bury the ridge in a thick
polyimide layer (Nagarajan et al., 1991a). Large modulation bandwidths
have been demonstrated in both these structures. Alternatively, in these
ridge waveguide lasers, an insulating dielectric layer, e.g., SiN, may be
deposited followed by the deposition of a patterned top metal contact
designed to reduce the parasitic capacitance. DFB lasers with bandwidths
of 22 GHz have been demonstrated in these structures (Lu et al., 1993).
An inverted-V-type mesa or the "mushroom" laser structure is illustrated in Fig. 3.31(c). In this type of laser, the mesa width can be made
independent of the active layer width by undercutting the active region
after the mesa etch. There are etchants that will preferentially etch a V
or an inverted V depending on the crystallographic orientation of the etch
mask. The undercut mesa is then buried partway (to minimize the area
of the semiconductor junction that will contribute to the parasitic capacitance) either by vapor-phase regrowth (Bowers et al., 1985) or by mass
transport (Tsang and Liau, 1987). A polyimide layer can then also be used
in addition to minimize the parasitic capacitance from the top contact
metal. Another interesting undercut method is the self-aligned constricted
mesa structure that has been used to fabricate DFB lasers. This method
has an advantage that the undercut etching stops automatically at the
InP interface used to bury the quaternary active region. Modulation bandwidths as high as 17 GHz have been demonstrated in these lasers (Hirayama et al., 1992b).
The use of an Fe-doped semi-insulating current-blocking layer is an
attractive alternative for the fabrication of high-speed InP-based lasers.
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Fe doping of InP renders it semi-insulating due to the formation of deep
midgap impurity levels. An advantage of this method is that the regrowth
step is also planarizing, and the use of a semiconductor burying layer
results in a more symmetric optical mode profile, which results in a more
efficient coupling of light into an optical fiber. Figure 3.31(d) shows one
such structure where a polyimide layer also has been used to further
reduce the parasitic capacitance (Bowers et al., 1987). Bandwidths as
high as 22 GHz have been demonstrated at 1.3 ttm in lasers with lowcapacitance structures employing a buried crescent active region, semiinsulating current blocking layers, and a layer of polyimide beneath the
top contacts (Huang et al., 1992).
A conventional laser structure has a vertical current injection path,
and in this configuration, some minimum parasitic capacitance as dictated
by the area of the active layer, with cavity length on one side and the
active region width on the other, is unavoidable. The use of transverse
junction structures where the current injection occurs laterally from the
sides of the active region will minimize this residual parasitic capacitance
considerably. These structures also have the advantage that both the n
and p contacts are on the top side, and the lasers may be fabricated on
semi-insulating substrates and easily integrated with other electronic
devices.
Figure 3.32(a) shows one such implementation of the structure where
regrowth has been used to form the lateral p and n layers. Capacitance

F i g u r e 3.32: Low parasitic device structures on semi-insulating substrates.
The first is the lateral current injection structure with low parasitic capacitance,
and the second is a structure with a top probe geometry commonly used with
microwave coplanar probes to eliminate the parasitic effects of the bond wire
inductance.
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less than 50 fF (about 20 times smaller than for the conventional vertical
injection structures) has been demonstrated in these lasers (Shimoyama
et al., 1988). Lateral current injection (LCI) structures also can be formed
by impurity-induced disordering. This results in a planar structure, and
stray capacitance as low as 270 fF has been demonstrated in these lasers
(Furuya et al., 1988). In conventional multiple quantum well lasers, where
the vertical transport between the various quantum wells may be hindered
by the large energy height and/or the width of the barriers, LCI structures
have an advantage that the current injection is from the sides, resulting
in a more uniform carrier distribution. Although the LCI structures have
very low parasitic capacitance, the transport delay in the current injection,
which now has to take place over the ridge/stripe width instead of just
the SCH width, significantly affects the modulation properties. Large
modulation bandwidths have not been presently reported in lasers with
LCI structures.
An additional contribution to the total device parasitics comes from
the bond wire inductance of the laser mount (Bowers et al., 1986). Strictly
speaking, it is not a device parameter but has a significant influence
on the modulation properties of the laser diode. The inductive parasitic
component can be minimized by using short wires or meshes instead of
wires to bond the device. Another technique is to use coplanar microwave
probes to characterize the high-speed properties of these lasers. Special
laser structures are required for this, and Fig. 3.32(b) shows the top probe
geometry suitable for use with the microwave probes. InP MQW lasers
at 1.3/~m with small signal bandwidths up to 20 GHz have been demonstrated using this structure (Lipsanen et al., 1992). InGaAs/GaAs lasers
with modulation bandwidths of greater than 40 GHz are also of this
geometry (Weisser et al., 1992; 1996; Ralston et al., 1994). Although the
use of microwave probes eliminates the influence of bond wire inductance
on the modulation properties of semiconductor lasers, it is always a source
of concern in the finally packaged versions of these devices.

3.3.7

Device size and microwave

propagation

effects

The device analysis up to this point has assumed that the modulation
current pumping the laser is uniform in amplitude and phase along the
laser stripe. At very high frequencies, this assumption is invalid because
the time delay from the feed point to the far end of the device can be a
significant fraction of the modulation period. The distributed microwave
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nature of the laser under these circumstances modifies the high-frequency
current injection and the optical modulation response. High-speed laser
structures that are on the order of 300 /~m long should be treated as
distributed electrical elements at frequencies of 25 GHz and greater
(Tauber et al., 1994). This is important for q u a n t u m well lasers because
they are often this long or longer in order to ensure low threshold current
densities and high differential gain as well as good thermal properties
and high cleave yields. The distributed effects clearly will be important
in longer devices at higher modulation frequencies.
A picture of the microwave currents flowing in the device under highfrequency modulation is shown in Fig. 3.33. The transverse current across
the active region pumps the structure, and the longitudinal currents are
needed to satisfy the boundary conditions imposed on the propagating
electromagnetic wave. The key point of this picture is that all these are
dissipative currents, and they therefore contribute to microwave loss.
Further, because the longitudinal currents are subject to skin effects
in the conducting regions, the loss should increase monotonically with
frequency. The loss that results from the injection of transverse current
into the active region is bias-dependent and increases as the diode conductance increases. Above threshold, this transverse conductance is fixed,
and the loss is set by the series resistance of the contacts and the cladding
layers.
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F i g u r e 3.33: (a) High-speed ridge waveguide laser structure. (b) Conceptual
picture of microwave currents flowing in laser under high frequency modulation.
The horizontal arrows represent longitudinal currents, while the vertical arrows
represent the small-signal injection current into the active region.
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In order to characterize the microwave propagation, a calibrated,
0.045- to 40-GHz two-port S-parameter extraction on a HP 8510 network
analyzer was performed on the laser. The laser used for the measurements
reported here was an SQW ridge waveguide structure (Nagarajan et al.,
1992a). The device length was 830 ttm, and the microwave probes used
to launch and receive the signal were separated by 600 ttm along the
laser stripe. Similar results were measured on other structures.
The measured loss per unit length and the phase velocity as a function
of frequency are shown as solid lines in Fig. 3.34. The measurements
were done for both zero bias and above-threshold operation. The striking
features in the graphs are (1) the enormous value of loss, near 600 dB/
cm at 40 GHz for the forward-biased case, and (2) the slow phase velocity,
around one-tenth the speed of light in vacuum. The large loss has its
origin in three sources. First, the thick n-doped cladding and substrate
form a lossy ground plane for the transmission line. Because the skin
depths in the semiconductor for the measured frequency range are significantly less than the 100-ttm thickness of the n cladding and n substrate,
essentially all the longitudinal current on the n side is carried in the
poor-conductivity doped semiconductor and not in the metal contact. In
contrast, the 1-ttm-thick p-cladding layer is thinner than the semiconductor skin depths and thus the longitudinalp-side current will penetrate into
the gold contact layer. The current should therefore be carried primarily in
the high-conductivity gold, and the loss should be low if the gold layer is
thick enough. However, the skin depth in gold at the frequencies we
are interested in is greater than 4000/k, while the p-side contact metal
thickness in these devices is only 3500 A. Therefore, a second source of
loss is the thin p-side gold contact. The forward-biased junction is a third
source of loss, because under forward bias a dissipative conduction path
is opened that is not present for zero bias.
The slow-wave nature of the propagation is significant because the
device lengths and frequencies at which these distributed effects are important are determined by the propagation velocity. Transmission lines
fabricated on semiconductors often exhibit slow-wave behavior (Hasegawa
et al., 1986; Liou and Lau, 1993). Further, large skin losses are always
accompanied by an internal inductance L i = (2 q r f o ' ~ ) - 1 = X//z/4rrf~r, where
~r is the conductivity, t~ is the skin depth, f is the frequency, and tt is the
magnetic permeability (Ramo et al., 1984). The wave velocity can be
approximated by v = V'I/LC, where L and C represent the inductance
and capacitance per unit length, respectively, and the added inductance
o
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can cause slow-wave propagation. Another point to note is that the frequency dependence of the internal inductance explains the dispersion
seen in the phase-velocity graphs.
A distributed circuit model for the laser was constructed in order to
obtain a first-order estimate of the propagation parameters. Figure 3.35
is a schematic of the model, and the data points on the attenuation and
phase-velocity plots (Fig. 3.34) are calculations based on this model. The
numerical values used in the model are per unit length values and are
extracted from measured lumped-element values or are estimated from
the device geometry. The model predicts the loss accurately and reveals
the correct dispersion trend (a phase velocity that increases monotonically
with frequency). The slow-wave nature of the propagation is predicted as
well, although the phase velocity is underestimated. The discrepancy
between theory and experiment is possibly caused by the fact that the
distributed circuit models quasi-TEM propagation, which is not strictly
valid for structures with large attenuation in the longitudinal direction.
Another point to make is that the evanescent and higher-order modes
excited at the feed point, which normally decay over a negligible length
of standard transmission line, may be significant for short structures
such as diode lasers. These modes are neglected in the distributed-circuit
model.
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F i g u r e 3.35: Distributed circuit model used to calculate microwave propagation parameters for the laser.
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The primary conclusion to draw from these results is that the frequency-dependent loss results in a frequency-dependent current injection
to the active region. As the frequency rises, the loss increases, which in
turn causes a roll-off in the active region current injection. This can be
accounted for by including in the small-signal response a roll-off term
(Fig. 3.36) that can be calculated directly from the network measurements
or approximated from the circuit model. The curves shown in Fig. 3.36
are extracted from the measured propagation parameters and show the
square magnitude of the total injected current, normalized to dc, versus
frequency, for three different device lengths. The - 3 - d B roll-off frequency
occurs at approximately 25 GHz for the 300-ttm-long device. In these
plots, the device is fed at the center of the laser stripe. This is the optimal
feeding condition because waves can propagate out in both directions from
the center and maximally pump the device. An end-fed device should
have a lower roll-off frequency because only a single forward wave can
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F i g u r e 3.36- Square magnitude of the total small-signal current versus frequency for three different device lengths, normalized to dc. The injection current
is calculated from the measured propagation parameters shown in Fig. 3.34.
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propagate, and therefore, the fraction of the device that is pumped is
smaller.

3.4

Large-signal modulation

Many practical applications of high-speed lasers generally involve some
form of large-signal modulation. These are generally in the area of short
optical pulse generation or data transmission using direct modulation
techniques. Thus far we have used the small-signal performance as the
criterion for measuring the high-speed properties of a semiconductor laser.
In this section we will apply the principles discussed previously to the
area of large-signal modulation.
In directly intensity-modulated optical fiber systems, the non-return
to zero (NRZ) modulation format gives the maximum bit-rate performance. If B is the small-signal bandwidth of the laser, in linear systems,
the maximum NRZ bit rate is approximately 2B. Large-signal switching
dynamics in a semiconductor laser are complicated. There is usually a
time delay between application of the electrical signal and emission of
the optical pulse. Considering also the finite rise and fall times during
the switching process, and ignoring the undesirable effects of intersymbol
interference at the laser diode transmitter, the maximum bit-rate performance has been predicted to be about 1.3B (Tucker et al., 1986).
Gain switching and mode locking are the most commonly used techniques for short pulse generation in semiconductor lasers. Short, largesignal optical pulses are needed in applications such as soliton generation
and electro-optic sampling. In gain switching, each optical pulse is independent and builds up from spontaneous emission. The advantage is
that the pulse is electronically triggerable, and the repetition rate and
amplitude are variable. Mode locking consists of resonantly amplifying
the pulse as it travels around the cavity. The pulse become shorter and
shorter until it reaches a steady state, where the pulse-broadening mechanisms in the cavity balance the pulse-shortening mechanisms. The advantages of mode-locked pulses are shorter optical pulses with less timing
jitter. The disadvantages of mode locking are fixed repetition rate and
power. The repetition rate is tunable, but the timing of individual pulse
timing is relatively fixed. The following two sections describe these two
pulse-generation techniques.
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3.4.1

Gain switching

The two primary structures used for gain switching are shown in Fig.
3.37. The simplest structure contains a single electrode that is driven by
a short current pulse. The rise and fall times can be analyzed easily from
the rate equations given earlier in the limit of very short electrical drive
pulses. For this analysis, the photon density in Eqn. (3) is rewritten as
dS
dt

(3.73)

= FVgg(N W _ Nt ) _ S + FflNw
~-p
Tn

In Eqn. (73), the linear approximation of the gain function has been
used; G ( N w ) = g ( N W - N t) where the gain has been linearized about the
transparency carrier density N t. The differential gain is given by g which
is simply the slope of the linearized gain function. Assuming that gain
compression is negligible for small photon densities during the rising edge
of the pulse and neglecting the small contribution of spontaneous emission
feedback into the lasing mode, Eqn. (73) can be written as
1 dS
S

-

1 _ FVgg(N W - Nth) dt
rr

(3.74)

,, A ,,,

(a)

A,,

CW

/

(b)
F i g u r e 3.37- (a) Schematic of a simple gain-switched laser. (b)Q-switched
laser where the primary energy storage is in the dc-driven section, and the modulated section is used to hold off lasing while the energy is built up.
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where Nth is the carrier density at threshold (Nth = Nt + 1/FVggTp)and
Tr is the rise time of the optical pulse (Downey, et al., 1987). Eqn. 74 has
the following solution,

S

So
--

Soet/~-

r

for t < 0
for 0 < t < ton

(3.75)

where the rise time is given approximately by

1._Tr FVgg(Q + N o

-

Yth)

(3.76)

For short, high current pulses used in gain switching, the carrier density
rises to a high value and remains constant while the optical density builds
up and depletes the carrier density. In this case it is the total charge in
the electrical pulse (Q) and not the shape that is important (Bowers,
1989). In Eqn. 76, No is the dc carrier density and V is the volume of the
active region. Clearly, the rise time can be quite short, just a few picoseconds if the charge in the pulse is very large. If the laser is pre-biased at
threshold, the rise time is

qV
Tr- vggFQ

(3.77)

The fall time is
1
rr = % g r ( N t h

- N r)

(3.78)

where Nf (below Nth) is the final level to which the carrier density falls
at the trailing edge of the optical pulse. The fall time is limited by the
difference in the threshold and transparency carrier densities and is usually substantially longer, typically 10 ps. Note that the peak of a gainswitched pulse occurs when the carrier density is exactly equal to the
threshold value. These results were verified for a ll5-ttm-long laser with
a round-trip time of 3 ps. Figure 3.38 shows a short drive pulse, the
integral of the drive pulse (proportional to the carrier density and gain
in the absence of stimulated or spontaneous emission), and the measured
laser output on linear and logarithmic scales. The exponential behavior
is quite a good approximation over most of the pulse. Note that the fall
time is about twice as long as the rise time.
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F i g u r e 3 . 3 8 : Gain switching of semiconductor lasers: (a)the current drive
waveform; (b) the integral of the current waveform, which is the form of the carrier
density and gain changes in the absence of emission; (c) light output (linear scale);
(d) light output (log scale). This illustrates the exponential nature of the rise and
fall of the intensity as well as the slower fall times.
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The pulse energy obtainable is limited by the charge in the electrical
drive pulse, which is limited by the peak voltage of the drive circuit. The
preceding equation [Eq. (3.77)] shows that the shortest pulses with the
largest peak intensities occur when the laser is prebiased at threshold.
This energy storage can be greatly improved with the structure shown
in Fig. 3.37(b). We will refer to this structure as a Q-switched laser in
analogy with solid-state lasers. Here one section is biased into a highgain region, but the short section is biased below threshold for the entire
laser. A short pulse driving this section above transparency causes the
energy of the entire cavity to be emitted. The increase in pulse energy is
not as large as can be obtained in solid-state Q-switched lasers because
the spontaneous carrier lifetime in the energy-storage medium is only
0.5 ns.
The jitter in timing of the output of large-signal-modulated semiconductor lasers results from two effects. One is a pattern effect resulting
from the difference in carrier density and thus rise time and delay time
that occurs after different numbers of ones or zeros. This can be minimized
for return-to-zero formats by proper biasing. For any size drive signal
and resulting optical output pulse, there is always a bias point where the
carrier densities before and after the optical pulse are identical, and
pattern effects in the pulse amplitude and delay do not occur. The other
source of jitter (and the only source when the drive current is a simple
repetitive-pulse stream) is due to buildup of the pulse from spontaneous
emission. This case has been analyzed extensively by Bell et al. (1991).

3.4.2

Modulation

without

prebias

One of the important emerging applications of high-speed laser technology
is in the area of short-distance-high-speed data links. These links may
be between high-speed switching or computing systems, where data communication between the various processing elements is the bottleneck for
achieving high-speed operation. Low-data-rate short links (<400s Mb/s)
can be implemented using light-emitting diode and photodetector arrays
connected via multimode fibers (Deimel et al., 1985; Brown et al., 1986).
Higher-data-rate systems operating at a few gigabytes per second over
longer distances need laser transmitter arrays and single-mode fiber channels (Dutta et al., 1992). In these high-speed applications, the laser transmitters are typically designed to be driven directly by buffered electronic
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logic circuits, and low power consumption is essential for the implementation of high-speed parallel data buses that are typically 64 to 128 bits wide
in modern-day computers. One proposed solution for such an application is
the use of ultra-low-threshold-current lasers and optical switching (from
below threshold) without any prebias on the laser diodes. The light output
extinguishes once the input electrical signal goes to zero but does not
turn on immediately after the application of the next positive going pulse.
This leads to partial eye closure, and the turn-on delay becomes an important consideration to ensure the largest eye opening. This also determines the highest data rate that can be employed in such systems.
The expression for the time delay r d between application of the electrical pulse and onset of optical emission as first derived by Konnerth and
Lanza (1964) in the absence of stimulated emission is given by
l n ( I _Ilth)

rd=rn

(3.79)

where r n is the carrier lifetime, which has been assumed to be a constant
and independent of carrier density, I t h is the laser threshold current, and
I is the final bias current level (usually the peak current of the input
laser pulse). The turn-on delay can be reduced by having a small prebias
I o on the laser. In this case, the expression for rd in Eq. (3.79) modifies
to (Dyment et al., 1972)

Td :

rn

In

(1,o)
it h

( 80,

From Eq. (3.80) it can be seen that the delay r d can be reduced to very
small values as I o approaches Ith. Lasers with very low threshold currents
would again be very useful here to reduce the prebias level to limit power
consumption.
In semiconductor lasers where the bimolecular recombination mechanism is dominant, the radiative recombination rate is usually written
as B n 2 for n - p, where B is taken to be a constant. The bimolecular
recombination constant B is also carrier-density-dependent, but this is
generally not very significant. The carrier-density-dependent component
is equivalent to the Auger recombination component, which is written as
C n 3. The Auger recombination coefficient is significant in long-wavelength
InP lasers. Considering only the quadratic bimolecular radiative recombi-
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nation term, the delay for the onset of laser emission with prebias can
be written as (Chinone et al., 1974; Agrawal and Dutta, 1986)

,nth,(tanh tanhl )

(3.81)

The turn-on delay for switching in the semiconductor laser is essentially determined by the carrier recombination lifetime. The carrier recombination lifetime decreases with increasing carrier density, and the value
of Tn extracted from fitting the experimental data to the first two expressions [Eqs. (3.79) and (3.80)] for rd is usually some effective value during
the whole switching process. In a more detailed analysis, Dixon and Joyce
(1979) showed that the nature of rn changes with the level of prebias. For
switching with prebias close to the threshold, i.e., I o ---. Ith, the measured
quantity is actually differential lifetime, ~n, written as
dR
dn

d (Bn2) _ 2 B n = 1
dn

(3.82)

r'n

where R is the recombination rate written here in only terms of the
bimolecular recombination.
In a parallel-data-link application, in addition to the delay of the
solitary laser diode, one also has to take into account the skew, i.e., the
differences in the delay among the laser transmitter array elements. This
is often referred to as the j i t t e r in the optical signal. Both the delay and
the jitter will lead to additional power penalties in the data-transmission
system (Shen, 1989).
For small turn-on delays required for high-speed data links, aside
from designing for low-threshold-current laser structures, one has to also
ensure that the carrier lifetime is not degraded and kept small. In Sect.
3.2, where the dynamic properties of semiconductor lasers were derived,
we showed that the carrier lifetime rn is increased to Xrn [where X =
1 +(Tr/Te)] by carrier transport. This trend has been observed experimentally (Odagawa et al., 1993; Nobuhara et al., 1993; Fukushima et al.,
1993b). They observed that for lasers in the InP system, as the bandgap
energy in the SCH was increased, the measured carrier lifetime decreased.
This has been related to the favorable increase in the thermionic emission
time re into the SCH, which reduces the value of X as close as possible to
unity. Laser turn-on delays as small as 60 ps have been reported at room
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temperature for InGaAs/InGaAsP tensile-strained multiple quantum well
lasers with 1.1-#m bandgap SCH (Nobuhara et al., 1993).

3.4.3

Mode locking

The following subsection describes the principles of mode locking and
surveys the different structures that have been demonstrated. In each
case, the important parameters are (1) short pulsewidth, (2) minimum
chirping for a minimum time-bandwidth product or linear chirping for a
large compression ratio, (3) high energy per pulse, (4) minimum phase
noise and timing jitter, (5) minimum amplitude noise, and (6) simple
integrated structures. The parameters that limit each of these characteristics will be discussed in each of the following subsections.

Principles of mode locking
To achieve short optical pulses from a semiconductor laser, the different
longitudinal modes of the laser cavity must have a relatively fixed phase
relationship between them such that at periodic intervals all the modes
are approximately in phase. This is the origin of the term mode locking
and is illustrated in Fig. 3.39(a, b). In the ideal case of perfect mode
locking, all the modes are exactly in phase, and for the case of Gaussianshaped pulses, the product of pulse width and spectral width is 0.44.
However, in practice, not all the modes are locked in phase, resulting
in "poor" mode locking. Also, because of chirping and amplitude and phase
noise, the time bandwidth product is often far above the minima of approximately 0.5. Amplitude noise degrades the pulse quality, however, as
shown in Fig. 3.39(c); even with random amplitudes, the pulse shapes
are reasonable if all the modes are in phase. However, the conjugate case
of random phases with equal amplitudes results in completely unusable
output [Fig. 3.39(d)].
A set of definitions is needed to distinguish mode locking from simple
noisy output [Fig. 3.39(a) versus Fig. 3.39(d)], and one such set of definitions is
Pulsewidth to repetition period:

d T < 0.25

Time bandwidth product:

rAf < 1

Timing jitter to pulsewidth:

Tj/t < l

Power in primary pulse:

f I d t < 2Ipr
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N : 4 modes, all In phase
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Figure 3.39: Examples of different intensity patterns versus time from several modes with different relative amplitudes and phases: (a)all in phase;
(b) Gaussian spectrum, all in phase; (c)all in phase with random amplitudes;
(d) equal amplitudes with random phases (after Siegman, 1986). This illustrates
how important phase locking is and how much less important amplitude variation
is.

where T is the FWHM of the pulse intensity, T is the repetition period,
h f i s the spectral FWHM, 7) is the rms timing jitter over some appropriate
range, I is the pulse intensity, and Ip is the peak intensity. These definitions and the ranges of possible pulse characteristics are shown in Fig.
3.40. The best pulse characteristics fall in the lower left portion of both
plots, i.e., minimum pulsewidth, minimum time bandwidth product, and
minimum timing jitter. A pulsewidth-to-period ratio of 0.5 corresponds

3.4

271

Large-signal modulation
Number of modes

Number of modes
10

100

~3

100

3

L_
n

3

o

Chirped or oor
mode locking

o

10

Poor mode
Loc g

:~

-lo

-o

w

.(3

(!)
E
F"

1
Good

mode
locking

I

Poor mode
Locking

I

I G~176
Dlmode

=

Fourier transform limit
0

.5

1

"r/T, Pulsewidth-to-Period ratio

(a)

o
o

.5

"c/T, P u l s e w i d t h - t o - P e r b d

ratb

(b)

F i g u r e 3.40: Comparison of different regions of mode locking in terms of
(a) pulsewidth and (b) timing jitter. In each diagram, the lower left corner represents high-quality mode locking.

to sinusoidal output. Very good pulsed outputs (0 < r/T < < 0.5) or very
good gaps in the optical output (0.5 < < T/T < 1) are the extreme edges
of the plot, and the region in the middle corresponds to poor mode locking.
In the plot in Fig. 3.40(a), the region with rAf > 1 may correspond to
highly chirped output, which could be compressed if the chirp is linear,
or may correspond to many unlocked modes without a stable phase relationship. In the plot in Fig. 3.40(b), the region where the jitter is larger
than the pulse width is not generally useful in repetitive applications
except as a source for pump/probe measurements. The final definition in
the preceding equation examines the issues of pulse shape. One common
problem with mode-locked pulses is long tails that may contain more
energy t h a n the original pulse. Another common problem is multiple
pulses in the output. A third problem is small extinction ratios. A good
mode-locked pulse should have extinction ratios of 100 or more, but ratios
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of 0.1 have been reported as mode locking. All three of these examples
would fail the criterion given above.
The maximum pulsewidth is limited by the spectral width of the gain
medium. With a gain width of 50 nm, semiconductor lasers should be
capable of very short pulsewidths, under 100 fs. As we shall see below,
other effects such as self phase modulation are presently a more severe
limit than the spectral width of the gain medium.
Mode-locking techniques can be classified as active, passive, or hybrid
(Fig. 3.41). Active mode locking employs modulation of the gain to shape
the pulse and works extremely well in semiconductor lasers because the
gain can be easily modulated with very high extinction ratios at rates
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F i g u r e 3.41- Comparison of different mode-locking techniques for a monolithic semiconductor laser: (a) active; (b) passive; and (c) hybrid.
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from kilohertz to tens of gigahertz, as described in preceding sections.
Passive mode locking utilizes saturation of an absorber and has the advantage of causing pulse width reduction even for very short pulses. Passive
mode locking works extremely well in semiconductors because an electric
field can be placed across a p n junction waveguide, and the absorption,
absorption recovery time, and absorption length can be adjusted easily
over a wide range. Figure 3.42 shows the recovery of a reverse-biased
gain region. The absorption can recover in under 10 ps, and there are
subpicosecond absorption features that can be utilized for mode locking
as well. A variation of this technique is to have two pulses in the cavity
collide in the saturable absorber (colliding-pulse mode locking) to reduce
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3.42- Comparison of phase noise for several types of mode locking.
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the saturation energy (Chen et al., 1991). Derickson et al. (1992a) has
shown, however, that the best results are obtained when a pulse collides
with itself off a mirror. The problem with multiple-pulse mode locking is
t h a t as the power is increased, the pulses do not stay exactly the same
in shape, energy, or timing and the collision is not as effective as when
the pulse collides with itself. Another type of mode locking is Kerr lens
mode locking, where nonlinear focusing effects are combined with spatial
apertures. This technique works well in Ti:sapphire lasers and also has
been demonstrated in semiconductor lasers. It should work well with the
high-power structures (VCSELs and arrays) described below.
The third mode-locking technique of hybrid mode locking involves
combining active and passive mode elements, as shown in Fig. 3.41. A
structure like this could be as simple as a multielectrode laser (Morton et
al., 1990) or could combine passive waveguides and DBR tuning elements
(Hansen et al., 1992). As we shall see below, hybrid mode-locked lasers
combine the short, single-pulse capabilities of passive mode-locked lasers
with the small timing jitter and stable operation of active mode-locked
lasers.
These three classes of structures could be demonstrated in monolithic
cavities as in Fig. 3.41 or in external cavities. Thus there are a minimum
of six such structures, and their characteristics are compared in Table
3.3. Derickson et al. (1992b) fabricated all the structures from the same
wafer with the same process technology, as shown in the mask layout in
Fig. 3.41. However, in a few cases, other results are substituted when
other wafers produced much better results for a particular structure. It
can be seen t h a t there are wide variations in characteristics depending
on the structure. The subsequent subsections of this chapter describe
these differences and some of the limits to achieving minimum pulsewidth,
m a x i m u m energy, and minimum timing jitter.

Pulsewidth, energy, and spectral width
The process of short pulse generation in a laser is the result of competition
between the mechanisms that tend to shorten the optical pulsewidth on
each pass with the mechanisms that tend to widen the pulsewidth. The
pulse-shortening mechanisms are saturable absorption and active gain
modulation. The pulse-widening mechanisms are the gain response of the
lasing medium, saturable gain, self phase modulation due to saturable
gain, saturable absorption and gain modulation, dispersion in the cavity,

Cavity M o d u l a t i o n
Type
Technique

P u l s e Spectral
Width
Width
(pcs)
(GHz)

TimeBandwidth
Product

Pulse
Energy
(pJ)

Repetition
Rate
(GHz)

Wavelength
(pm)

Active
Region

Absolute rms
Timing J i t t e r
150 Hz-50 MHz

R e s i d u a l rms
Timing Jitter
150 Hz-50 MHz

Relative
Intensity Noise
at 100 MHz

Ext.

Active
two-seg.

1.4
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0.48

0.28

3

1.3

Bulk

240 fs
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1.8

0.7

5

0.84
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(1.5 k H z 50 MHz)

- 1 0 3 dB/Hz
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0.8

5

0.84

4 QW
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1.9
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1.71

0.18

6

0.83
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0.84

4 QW

600 fs

530 fs

- 1 2 2 dB/Hz
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0.84
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400

4.0

0.25

5.5

0.84
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Passive
two-seg.
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0.53
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0.84

4 QW
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-116 dB/Hz
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2.2
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1.1

0.03
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4 QW

1200 fs
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- 1 0 9 dB/Hz
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Passive
two-seg.
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4 QW
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4

1
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Mon.

Gain-switch
two-seg.

13

4000

52

3.4

1
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other wavelength-limiting elements such as antireflection coatings, birefringent tuning filters, and spontaneous emission noise.
For low pulse energies, the semiconductor medium is a linear amplifier and does not significantly change the pulse shape or spectrum. However, once the pulse energy becomes comparable with the saturation
energy of the material, then significant carrier changes occur during the
pulse. This gain saturation causes pulse shape changes because the gain
is lower during the later portion of the pulse. It causes spectral changes
because the index is significantly changing during the pulse. The saturation energy of a semiconductor medium is given by
E s - h ~,o-

-

Fg

(3.83)

where o/F is the effective cross-section area of the optical mode.
Using typical values for InGaAsP, the saturation energy for a 1-#mwide bulk gain region is around 1 to 2 pJ. The shape and spectral changes
that occur in optical amplifiers have been well described using the formalism developed for picosecond pulses by Agrawal and Olsson (1989) and
extended for femtosecond pulses by Hong et al. (1994). Derickson et al.
(1992b) has extended this analysis to mode-locked lasers.
This limit on achievable pulse energies is illustrated in Table 3.3,
which shows the pulse energies that have been achieved by different
mode-locking groups. To increase the pulse energy, we must increase the
saturation energy of the gain and absorber regions. One way to increase
the saturation energy is to lower the confinement factor with the use of
quantum well regions. Another way is to increase the lateral width of
the semiconductor region. Because of filamenting and other nonlinear
processes, it is usually necessary to control the lateral beam profile. One
way to do this is to use coupled arrays of lasers. One particularly successful
way is to use resonant optical waveguide (ROW) lasers, where the array
elements are locked in phase. With hybrid mode locking, Mar et al. (1993)
achieved pulse energies of 30 pJ with a 6-ps pulsewidth, and small timing
jitter has been generated. A final approach has been to amplify the modelocked pulses with a semiconductor amplifier (Delfyett et al., 1990). The
ultimate approach that minimizes spurious spontaneous emission but has
the largest saturation energy is to match the saturation energy of the
amplifier to the energy of the pulse at each point during amplification
using a tapered amplifier, as reported by Mar et al. (1995).
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Timing jitter
An important characteristic of any repetitive pulsed output is the pulseto-pulse jitter. It is rarely useful to have pulsewidths smaller than the
timing jitter. As shown earlier in Table 3.3, a wide range of timing jitter
has been measured for different structures, and quite often the timing
jitter of passively mode-locked lasers is substantially larger than the
pulsewidth. The timing jitter is related to the phase noise of the photodetected output by the relation
1
/ Ifhigh
~rrms = 2 ~rnfmod ~/2J flow ~ ( f ) d f

(3.84)

where ~rrms is the root mean square timing jitter, n is the harmonic
number at which the measurement data is taken, fmod is the fundamental
repetition rate frequency, flowis the lower offset frequency from the repetition rate harmonic carrier frequency, fhigh is the upper offset frequency
from the carrier and :7(f) is the single sideband phase noise relative to
the carrier and normalized to a 1 Hz bandwidth.
The phase noise can be measured by connecting the photodetected
output of the pulsed laser into a spectrum analyzer. This is the absolute
phase noise of the laser output. In most cases, though, the important
parameter is the relative phase noise of the laser output relative to a
microwave oscillator. This is the residual phase noise. This can be measured by mixing the photodetector output with the master oscillator and
taking the downconverted output in a spectrum analyzer. Figure 3.43
shows the measured phase noise for several types of mode locking.
The jitter is driven by spontaneous emission noise in the laser. A
spontaneous emission event causes timing jitter through three processes"
(1) index of refraction change causing direct phase modulation, (2) carrier
density noise causing gain fluctuations and pulse-position fluctuations,
and (3) photon number fluctuations converting to phase fluctuations.
The timing jitter can be reduced by comparing the output to a source
oscillator and feeding the error signal (with proper sign) to the gain or
absorber segments. The advantage of semiconductors for mode locking is
that their high-speed modulation capability can be used to advantage
without adding additional elements in the cavity. Helkey and Bowers
(1994) have reduced the timing jitter in passively mode-locked lasers by
two orders of magnitude in this way.
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3.5

Conclusions

and outlook

The bandwidth requirements in a modern communications system are on
the increase. As a result, the quest for devices operating at ever-increasing
speeds has been in the forefront of semiconductor laser research for a
number of years now and will continue to be so for years to come. Figure
3.43 shows the - 3 - d B room-temperature CW small-signal modulation
bandwidths t h a t have been reported in semiconductor lasers as a function
of the publication date for the past decade. There has been a steady
increase in the modulation bandwidths from less t h a n 5 GHz in 1982 to
40 GHz in present-day devices. There are also a number of other trends
t h a t also can seen from this plot. The early high-speed devices had bulk
GaAs active areas, and impressive progress was made in the technologically more important InP material system. Gradually, the strained and
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unstrained quantum well lasers began to dominate in both these material
systems.
A number of issues were discussed with respect to designing and
fabricating lasers with large modulation bandwidths. There is an obvious
need for good-quality optical material with low internal loss to fabricate
lasers with low threshold currents and large output powers. This ensures
that the threshold carrier density is low (resulting in a large differential
gain) and that the devices can be biased easily at many times the threshold
current without the detrimental thermal effects. A large differential gain
is always the fundamental factor at the heart of any high-speed laser
design. A combination of completely doping or modulation doping the
active region with acceptors, wavelength detuning, and the use of quantum wells or even lower-dimensional active areas can address this problem. Adequate carrier confinement is essential to suppress carrier
overflow under bandfilling in lower-dimensional active regions. Unconfined carriers do not contribute to gain and lead to degradation of the
static differential gain. Another major issue is carrier transport in the
optical and carrier confinement regions of the quantum well lasers. This
not only causes a parasitic-like roll-off in the amplitude-modulation response but also degrades the dynamic differential gain in high-speed laser
devices.
There is also a real need for novel ideas to beat the limits to the
speed of operation set by device parasitics as well as device size. The
biggest problem with present-day high-speed laser diodes is the device
and package parasitics. Typically, this limits the frequency of operation
of these diodes to the 20- to 30-GHz region. New fabrication techniques
and device structures are required to beat this limit. Good microwave
packaging is as much an art as it is a science, and more work is
needed in this field to make it more of a science. The most successful
present-day laser diodes have cleaved facets for a long operating lifetime
and a large power output at low operating currents. There is a cavitylength limit to which these devices may be usefully cleaved. Good
cleaves require the cavity length to be larger than the substrate
thickness. Substrate thickness of the order of 50 ttm or so becomes
difficult to handle, and this places the lower limit of 100 ttm or so on the
length of cleaved cavities. This will be a problem when the wavelength of
the microwave signal becomes the same order of magnitude as the
cavity length at very high frequencies.
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(EPFL), Lausanne, Switzerland

4.1

Introduction

Quantum confinement of the charge carriers in more than one dimension
in quantum wire (QWR) and quantum dot (QD) heterostructures has been
predicted to yield improved static and dynamic performance of semiconductor lasers as compared with quasi-two-dimensional (2D) quantum well
(QW) devices (Arakawa and Sakaki, 1982; Asada et al., 1985; Arakawa
and Yariv, 1986). The lateral spatial confinement of the excess carriers to
active regions with lateral dimensions comparable with the de Broglie
wavelength (typically on the order of 10 nm in III-V compound semiconductors) results in a greatly reduced volume of the active region. In addition,
the narrower distributions of the density of states (DOS) achieved with
reduced dimensionality lead to spectral confinement of the carriers near
the energies of the quantum confined states. In this sense, the integration
of active regions composed of QWRs and/or QDs into the bulk laser diode
structure offers both the advantage of the delocalized bulk electronic
states, useful in the transport of the charge carriers to the recombination
region, and the enhanced oscillator strength associated with the molecu291
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lar- or atomic-like localized states in the wires or dots. The spatial and
spectral carrier confinements are expected to lead to reduced threshold
currents (in the microampere or even the nanoampere range), reduced
temperature sensitivity of the threshold current, higher modulation bandwidths, narrower spectral linewidths, and reduced chirp. The modification
of the spectral gain properties also should lead to a new means for controlling the polarization of the laser beam and to new schemes for tailoring
the emission wavelength. Another advantage of these laser structures
lies in the wire/dot geometry of the active regions, which makes them less
susceptible to dislocations originating at the interface with the device's
substrate. This might be useful in lasers employing foreign substrates,
e.g., III-V lasers grown on silicon. These potential advantages of QWR
and QD lasers could make them most suitable for a variety of applications
requiring coherent light sources with extremely low power consumption
and high-speed digital modulation capability. Of particular interest in
this context are integrated optoelectronic circuits involving large, dense
arrays of diode lasers and integration of lasers with low-power electronics
for optical interconnects and parallel signal processing.
A major challenge in this area has been the development of fabrication
technologies for preparing QWR and QD heterostructures compatible with
laser applications (Kapon, 1992). This has been important not only for
the realization of QWR and QD lasers according to currently available
models of these devices but also in order to provide much needed experimental data on the physics of these low-dimensional structures. In view
of the 3D structure inherent to the QWR and QD active regions (Fig. 4.1),
the main difficulty with the realization of such lasers is the fact that they
are not directly compatible with p l a n a r growth technologies, such as
conventional molecular beam epitaxy (MBE) or organometallic chemical
vapor deposition (OMCVD). The conventional modes of these growth
methods can provide high-quality 2D thin-film structures compatible with
quasi-2D QW laser designs. The lower dimensionality of QWR and QD
structures, on the other hand, necessitates lateralpatterning of the heterostructure in order to provide the extra degrees of quantum confinement.
This, in turn, requires either the addition of other fabrication steps before
and/or after the growth step or resorting to completely different growth
modes in order to realize the 3D structures. Moreover, the resulting patterned heterostructures need to be compatible with efficient carrier injection into the QWRs/QDs and should allow efficient interaction of the
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F i g u r e 4.1: Schematic illustrations of several possible QWR and QD laser
configurations: (a)longitudinal cavity QWR laser; (b) transverse cavity QWRarray laser; (c)vertical cavity QD laser.

carriers with the modes of the optical cavity. The increase in surface-tovolume ratio in a quantum-confined structure as the degree of quantum
confinement is increased requires virtually perfect interfaces to suppress
parasitic nonradiative recombination processes.
Besides the simulation of 1D QWR and 0D potential wells using high
magnetic fields, approaches for the realization of QWR and QD lasers fall
into two general categories: (1) techniques relying exclusively on postgrowth processing steps utilizing lithography for defining the wire and
dot structures and (2) methods employing growth-related phenomena for
creating the wire and dot potential wells. As a lithography-based technique, the former approach offers a high degree of flexibility in the design
of the lateral potential wells and the eventual laser configuration. How-
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ever, it suffers from the fact that defects are introduced into the QWR
and QD interfaces during fabrication, leading to nonradiative carrier recombination that limits the achievable optical gain. In addition, current
(relevant) lithography techniques barely reach the size required for significant lateral confinement, and their absolute size fluctuations are rather
large (more than a few nanometers). With the second approach, the interfaces of the wires and dots are formed in situ and are thus (potentially)
defect-free. A particularly interesting class of approaches in this category
relies on self-ordering of arrays of wire- and dot-shaped heterostructures
during growth on planar or nonplanar substrates. The main disadvantage
of this technique is that it limits the design flexibility of the QWR and
QD devices. However, most of the recent progress in the area of 1D and
0D lasers has been achieved owing to this second approach.
This chapter reviews the principles of QWR and QD lasers and describes the recent developments in this field. Section 4.2 discusses the
expected impact of the reduced dimensionality and quantum confinement
on the optical properties of QWRs and QDs, the effects on semiconductor
laser performance, and the special design issues applicable to these devices. Sections 4.3 and 4.4 present the state of the art of QWR and QD
lasers, respectively, discussing the experimentally observed properties of
wires and dots relevant to laser operation and comparing different designs, fabrication techniques, and performance. Finally, Sect. 4.5 brings
the conclusions and an outlook on possible future directions.

4.2

Principles of QWR and QD lasers

The electrons and holes in QWRs and QDs are spatially confined to wireshaped and box-shaped potential wells, whose small dimensions induce
quantum confinement in one or both lateral directions. As in the case of
2D QW structures, this results in formation of discrete bound states,
with electron and hole energies determined by the size and shape of the
potential well. This, in turn, modifies the energy distribution of the charge
carriers, with consequently an important impact on the lasing characteristics. Moreover, the modified Coulomb correlation in low-dimensional structures is expected to increase the importance of excitonic effects (Ogawa
and Takagahara, 1991a, 1991b; Glutsch and Bechstedt, 1993; Rossi and
Molinari, 1996) and could further alter the recombination mechanisms
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normally encountered in semiconductor lasers. In what follows, the main
modifications in the band structure and laser properties brought about
by the multidimensional q u a n t u m confinement are summarized.

4.2.1

Density

of states

The reduced carrier dimensionality in ideal q u a n t u m structures leads to
a dramatic redistribution of the density of energy states (DOS). Within
the envelope function approximation, the carrier wave functions can be
written as ~ ( r ) ~ u(r)C(r), where u(r) is the Bloch function at k = 0 (k
being the carrier wave vector) and r
is the envelope function. The
envelope function is a solution of the time-independent SchrSdinger equation:
-

h2

7

V2 + V ( r ) / C ( r ) = EC(r)
2m*
J

(4.1)

where m* is the effective carrier mass, V(r) is the heterostructure potential
defining the q u a n t u m structure, and E is the confinement energy (measured with respect to the bottom of the potential well V). In the simple
(but instructive) case of rectangular, infinitely deep potential wells V, the
confined energy levels of charge carriers confined in one, two, and three
dimensions (along the z, y, and x directions, respectively) are given by
h2 ~ l 2
h2ky2 _ ~h2kx2
Ez = 2 m * L 2 + 2m* ~ 2m*

(2D)

(4.2a)

h 2 ~r2l2
h 2 ~2m2
h 2kx2
El'm = 2 m * L 2 + 2m*L~ + 2m*

(1D)

(4.2b)

(0D)

(4.2c)

h27r2/2

h27r2m2 h2~2n2

El'm'n = 2 m * L 2 + 2 m * L y + 2 m * L 2

where L x, L~ and Lz denote the size of the confining well in each direction,
l, m, n = 1 , 2 , 3 . . . are the level indices, and kx, y is the wavevector along
the free propagation directions. Confinement in one or two directions
results in formation of subbands whose edges are given by the eigen
energies (4.2a) and (4.2b). Full 3D confinement gives rise to discrete 0D
states with energies as shown in Eq. (4.2c).
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The increasing degree of quantum confinement yields a corresponding
decrease in carrier dimensionality. The density (per unit volume) of allowed energy states is then given by

P3D

--

(2m*/h2)3/2 ~
2772
m

(3D)
(4.3a)

S

P2D = 7rh2Lx ~, ~(E - Ez)

(2D)

(4.3b)

(1D)

(4.3c)

(0D)

(4.3d)

l

Pw=

(2m*) 1/2
~'hL~Ly ~ ( E - E

~,m)-1/2

l, m

2

p o . = L L Lz

~

~(E

- E l , m, n)

where E is measured with respect to the band edge (or state) and ~(x) is
the Heaviside function (0 = 0 for x < 0; 0 = 1 for x -> 0). Figure 4.2 shows
these DOS functions for different dimensionalities in the case of ideal,
perfectly uniform quantum structures. At sufficiently low carrier densities, only the ground subbands or states are populated, and the decrease
in the DOS at higher energies in the QWR and QD case leads to spectral
confinement of the charge carriers. In this ideal case, the carriers are
confined to a single, low-dimensional subband or state, and the peaked
energy distributions result in enhanced optical gain and differential gain,
as further discussed below.
Another important outcome of lateral quantum confinement is the
modification of the valence band structure, particularly due to valence
band mixing (Sercel and Vahala, 1991; Bockelmann and Bastard, 1991;
Vouilloz et al., 1997). The lateral confinement results in polarization anisotropy of the optical absorption and gain coefficients, usually favoring
the amplification of a light beam polarized along the longer dimension of
the structure. This confinement also induces mixing between the heavyhole and the light-hole states even at the Brillouin zone center, which
modifies the nature of the hole states and the details of the polarization
anisotropy of the gain spectra.
The lateral quantum confinement in QWR and QD structures increases the importance of Coulomb correlations, particularly those related
to the formation of excitonic states. Theoretical studies have indicated a
significant increase in the exciton binding energy for strongly confined
wires and dots (Degani and Hipolito, 1987; Rossi et al., 1997) as well as
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F i g u r e 4.2: Density of states profiles as a function of dimensionality. (a) 3D;
(b) 2D; (c) 1D; (d) 0D. The crossed regions denote filled states.

a reduced oscillator strength for the free carrier transitions as compared
with the excitonic ones in QWRs (Ogawa and Takagahara, 1991a, 1991b;
Glutsch and Bechstedt, 1993; Rossi and Molinari, 1996). Experimental
studies of the luminescence spectra of QWRs at high carrier densities
also demonstrated features that are consistent with the dominance of
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excitonic recombination at carrier densities that are higher than the corresponding ones in QWs, at least at low temperatures (Grundmann et al.,
1994, 1995; Ambigapathy et al., 1997). The larger importance of excitonic
recombination at carrier densities compatible with lasing thresholds
would thus provide yet another means for achieving spectral carrier confinement in these low-dimensional structures.
However, to benefit from the above-mentioned spectral confinement
of 1D and 0D carriers, several rather stringent requirements should be
imposed on the wire/dot structure:
1. The size and composition fluctuations in the wires or dots should
be small enough so that the low-dimensional states remain well
resolved (Vahala, 1988; Zarem et al., 1989; Singh et al., 1992). For
example, in the presence of width fluctuations ~Lj, the inhomogeneous broadening for infinitely deep potential wells is given by
1(3Econ~ = 2Econf (~Lj/Lj), where Econf is the confinement energy
[the term proportional to 1/L2 in Eq. (4.2)]. Thus the relative size
fluctuations must satisfy SLj/Lj< < 1 so that the peaked DOS distributions are preserved.
2. Thermal population of higher-order subbands (or states) should
be avoided to obtain the full benefit of spectral confinement. This
can be achieved with a sufficiently large subband separation for
the electrons and the holes. For infinitely deep potential wells, a
subband (state) separation larger than k s T is achieved for wire/
dot widths Lj that satisfy
3h ,z2
Lj < ~/2~-sm-+-T

(4.4)

where T denotes the cartier temperature. For room-temperature
applications, this requires wire/dot widths of 10 to 20 nm at most
for typical III-V semiconductors employed in diode lasers (the
widths for dots should not be too small in order to ensure at
least one confined state for electrons). Combined with the first
requirement, this means that the effective size fluctuations should
not increase a few monolayers over the entire device area.
3. The confined carriers should preferably reside in the ground states,
which imposes a restriction on the quasi-Fermi levels at threshold.
For example, for wires with infinitely deep potential wells near
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T = 0, this implies a carrier density of N < 1 0 6 cm -1. To keep the
carrier density sufficiently low at threshold requires, in turn, a
high internal quantum efficiency (i.e., minimizing interface and
bulk defects) and high wire/dot densities, tight confinement of the
optical mode, and low optical cavity losses in order to minimize
the threshold gain.

4.2.2

O p t i c a l gain

The spectral carrier confinement due to narrower DOS profiles has a direct
impact on the optical gain and the differential gain in lasers incorporating
QWRs or QDs. The optical (material) gain function associated with transitions between free carrier states is given by
g(E) = a o f d E ' Pred(E')[Mcv(E')12L(E ' - E)[fc(E') - fv(E')]

(4.5)

where ao is a constant, Pred is the reduced density of states, Mcv is the
momentum matrix element, L(E) is a lineshape function, and fc, o denote
the Fermi functions for the conduction and valence bands (Zory, 1993)
(see also Chap. 1). The momentum matrix element between the conduction
b a n d IS) a n d t h e four valence band s t a t e s Ig i } : ]3~, -+- 3 }, ]32, _+_ 21} ( _+_ 23 a n d
1
_+ ~ correspond to heavy holes and light holes in bulk materials, respec-

tively) is expressed as
4
[Mcv (E)[ 2 = IMb]2 E {Sle" klV/} f dxdy ~ck (x, y)~vk(X, y)l 2

(4.6)

i=1

where e is the direction of polarization of the linearly polarized photons,
and ~c,vk(X, Y) are the carrier envelope functions.
The form of the gain function [Eq. (4.5)] illustrates the effect of the
quantum confinement on the optical gain: The narrower DOS function
enhances the gain (for a given carrier density) near the photon energies
corresponding to transitions between the bound states in the wires or
dots. In addition, the differential gain, i.e., the rate of increase in gain
with increasing carrier density, is also enhanced (Arakawa and Yariv,
1986). Asada et al. (1986) have compared the gain spectra of low-dimensional structures neglecting inhomogeneous broadening effects. Figure
4.3 shows the calculated (material) gain spectra for lattice-matched bulk,
10-nm-thick QW, 10 x 10 nm 2 square cross section QWR, and 10 x 10
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Figure 4.3: Calculated gain spectra for bulk, 10-nm-thick QW, 10 x 10 nm 2
QWR, and 10 x 10 x 10 nm 3 QD Ino.53Gao.47As/InP lasers at 300 K (Asada et
al., 1986, see reference).

x 10 nm 3 cubic QD InGaAs/InP lasers. Simultaneously with the obvious
narrowing in the gain spectra with decreasing dimensionality, the peak
of the gain increases. The peak gain for the QD case is about 15 times
higher t h a n that for bulk material; a tenfold increase in the peak gain
for the QDs was calculated for similar GaAs/A1GaAs structures. However,
it is important to recall that both homogeneous and inhomogeneous broadening mechanisms, particularly due to size fluctuations, can smear out
the peaked gain at the wire or dot transition energies (Vahala, 1988;
Zarem et al., 1989).
The different symmetry of the valence band states in low-dimensional
structures introduces a polarization anisotropy of the matrix elements.
For example, in the case of QWRs of square or circular cross section, light
polarized along the wire axis experiences a higher gain due to electron
to heavy-hole-like transitions, whereas for the perpendicular polarization,
transitions involving light-hole-like states dominate (the importance of
each hole type generally depends on the shape of the wire cross section)
(Sercel and Vahala, 1991). Similar gain anisotropy related to the valence
band structure is also exhibited by elongated QDs (Willatzen et al., 1994).
This offers new possibilities for controlling the polarization mode of diode
lasers.
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Introducing strain into the active QWR or QD region has been predicted to yield improved gain and differential gain characteristics (Ueno
et al., 1992; Arakawa, 1992; Yamauchi et al., 1993). In compressively
strained structures, the otherwise heavier effective hole mass can be
reduced, leading to both larger subband (confined state) separations and
a lower carrier density at transparency (see Chap. 2 for a detailed account
on the effect of strain on the performance of semiconductor lasers). In
addition, broadening effects also can be reduced in strained wires or dots
because the lateral dimensions required for a given confinement energy
are larger (Ueno et al., 1992).
It should be emphasized that Eq. (4.5) corresponds to the material
gain, i.e., the gain experienced by the optical field if it were completely
confined in the wires or dots. However, since the wavelength of the photons
is much larger than the characteristic wire or dot dimensions, only a
fraction F, the so-called optical confinement factor, is confined to the gain
medium, and hence the effective gain is correspondingly reduced. This
represents an inherent disadvantage of QWR and QD structures and
requires laser designs that maximize the value of F.

4.2.3

Threshold

current

Extremely low threshold currents are expected to be achieved with QWR
and QD lasers due to both the small volumes of their active regions and
the higher optical gain (Yariv, 1988; Miyamoto et al., 1989). The threshold
gain gth is related to the optical cavity loss coefficient acav via

Fgth--

O~cav = Ofi

1(1)

q - - ~ In R IR2

(4.7)

where ai is the internal loss coefficient, L is the cavity length, and R1 and
R 2 are the mirror reflectivities. In the linear gain approximation, the
variation of the gain coefficient with the carrier density N (per unit volume) is written
g(N) = g ' ( N -

Ntr)

(4.8)

where g' is the differential gain coefficient, and N t r is the carrier density
at transparency. The diode current (excluding leakage components) is
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given by I = eVN/Tc, where V is the volume of the active region, and Tc is
the carrier lifetime. Using this relation with Eqs. (4.7) and (4.8) yields
the threshold current:
Ith -- e V N t r + eV~cav
g,
= It r +
Tc
TcF

Icav

(4.9)

In this linear gain approximation, the threshold current consists of two
terms: the transparency current Itr required for rendering the active region transparent and the cavity current Icav needed for offsetting the
cavity losses. The transparency current is reduced mainly due to the
extremely small active volume, while the cavity current can be reduced
because of the increase in differential gain.
Equation (4.9) illustrates the basic requirements for achieving very
low threshold currents with QWR or QD lasers. First, the carrier lifetime
should be sufficiently long to keep both terms small. Hence it is important
to avoid nonradiative recombination centers near the active region, which
might be introduced due to damaging processing steps. Second, the cavity
losses should be kept low to minimize the second term. This can be
achieved by ensuring low waveguide losses and low mirror losses. The
latter requirement can be met using sufficiently long cavities and/or highly
reflecting mirrors. However, this can be effective only by simultaneously
keeping very low internal losses to allow for useful output power levels.
Finally, the optical confinement factor should be sufficiently high. This
calls for the use of tight optical confinement. Note that although a higher
confinement factor can be achieved by increasing the active region volume
(i.e., by increasing the wire or dot density), an increase in V also leads to
an increase in both current terms, and thus an optimum value for the
active volume should exist.
Threshold currents o f - 1 pA were predicted for ideal QWR lasers in
the limit of zero optical cavity losses (Yariv, 1988). Miyamoto et al. (1989)
have calculated the threshold current densities for optimally designed
InGaAsP/InP QD lasers and found values of 14 and 27 A/cm 2 assuming
internal losses of 10 and 20 cm-1, respectively, and neglecting size fluctuations. These values increase to 61 and 190 A/cm 2, respectively, assuming
10% width fluctuations in the lateral dot dimensions. Asryan and Suris
(1996) modeled the threshold current density of QD lasers including inhomogeneous broadening effects and showed that a minimum threshold
current is obtained for an optimal surface density. As an example, they
calculated Jth ~ 10 A/cm 2 for lattice-matched InGaAsP/InP QD lasers
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with 10% size fluctuations at an optimal surface density of---6 • 101~
dots per cm 2 (15-nm-wide dots, 10 c m - 1 internal losses).
Besides the current components discussed earlier, one also should
consider leakage currents, which can significantly increase the threshold
current in real QWR or QD lasers. Different from the case of QW lasers,
the configuration of laterally confined wires and dots with barriers in
between them may give rise to substantial leakage currents due to carriers
flowing in between the wires or dots. In addition, efficient carrier capture
into the QWR or QD potential wells is necessary to minimize this leakage
current. Current blocking schemes thus need to be considered to direct
the diode current to the wires and dots. Quantum well or QWR regions
connected to the active wires and dots also might be useful for improving
the carrier capture efficiency (see Sects. 4.3 and 4.4).
The spectral confinement of the carriers due to the narrow DOS
distribution is also expected to reduce the temperature sensitivity of the
threshold current of QWR and QD lasers. The temperature dependence
of the current density on temperature, of the form Jth = Jo exp(T/To),
was calculated for GaAs/A1GaAs QWR and QD lasers by Arakawa and
Sakaki (1982). A significant increase in To, to 481~ for QWRs and to
essentially infinity for QD lasers, has been predicted. The increase in T O
for realistic QD structures is expected to be less dramatic because of the
finite width of the DOS in that case. It should be noted, however, that
the temperature dependence of the threshold current also should be affected by the temperature dependence of other mechanisms involved in
the carrier transport and recombination. In structures with significant
current leakage, the dependence of carrier mobility and carrier capture
efficiency on temperature will result in a To that does not reflect solely the
effect of the DOS. The different temperature dependence of the radiative
lifetime of 1D or 0D carriers (Citrin, 1992) also should be taken into
account properly when assessing the effect of the DOS on the threshold
current sensitivity.

4.2.4

High-speed modulation

The carrier and photon dynamics in a semiconductor laser are reflected
by the so-called relaxation oscillations, whose frequency is given by (Lau
et al., 1983) (see also Chap. 3)
1 ~/VgrFg'
S0
fr -- 2 ~ ~ rph 1 + s S o

(4.10)
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where So is the steady-state photon density, Vg r is the photon group velocity, Tph is the cavity photon lifetime, and ~ is the gain compression coefficient. This parameter gives a measure for evaluating the maximum direct
modulation frequency of the device (see Chap. 3 for a detailed account on
this limit). The higher differential gain in the low-dimensional structures
was thus expected to lead to higher modulation speeds (Arakawa at al.,
1984). For example, an approximately 50% increase in the relaxation
oscillation frequency of well-designed QWR lasers with respect to QW
devices has been predicted (Arakawa et al., 1986a). The further increase
in the differential gain obtained by introducing compressive strain (e.g.,
in InGaAs/GaAs QWR structures) (Arakawa, 1992) should yield a corresponding increase of the modulation bandwidth in strained QWR lasers.
However, these predictions do not account either for nonlinear gain
effects, which also can be modified by the reduced dimensionality, or for
limitations set by carrier capture and relaxation effects. The latter are
determined by carrier transport toward the wires or dots, followed by
carrier relaxation from the edge of the potential well to its bottom. The
relaxation process is mediated by emission of polar optic phonons, carrieracoustic phonon scattering, and carrier-carrier scattering. These processes
might limit the ultimate modulation speed, particularly for decreasing
lateral dimensions of the confining potential. The carrier transport time
can be minimized by designing active regions in which the separation of
the potential wells is much smaller than the carrier diffusion length.
Barrier regions with intermediate dimensionality, e.g., QW sections connected to QWR recombination regions, also may be useful in this respect.
Minimizing the carrier relaxation time requires an understanding of the
impact of the multidimensional confinement on the carrier scattering
mechanisms. Kan et al. (1993) formulated the effect of carrier capture in
low-dimensional lasers and introduced an effective capture time scaled
up by the ratio of the volume of the 3D carrier confined region to that of
the low-dimensional active region.
In this context, the discrete level structure in QDs has been predicted
to result in a dramatically reduced relaxation efficiency, the so-called
phonon bottleneck effect (Bockelmann and Bastard, 1990; Benisty et al.,
1991). However, more recent theoretical studies have shown that the
relaxation rates can be enhanced due to electron-hole interaction (Bockelmann, 1993), Auger recombination (Bockelmann and Egeler, 1992), and
multiphonon processes (Inoshita and Sakaki, 1992).
Vurgaftman and Singh considered the tradeoff between minimizing
the threshold current density and minimizing the relaxation time of the
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carriers in QWR laser structures (Vurgaftman and Singh, 1993, 1994).
They calculated the electron relaxation time due to polar optical phonon
scattering and found that it decreases from 120 to 30 ps for GaAs/AIGaAs
QWRs of square cross sections ranging between 10 x 10 and 20 x 20
n m 2. The corresponding threshold current densities, however, increase
from 510 to 740 A / c m 2, respectively. These rather long relaxation times
are partly due to effective screening of the polar optical phonon scattering.
However, electron-hole interaction was predicted to reduce the relaxation
time to about 50 ps for the 10 x 10 n m 2 wire configuration. Much shorter
capture and relaxation times (a few picoseconds or even subpicoseconds)
were calculated for V-groove QWR structures by A m m a n n et al. (1997).
It also should be noted that the low threshold currents achievable with
QWR or QD lasers make them useful for high-speed
modulation
applications. The time delay in the onset of lasing following current increase from below threshold is given (assuming constant carrier lifetime)
by (Konnerth and Lanza, 1964)

digital

I )~

t d -- 7c In I -- I t h

TcIth
I

(4.11)

Ith

where the limit is valid for I > >
(Lau et al., 1987). Since typical carrier
lifetimes are in the nanosecond range, achievement of t d ~ 10 ps would
require I / I t h ~ 100, which demonstrates the benefit of ultralow threshold
currents for such applications.

4.2.5

Spectral

control

Several features of QWR and QD lasers may be used for controlling the
emission spectrum. The peaked DOS profile introduces a spectral modulation of the optical gain, which results in much narrower gain profiles near
each 1D or 0D transition energy. Even for an optical cavity without any
mode-selection capabilities (e.g., a Fabry Perot cleaved-mirror cavity), the
modes near these transition energies are selected because of their smaller
gain-to-cavity-loss difference. A QWR or a QD laser structure thus may
be designed to offer a better wavelength stability near the subband or
state transitions.
The bandgap and refractive index modulation in the plane of the
optical cavity (e.g., in an edge-emitting array configuration) inherent to
QWR and QD lasers makes it possible to generate distributed feedback
(DFB) effects that are useful for selecting a particular lasing mode via
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Bragg scattering (Kogelnik and Shank, 1972) (see also Chap. 3 in Volume
II). Whereas such DFB effects also can be obtained in more conventional
DH or QW lasers by introducing a grating into the cavity, periodic QWR
and QD structures also offer the possibility of periodically modulating
the optical gain, in addition to the more usual modulation of the real
refractive index. The combined periodic variation of the real and imaginary parts of the refractive index leads to a c o m p l e x coupling coefficient,
which breaks the degeneracy of the DFB modes found in real-index structures and gives rise to a better wavelength selectivity and stability (Kogelnik and Shank, 1972; Kapon et al., 1982).
The modification in the optical absorption and gain spectra also alters
the refractive index spectra near the subband transitions. This, in turn,
may lead to a significant reduction in the spectral linewidth of each cavity
mode. The field spectrum linewidth of a single mode in a semiconductor
laser cavity is given by (Henry, 1982)
A~ = Rsp(1 + a 2)
47rS

(4.12)

The first factor in this expression is the conventional Schawlow-Townes
term, where Rsp is the rate of spontaneous emission into the lasing mode
and S is the total number of photons in this mode. The second factor is
unique to semiconductor lasers and accounts for the broader linewidths
usually observed due to the linewidth enhancement factor ~ = ~n'/~n",
where 6n' and t~n" are the changes in the real and imaginary parts of the
refractive index due to the coupling of spontaneous emission photons into
the lasing mode. This linewidth enhancement results from the detuning
of the spectrum of t~n" with respect to that of t~n'. Typical values of a in
bulk lasers are 4 to 7, resulting in linewidth-power products of 50 to 100
mW-MHz (Fleming and Moradian, 1981). Lower values of a are expected
with the introduction of lateral quantum confinement due to the higher
differential gain (and hence higher 6n") and the smaller detuning of t~n'
and t~n", particularly in the case of QD lasers. Values of a of - 1 have been
calculated for QWR lasers for sufficiently high Fermi levels (Arakawa et
al., 1986a). Further reduction of the linewidth enhancement factor to
- 0 . 2 was predicted for strained QWR lasers (Arakawa, 1992). For QD
lasers, a zero value of a was calculated near the gain peak, with negative
values obtained for higher photon energies (Miyake and Asada, 1989;
Willatzen et al., 1994). The reduction in the linewidth enhancement factor
in QWR and QD lasers is also expected to reduce wavelength chirping
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effects during high-speed modulation (Koch and Linke, 1986). As in the
case of the modulation bandwidth, a higher nonlinear gain coefficient also
may reduce the effect of linewidth narrowing discussed above.

4.3

Quantum

wire lasers

Approaches for realizing 1D semiconductor lasers have included immersion of conventional diode lasers in high magnetic fields, etching and
regrowth of QW laser structures, cleaved-edge overgrowth of T-shaped
QWRs, growth on vicinal substrates, structures incorporating strain-induced wire superlattices, and growth on nonplanar substrates, particularly using V-groove QWR structures. Figure 4.4 summarizes the
structures of several QWR configurations that have been employed in
lasers. Some details on the performance of these QWR lasers are given
in what follows.

4.3.1

Semiconductor

lasers in high magnetic fields

Early attempts to realize QWR lasers consisted of immersing diode lasers
in high magnetic fields to achieve m a g n e t i c c o n f i n e m e n t of the carriers
in two directions (in the plane normal to the axis of the field B). For
magnetic fields sufficiently high that w c > > 1/rsc , where w c - e B / m * is
the cyclotron frequency and Tsc is the scattering time of the circulating
carriers, application of the field results in formation of quasi-lD Landau
levels with energies
E l = (l -

1/2)fi~ c + 52k2/2m *

l = 1, 2, 3 , . . .

(4.13)

and a DOS profile similar to that in Eq. (4.2c). A conventional doubleheterostructure (DH) laser in a sufficiently high magnetic field then behaves as a QWR laser [see Fig. 4.4(a)]. Similarly, a QW laser in a high
magnetic field should behave as a QD laser in which the confinement
along the field vector is provided by the QW heterostructure and the
confinement in the plane of the QW is due to the magnetic field. For
electrons in GaAs, B = 10 T yields Landau level separation of 17 meV.
Clearly, these rather high magnetic fields required for achieving magnetic
confinement applicable at room temperature limit the usefulness of this
approach. However, this simulation of a quasi-lD or 0D potential wells
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Figure 4.4: Several approaches for the realization of QWRs for laser applications. (a) immersion in high magnetic fields; (b)etching and regrowth of QW
structures; (c)cleaved-edge overgrowth; (d)growth on vicinal substrates;
(e) strained-induced lateral oredring; and (f) V-groove structures.
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can yield useful insight on the impact of such confinement on the laser
characteristics.
GaAs/A1GaAs DH lasers showed a reduced t e m p e r a t u r e sensitivity
of the threshold current in high magnetic fields: An increase of T O from
155 K at B = 0 to 313 K at B = 24 T has been measured near room
t e m p e r a t u r e (Arakawa and Sakaki, 1982). An increase in T Ofrom 200 to
260 K for fields between 0 and 20 T also was observed for GaAs/A1GaAs
QW lasers at room t e m p e r a t u r e (Berendschot et al., 1989). A relaxation
oscillation frequency higher by a factor of 1.4 was measured for DH GaAs/
A1GaAs with B = 20 T at room t e m p e r a t u r e (Arakawa et al., 1985), and
a twofold reduction in the spectral linewidth was observed for DH and QW
GaAs/A1GaAs lasers at low temperatures with B around 20 T (Arakawa et
al., 1986b; Vahala et al., 1987).

4.3.2

QWR l a s e r s f a b r i c a t e d by e t c h i n g a n d r e g r o w t h

Early attempts to make "rigid" QWR (and QD) lasers involved the definition of the laterally confined structures on QW heterostructures using
lithography and epitaxial regrowth. Starting with a QW laser structure
(with or without the top cladding layers), one defines wirelike (dotlike)
mesas by etching through a lithographically prepared mask. The upper
part of the laser structure is then completed by regrowth in order to
provide passivated wire (dot) interfaces [see Fig. 4.4(b)]. Since the effective
width of the lateral potential well is (ideally) identical to t h a t of the etched
wires, the fabrication techniques involved should be capable of producing
structures as narrow as a few 10 nm in width. Usually, wet chemical
etching is employed to minimize interface defects. Moreover, high-density
grating-like wire structures are desirable to maximize the modal gain.
An optical waveguide is usually fabricated on top of the regrown structure
to provide for lateral optical confinement. The preferred cavity configuration is often such that the laser beam propagates normal to the wires in
order to benefit from the polarization anisotropy of the optical gain and
from DFB effects obtained for properly designed array periodicities.
The first etched-and-regrown QWR-sized laser structures were fabricated in the lattice-matched InP/InGaAsP system (Cao et al., 1988, 1990).
The OMCVD grown InGaAs wires were 30 nm wide, with an array pitch
of 70 nm. Holographic photolithography or electron-beam (EB) lithography was used to define the m a s k of the wire array. The lasers operated
at 77 K at 1.36-ttm wavelength with threshold current densities as low as
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3.8 kA/cm 2. Room-temperature operation was later achieved with similar
structures using improved OMCVD regrowth conditions and p-type substrates to obtain a more efficient hole injection (Miyake et al., 1991, 1992).
Room-temperature CW operation of similar laser structures incorporating InGaAs/InP compressive- or tensile-strained wire active regions of
comparable dimensions was demonstrated more recently (Miyake et al.,
1993; Kudo et al., 1992, 1993). Figure 4.5 shows a schematic diagram and
a scanning electron microscope (SEM) cross section of such a structure
(Kudo et al., 1992). The strained active regions yield higher optical gain,
which leads to a reduced threshold current density. In addition, a buried
heterostructure (BH) stripe geometry, fabricated by liquid-phase epitaxial
third-step regrowth, was employed to reduce the total diode current.
Room-temperature CW threshold current and threshold current density

F i g u r e 4.5: Schematic description and SEM cross section of InGaAs/InGaAsP
QWR laser fabricated by etching and regrowth (Kudo et al., 1992, see reference).
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for the tensile-strained structures were 16 mA and 816 A/cm 2 (measured
in a 2-ttm-wide device). The lasing wavelength was 1.46 ttm. The threshold
currents were about twice as large as the corresponding ones in a control
tensile-strained QW laser. A study of the lasing characteristics as a function of t e m p e r a t u r e revealed that this difference is not caused by a reduced
internal q u a n t u m efficiency, indicating high interface quality of the wire
structures (Shin et al., 1995). The difference was r a t h e r attributed to the
lower optical confinement factor (0.95% versus 1.9%) for the wire lasers.
However, effects due to lateral carrier confinement were not observed in
the lasing characteristics of these lasers.
Nishida et al. (1992) used EB lithography, reverse mesa wet etching,
and OMCVD overgrowth to fabricate InGaAs/InP wires as narrow as
10 nm with 70-nm periodicity. The reverse mesa etching allows achieving
wire widths t h a t are smaller (by about 30 nm) t h a n the resist width.
Furthermore, facet formation during the anisotropic wet etching considerably reduces wire width fluctuations, as evidenced by atomic force microscopy (AFM) measurements. The standard deviation in the width of a given
wire was thus reduced from 1.5 to 2.5 nm to only 0.7 nm (Notomi et al.,
1993a). Mass transport of InP during the overgrowth steps was used to
planarize the wire array and to provide higher-bandgap current-blocking
InP regions between the wires, which is useful for reducing the leakage
current. Increase in blue shift and polarization anisotropy of the luminescence with decreasing wire widths were interpreted as evidence for 2D
q u a n t u m confinement in these structures (Notomi et al, 1993b).
Such QWRs were incorporated in diode laser structures employing
5-ttm-wide ridge waveguides for lateral optical confinement with 400- or
700-ttm-long optical cavities (Notomi and Tamamura, 1993). Devices with
60-nm-wide wires (single level) lased at 7 K at 1.33-#m wavelength with
a threshold current of 235 mA. Lasers incorporating narrower wires (as
narrow as 20 nm) did not lase and exhibited saturation in the intensity
of the electroluminescence at lower energies related to transitions between
the ground q u a n t u m well states. Laterally confined subbands were not
observed, probably due to excessive wire-width fluctuations. However, the
difficulty in achieving lasing with the narrow wires was attributed to the
low optical confinement factor r a t h e r t h a n to inhomogeneous broadening;
model calculations indicated t h a t the width fluctuations severely decrease
the gain peak only for narrower wires (~-10 nm).
Wang et al. have investigated the dynamics of optically pumped
InGaAs/InGaAsP quasi-QWR lasers made by etching and regrowth, emit-
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ting at 1.5-~m wavelength (Wang et al., 1996a, 1996b). The DFB lasers,
with a first-order grating configuration and with wire widths ranging
between 100 and 140 nm, were pumped with short (3-ps) optical pulses.
The time delay of the laser emission was found to decrease with decreasing
wire width. Simulation of the carrier and photon dynamics indicated that
this decrease is due to an increase in the differential gain for narrower
wires (Wang et al., 1996a). Analysis of the decay time of the emitted pulse
for 100-nm-wide wire lasers versus that for QW lasers indicated a much
longer carrier capture time for the wire lasers (90 versus 56 ps) because
of the smaller volume of the recombination region (Wang et al., 1996b).

4.3.3

QWR l a s e r s m a d e by c l e a v e d - e d g e o v e r g r o w t h

Cleaved-edge overgrowth (CEO) has been proposed as a technique for
producing QWR structures with uniformity comparable with that of highquality QW heterostructures (Chang et al., 1985; Goni et al., 1992). In
this approach, a conventional QW heterostructure (e.g., GaAs/A1GaAs) is
grown on a (100) substrate. The substrate is then cleaved in situ in an
MBE growth system, and another QW heterostructure is overgrown on
the (011) cleaved facet. T-shaped QWR structures are thus formed in which
the carrier wavefunctions are quantum confined in two perpendicular
directions [see Fig. 4.4(c)]. The (100) QW at the stem of the T-shaped
QWR provides a perturbation to the planar potential distribution of the
(011) QW, localizing the wavefunctions in the vicinity of the T-junction.
Since the dimensions of all parts of the T-shaped QWRs are determined
by epitaxial growth steps, and since atomically smooth cleaved (011)
planes can be achieved, highly uniform wire structures are expected with
this approach.
Both optically pumped (Wegscheider et al., 1993) and current injection
(Wegscheider et al., 1994) semiconductor lasers incorporating multiple
(15 to 22 periods) T-shaped GaAs/Alo.35Gao.65As QWRs have been demonstrated. Figure 4.6(a) illustrates schematically a T-QWR laser structure,
and Fig. 4.6(b) shows a transmission electron microscope (TEM) crosssectional image of the active region. The QWs composing the T-QWRs are
7 nm thick each and exhibit well-defined, sharp interfaces. Only the
ground 1D states of the carriers are confined in these T-shaped structures.
An Alo.lGao.9As waveguide layer is grown on top of the wires, leading to
the formation of a T-shaped 2D optical waveguide that yields a relatively
high optical confinement factor in the wires (the confinement factor is
estimated to be F ~ 3 x 10-3). In the diode laser version, a p - n junction
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F i g u r e 4.6: Schematic illustration (a) and TEM cross section (b) of a GaAs/
A1GaAs laser incorporating T-shaped QWRs formed by cleaved-edge overgrowth
(Wegscheider et al., 1993, see reference).

is formed by &doping the barriers of the (100) QWs with Be and by Sidoping the (011) layers starting from the waveguide layer. Laser contacts
are then made on both the (100) and the CEO surfaces.
Low-temperature (liquid He) polarized photoluminescence (PL) spectra of the undoped T-QWR laser structure are shown in Fig. 4.7
(Wegscheider et al., 1993). At low pump levels, luminescence from both
the QWR and the connected top- and stem-QW regions is observed, with
optical gain at the QWR transition evidenced by the FP mode modulation
of the spectra. Lasing is observed at the T-QWR transitions with a threshold current density of about 600 W/cm 2. The occurrence of lasing only at
the QWR transition is partly due to the optical confinement by the Tshaped waveguide and partly due to the efficient transfer of the photoexcited carriers from the connected QWs into the QWRs. The fact that
the QWR emission energy does not change much with increasing carrier
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F i g u r e 4.7: Photoluminescence and lasing spectra of a T-shaped QWR laser
made by cleaved-edge overgrowth measured at several power levels (optical pumping). The inset shows the power dependence of the QW and the QWR emission
energy (Wegscheider et al., 1993, see reference).
density (up to about 106 cm-1 at threshold) was interpreted as a signature
of the enhanced stability of the 1D exciton gas. An enhancement of about
50% in the exciton binding energy was estimated for these structures
from the difference in the energies of the QWR and the QW emission
lines. The fixed QWR emission energy is in contrast to the red shift in
the QW emission line, indicating a "normal" bandgap renormalization
effect associated with the high-density 2D electron-hole plasma. These
observations suggest that, at least at low temperatures, the confinement
to a 1D structure leads to lasing dominated by excitonic effects.
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The diode T-QWR lasers also were characterized at low temperature
(4.2 K), showing CW threshold currents of 0.4 and 0.6 mA for uncoated
devices with cavity lengths of 400 and 800 ttm, respectively (Wegscheider
et al., 1994). The emission wavelength was 786 nm. Constant energy of
the QWR emission line at currents above threshold also was observed in
this case and was again attributed to the dominance of excitonic effects.
Room-temperature operation of T-QWR lasers has not been achieved so
far, probably due to the relatively small confinement energy in the QWRs
(i.e., the difference between the energy of the 1D subband edge and that
of the 2D QW region), measured to be about 17 meV. However, recent
studies have demonstrated that these confinement energies can be increased up to about 50 meV by optimizing the T-shaped QWR structure
(Gislason et al., 1996).
4.3.4

QWR lasers

grown

on vicinal

substrates

Growth on vicinal substrates makes use of the natural stepped profile of
a misoriented substrate as the template for subsequent formation of wire
or dot arrays (Petroff et al., 1984; Fukui and Saito, 1988) [see Fig. 4.4(d)].
As an example, a 2 ~ misoriented (100) GaAs substrate ideally exhibits an
8-nm-pitch monolayer step profile. Preferential growth at the step edges
would then yield lateral (fractional layer) superlattice (SL) structures
via alternate growth of fractions of monolayers of, e.g., GaAs and AlAs.
Sandwiching such lateral SLs between higher-bandgap layers results in
extremely dense arrays of QWRs. However, a precise control of the growth
rates (less than 1% variations) is required to obtain reproducible structures, since the fraction of monolayers that is actually grown determines
the angle between the wire sidewalls and the wafer plane. In particular, if
the GaAs and the AlAs depositions deviate from an exact 0.5/0.5 monolayer
scheme, a tilted-wire SL results.
Such MBE-grown tilted-SL GaAs/A1GaAs lasers with a nominally 8nm wire periodicity were studied by Tsuchiya et al. (1989). The tilted SL
active region was sandwiched between waveguide layers to form a separate confinement QWR heterostructure. Broad area (BA) lasers operated
at room temperature under pulsed conditions with threshold current densities as low as 470 A/cm2; the lasing wavelength was 828 nm. However,
lasing characteristics were not different from those of conventional QW
lasers. This can be explained by the relatively weak lateral modulation
of the bandgap and the considerable nonuniformities from wire to wire
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(Yi et al., 1991), as observed in TEM cross sections of the structures. The
weak lateral bandgap modulation results from exchange of A1 and Ga
atoms at the step edges, which effectively smears out the otherwise deeply
modulated structure. The nonuniformities are due partly to imperfect
periodicity of the step structure and partly due to growth-rate variations
across the sample.
Saito et al. (1993) fabricated a fractional-layer SL GaAs/A1GaAs laser
on a GaAs (100) vicinal substrate misoriented by 2 ~ toward [01i] using
OMCVD. Short-period (A1As)l(GaAs)2 superlattices were used in this case
at the waveguide layers in order to avoid random step bunching and
achieve a more regular stepped surface before growth of the active region.
The active region consisted of a 12-nm-thick undoped (A1As)I/4(GaAs)3/4
fractional-layer SL. Low-diffusive C and Si atoms were used for doping
the carrier confinement layers in order to avoid disordering of the QWR
active region. Similar lateral SL structures have shown 50% polarization
anisotropy in PL spectra at 9 K (PL intensity larger for polarization along
the wires), which has been attributed to 2D quantum confinement in the
wires.
The OMCVD grown fractional-layer SL lasers were tested under
pulsed conditions below 195 K (Saito et al., 1993). A schematic diagram
and a TEM cross section of the laser are shown in Fig. 4.8. For 24-ttmwide stripes oriented along or perpendicular to the wires, the threshold
currents were 35 mA (275 A/cm 2) and 30 mA (228 A/cm2), respectively,
for similar cavity lengths (about 530 ttm). The lower threshold current
for the perpendicular configuration was accompanied by a longer lasing
wavelength (667 versus 662 nm). This red shift was attributed to the
fact that lasing due to electron-heavy hole transitions occurred for the
perpendicular configuration, while it was due to electron-light hole transitions for the longitudinal one.
Serpentine SL (SSL) structures, in which the growth rate is deliberately varied during growth of a tilted SL, have been developed in order
to better control the lateral SL structure (Miller et al., 1992). In these
structures, the growth rate is varied intentionally during the growth of
the lateral SL layer, which results in formation of crescent-shaped wire
structures laterally stacked in a dense array configuration (Fig. 4.9). The
uncontrolled lateral variation in step periodicity or growth rates should
then translate into variations in the positions of the wires rather than in
their size and shape.
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F i g u r e 4.8: Schematic illustration (a) and TEM cross section (b) of a separate
confinement, fractional superlattice GaAs/A1As laser grown by OMCVD (Saito et
al., 1993, see reference).
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F i g u r e 4.9: Schematic cross section of a serpentine superlattice QWR structure. The darker areas represent the higher-bandgap A1GaAs regions. Probability
density contours of the calculated conduction band and valence band wavefunctions are shown (Hu et al., 1995, see reference).

Diode lasers incorporating such lateral SLs were fabricated and studied by Hu et al. (1993, 1995). The structures were grown on a vicinal
(100) GaAs substrate tilted by 2 ~ toward [011]. The recombination region
consisted of a 68-nm-thick A1GaAs lateral SL layer, with an A1 mole
fraction varying nominally between 0 and 0.33 in the lateral direction.
Low-temperature photoluminescence spectra of the structure showed polarization anisotropy, with the emission intensity higher for polarization
vector oriented along the lateral SL wires t h a n for the perpendicular
orientation. The measured polarization anisotropy implies a sinusoidal
lateral variation in the A1 mole fraction of the lateral SL active layer,
with m i n i m u m and maximum values of 0.135 and 0.195, respectively.
Ridge waveguide lasers were fabricated with stripes oriented parallel or
perpendicular to the wires, and lasing was observed in both types up
to room t e m p e r a t u r e (CW). Threshold currents and their t e m p e r a t u r e
dependence were comparable with those of conventional QW lasers. The
optical gain spectra were measured at 1.4 K for both configurations. For
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the perpendicular ridge configuration, a much higher TE gain was measured, whereas the TM mode gain was higher for the parallel configuration
(Fig. 4.10). The threshold currents exhibited a corresponding behavior.
These results indicate higher optical gain for polarization vectors oriented
along the wire (in the perpendicular configuration) or along the larger
dimension of the cross section of the wire (parallel configuration), consistent with the polarization anisotropy observed in the low-temperature PL
spectra.

4.3.5

QWR l a s e r s m a d e by s t r a i n e d - i n d u c e d
self-ordering

Strained-induced, spontaneous formation of wirelike structures during
epitaxial growth of lattice-mismatched thin layers has been used to fabricate extremely dense QWR heterostructures suitable for incorporation in
diode lasers (Pearah et al., 1993; Chen et al., 1993) [see Fig. 4.4(e)].
Growth of a short-period superlattice (SPS) of (GaP)n/(InP)n layers (where
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typically n = 2 monolayers) on a (100) GaAs substrate by gas source MBE
results in lateral quasi-periodic modulation of the Ga/In composition along
the [011] direction, with a typical pitch of 10 nm. Embedding such a
laterally ordered layer in higher-bandgap GaInP barriers yields approximately 5-nm-wide QWRs whose thickness is directly determined by the
thickness of the SPS layer. The average wire length was estimated to
be approximately 300 nm. Strongly polarized luminescence, with linear
polarization oriented parallel to the wire axis, was observed in both lowtemperature PL (intensity ratio of up to 24) (Chen et al., 1993) and electroluminescence (Pearah et al., 1993) spectra and was interpreted as due to
2D quantum confinement in the wires.
Edge-emitting diode lasers incorporating such self-ordered wires in
graded index, separate confinement heterostructure (GRIN-SCH), and
step-index SCH configurations were studied by Stellini et al. (1993)
and Pearah et al. (1994). The schematic and TEM cross sections of their
laser structure are shown in Fig. 4.11. The wires have a cross-sectional
area of approximately 5 x 10 nm 2 and are vertically embedded in
Alo.15Gao.35Ino.5P barrier layers. Devices with BA stripe contacts aligned
parallel and perpendicular to wires were tested. The perpendicular-stripe
devices showed much lower thresholds and operated up to room temperature, whereas the ones with the parallel stripes lased only at low temperatures. The light versus current characteristics of the two devices at 77 K
(pulsed conditions) are shown in Fig. 4.12; threshold current densities
were 400 and 1500 A / c m 2 for perpendicular and parallel stripes, respectively (GRIN-SCH structures). This anisotropy was attributed to a higher
optical gain for light polarized along the wire axis. The lasing wavelength
was approximately 702 nm (TE mode) and 693 nm (TM mode) for laser
stripes oriented perpendicular and parallel to the wires, respectively
(GRIN-SCH structures, 77 K). The blue shift in lasing wavelength for the
parallel stripe is due to the higher Fermi levels associated with the gain
anisotropy in the wires. For the step-index SCH configuration, the emission wavelengths were 729 nm (TE) and 714 nm (TM), and the threshold
current densities were 250 and 2190 A / c m 2 for the perpendicular and
parallel stripe configurations, respectively.
Similar structures, emitting around 1.55-ttm wavelength, were fabricated by MBE of (GaAs)2(InAs)2 SPS on (100) InP substrates (Chou et
al., 1995). The active region consisted of five SPS layers, each about 10
nm thick, separated by 7.5-nm Alo.24Gao.24Ino.52As barrier layers, and
was embedded in an Alo.24Gao.24Ino.52As waveguide layer bounded by
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F i g u r e 4 . 1 1 - Schematic illustration (a) and TEM cross section (b) of an InGaP/
A1GaInP QWR laser formed by strained-induced self-ordering. The wires are
perpendicular to the [110] direction (Stellini et al., 1993, see reference).
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F i g u r e 4.12: Light versus current characteristics of the QWR laser of Fig.
4.11 for injection stripes aligned along two different crystal directions (Stellini et
al., 1993, see reference).

Alo.48Ino.52As cladding

layers. Modulation of the Ga/In composition in
the [011] direction resulted in formation of lower-bandgap, In-rich wires
oriented in the [011] direction, with an average cross section of about 15
x 10 nm 2 and a lateral periodicity of about 30 nm. Top-view TEM images
indicate that the wires are segmented, with an average length of 300 to
500 nm. Polarization anisotropy of the emission from these wires was
observed in PL experiments, with a ratio of up to 4 between the intensity
of emission polarized parallel to the wires relative to that polarized perpendicular to the wires. Broad-area diode lasers were fabricated with
stripes oriented parallel and perpendicular to the wires and were operated
under pulsed conditions. Much lower threshold current densities were
obtained (at 77 K) for light polarized along the wires (propagation normal
to the wires) as compared with light polarized perpendicular to the wires
(200 A/cm 2 versus 2 kA/cm 2, emission wavelengths of 1.69 and 1.575 #m,
respectively). As in the case of the shorter-wavelength GaInP/GaAs self-
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ordered QWR lasers, only the lasers with light polarized along the wires
operated at room temperature.
4.3.6

QWR lasers

grown

on nonplanar

substrates

The formation of buried QWR and QD structures by growth on nonplanar
substrates relies on the characteristic faceting and thickness variations
that occur during epitaxial growth on the patterned substrate due to the
dependence of growth rate on the crystalline direction (Kapon, 1994) [see
Fig. 4.4(f)]. The variation in growth rate is brought about by variations
in the flux of the growth species and depends on the growth method,
dimensions and orientation of the pattern, the growth species employed,
and the growth conditions. As a result, a QW heterostructure grown
on the nonplanar substrate exhibits lateral thickness and composition
variations that are translated into lateral potential variations, partly via
the 1D quantum size effect in the growth direction. The lateral potential
wells thus formed can be used to quantum-confine carriers in 1D or 0D
structures formed in situ (Kapon et al., 1987). Although narrow potential
wells can be formed with this approach using, e.g., extremely narrow
( - 10 nm) groove patterns, self-ordering processes play an important
role in obtaining such narrow structures without compromising their
uniformity. In particular, OMCVD growth in [011]-oriented grooves on
(100) GaAs substrates leads to self-ordering of crescent-shaped QWRs
owing to the formation of extremely narrow, faceted V-grooves at the
bottom of the etched channels (Bhat et al., 1988; Kapon et al., 1989a,
1989b, 1996). The in situ formation of the QWRs leads to high interface
quality, and the self-limiting growth of the faceted surface results in
wire structures whose composition, size, and shape depend mainly on the
growth conditions rather than on the lithography details. In addition,
tight 2D optical waveguide structures can be formed around the QWRs,
which is useful for achieving relatively high optical confinement factors
in the wires.
Evidence for formation of 1D subbands in GaAs/A1GaAs V-groove
QWRs grown by OMCVD has been provided by low-temperature photoluminescence (PL), PL excitation, and cathodoluminescence (CL) spectroscopy (Kapon et al., 1992a; Walther et al., 1992a; Gustafsson et al., 1995;
Oberli et al., 1995; Wang et al., 1995). Subband separations as large as
about 50 meV have been observed in PL excitation spectra for the smallest
V-groove wires obtained so far (Kapon et al., 1996). A distinct polarization
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anisotropy in the optical absorption, directly attributed to the 2D quantum
confinement and related to valence band mixing, has been measured in
such wires (Vouilloz et al., 1997), implying a corresponding anisotropy for
the gain spectra. It has been observed that the energies of the 1D transitions observed in low-temperature PL and CL spectra of such wires stay
constant up to relatively high carrier densities (a few times 106 cm -1)
(Grundmann et al., 1994, 1995; Gustafsson et al., 1995; Ambigapathy et
al., 1997). This suggests that the recombination in these structures is
dominated (at least at low temperatures) by excitonic processes and that
the bandgap renormalization is smaller than in 2D systems (< 10-15 meV)
(Ambigapathy et al., 1997). The high interface quality of V-groove wires
is evidenced by the relatively long (300-500 ps) carrier lifetimes at low
temperatures. This is in contrast to the much shorter lifetimes observed,
e.g., in etched wires, in which excessive nonradiative recombination at
the sidewalls dramatically shortens the carrier lifetimes (Christen et al.,
1992a).
A generic V-groove GaAs/A1GaAs QWR laser structure with a longitudinal cavity configuration (i.e., beam propagating along the wire) is depicted schematically in Fig. 4.13 (Kapon, 1993). The current is injected
through a narrow (~ 1-#m) window in the contact defined by proton implantation. Since growth of an A1GaAs layer above a given GaAs QWR
crescent results in a resharpening of the V-groove profile, recovering the
self-limiting groove profile, it is possible to vertically stack several such
wires of identical size and shape within the core of the optical waveguide
(Christen et al., 1992b).
Separate-confinement heterostructure V-groove GaAs/A1GaAs diode
lasers incorporating a single wire at the center of the V-shaped waveguide
lased at room temperature under pulsed conditions at a wavelength of
800 to 830 nm and with threshold currents as low as 3.5 mA (Kapon et
al., 1989a, 1989b). Peaks in the amplified spontaneous emission spectra
and the envelopes of the longitudinal modes were observed and interpreted as due to the enhanced gain at the transition energies between the
1D subbands. The observed subband separation was 10 to 13 meV, in
agreement with model calculations. Lasing occurred at an excited 1D
subband in all these devices. Lasers with longer cavities (i.e., smaller
cavity losses) or tighter optical confinement lased at a lower-energy subband. The relatively high threshold currents and the high lasing energy
were due to the small optical confinement factor, which results in high
quasi-Fermi levels. In addition, the relatively wide contacts lead to exces-
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F i g u r e 4.13: Schematic view of a V-groove 4-QWR GaAs/A1GaAs laser (upper
panel) and TEM cross sections showing the cores of two lasers with different
wire size (structures A and B). The devices were grown by atmospheric pressure
OMCVD (Kapon et al., 1992c, see reference).
sive leakage currents. The lasers operated at the fundamental optical
mode that is TE-polarized. The mode shows a circular near-field pattern,
approximately 1 ttm in diameter, as measured using conventional farfield (lens) optics. More recently, higher spatial resolution (~0.1 #m)
scanning near-field optical microscope measurements of similar V-groove
lasers showed that the fundamental mode is heart-shaped, with a width
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of approximately 0.5 tim (Ben-Ami et al., 1997), in agreement with an
optical waveguide model of the structure (Kapon et al., 1992b).
Vertically stacked multiple-QWR V-groove lasers with improved optical confinement factors also were demonstrated and studied (Simhony et
al., 1990, 1991; Kapon et al., 1992c). Figure 4.13 also shows TEM cross
sections of the cores of two 4-QWR V-groove GaAs/A1GaAs QWR lasers
with different wire sizes (denoted structures A and B in the figure). The
dark, vertical stripes running through the centers of the wires are selfordered A1GaAs vertical QWs (VQWs), formed due to Ga segregation at
the bottom of the grooves.
The relatively slow lateral variations in the effective bandgap at the
QWR crescents allow the evaluation of the 1D subband energies and wave
functions in the framework of an adiabatic approximation (Kapon et al.,
1989a). In this approximation, the envelope wave functions are factorized
as r
~ Xy(Z)C(y), where a slow variation with y is assumed. Substitution into Eq. (4.1) yields two coupled 1D SchrSdinger equations describing
the transverse and lateral wave function distributions:

~2 02
]
0Z2 ~-Yy(z) Xy(Z)

2m*

~2 02
2m* Oy2 ~ Ec~

= EcongY)Xy(Z)

(4.14a)

= Er

(4.14b)

]
r

where Vy(z) is the 1D potential distribution in the transverse z direction
at each lateral position y, and Econf(y) is the corresponding transverse
confinement energy. This adiabatic approximation yields a simple, intuitive procedure for determining the solutions for the eigen functions and
eigen solutions of the quantum crescent. First, the lateral thickness variations of the QW at the crescent are evaluated (e.g., using TEM data), and
the transverse potential distribution at each lateral position is employed
to yield the transverse wavefunctions and the lateral variation of the
confinement energy Econf. The confinement energy distribution then
serves as the potential well providing the lateral quantum confinement,
and solution of the lateral 1D problem finally yields the lateral variation
of the wavefunctions and the eigen energies of the 1D subbands. This
procedure is illustrated in Fig. 4.14 for the QWR crescent structures of
Fig. 4.13 (Kapon et al. 1992c). The lateral variation in confinement energy,
due to the lateral tapering, results in this case in parabolic-shaped lateral
potential wells with harmonic oscillator-like 1D subbands. The electron
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for the lateral variations in effective confinement energies of the electrons and
holes, deduced from the thickness measurements. Horizontal lines represent the
calculated 1D subband energies for electrons (Kapon et al., 1992c, see reference).

subband separation is about 16 meV in the smaller wire structure and
about 11 meV in the larger wire structure. Note that the 1D subband
separations for heavy holes are much smaller due to their heavier mass,
and therefore, the inaccuracy of this single-band model for the case of
the valence band is less important for comparisons with the observed
transition energies.
The gain spectra of GaAs/A1GaAs V-groove 4-QWR laser structures
were evaluated by measuring the cavity finesse as a function of wave-
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length (Hakki and Paoli, 1975). The modal gain spectra at several diode
currents are shown in Fig. 4.15(a) (Walther et al., 1992b; Kapon, 1993).
The spectra were measured at room temperature under CW conditions,
and the threshold current was 4 mA (high reflection coated facets). The
emission is strongly TE polarized, consistent with the asymmetric shape
of the wire cross section and the longitudinal cavity geometry. The gain
spectra exhibit several peaks, whose energy separations agree well with
the calculated energy separations between electron-hole transitions conserving the 1D subband index. Gain spectra exhibiting a similar spectral
modulation were calculated for GaAs/A1GaAs V-groove QWR lasers by
Citrin and Chang (1993). These gain peaks are attributed to the higher
DOS at the 1D subbands. At higher diode currents, the gain at the higherindex subbands increases due to sequential filling of the higher-energy
subbands. The measured values at the gain peaks are displayed in Fig.
4.15(b) as a function of the diode current. The peak (modal) gain at the
energy corresponding to the transition between the ground electron and
hole subbands saturates at approximately 13 cm -1. Lasing cannot be
observed at this transition because the cavity loss (23 cm -1) exceeds the
saturated gain value. Subsequent subband filling at higher diode currents
leads to larger gain and finally lasing at the fourth subbands.
The 1D subband structure in these lasers is clearly observed in the
amplified spontaneous emission (ASE) spectra close to their threshold.
The ASE spectra of the two V-groove 4-QWR lasers of Fig. 4.13 are shown
in Fig. 4.16 for several currents near threshold (Kapon et al., 1992c). The
subband separations agree well with the calculated ones, thus demonstrating the scaling of the 2D confinement energy with the size of the wires.
Above threshold, lasing takes place at an energy corresponding to transitions between excited 1D electron and hole subbands due to band filling.
The larger-wire and the smaller-wire lasers operated under pulsed conditions at 830 and 800 nm wavelength, with threshold currents of 26 and
20 mA for (uncoated) cavity lengths of 2.5 and 1.7 mm, respectively. Lasing
from lower-index subbands was observed for the structure with the larger
subband separation (l = 3 versus l = 5).
Even with a multiple QWR structure, the optical confinement factor
of the V-groove lasers was too low to allow lasing at room temperature
from the ground 1D subbands. Modeling of the near-field distribution of
the optical mode in the V-shaped 2D waveguides shows that the peak
intensity of the fundamental mode is located above the geometric center
of the waveguide (Kapon et al., 1992b). This suggests that a higher confine-
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Figure

ment factor can be achieved with an asymmetric QWR structure in which
the wires are vertically displaced above the waveguide center. In such an
optimally designed 4-QWR structure, the calculated optical confinement
factor increases to 1.17%, as compared with 0.63% for the symmetric
structure (Kapon, 1993). Still higher confinement factors should be achievable in a waveguide with more wires. It should be noted, however, that
the highest achievable confinement factor is limited due the finite barrier
thickness between wires required for reestablishing the self-limiting surface profile underneath the subsequent crescent (Kapon et al., 1996).
Lower threshold currents were achieved with 3-QWR V-groove wire
lasers with high-reflection facet coatings for reducing the optical cavity
losses (Simhony et al., 1991). Figure 4.17 shows the emission spectra of
such a device below and above threshold. Threshold is attained at room
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F i g u r e 4.17: Emission spectra of a high-reflection-coated 3-QWR GaAs/
A1GaAs V-groove laser. Threshold current is 0.6 mA (room temperature, pulsed
operation) (Simhony et al., 1991, see reference).

temperature at 0.6 mA under pulsed conditions. Spectral modulation due
to the 1D subbands is also evident in the spectra.
The effective carrier capture into the V-groove QWRs via the surrounding GaAs and A1GaAs QWs has been evidenced by the temperature
dependence of their PL spectra (Walther et al., 1992a). At low temperatures (T < 80 K), the PL spectra are dominated by luminescence from the
QW regions. However, at higher temperatures, the carriers are transported
toward the QWRs more efficiently due to their higher mobility. Subsequent
capture into the wires results in spectra dominated by the QWR emission
line at T > 80 K. PL excitation spectra also support this efficient transfer
from the QWs into the QWRs. This efficient transfer is particularly evident
in wires made on submicron-pitch corrugations, where the pitch is smaller
than the carrier diffusion length. For an array pitch of 0.25 ttm, spectra
dominated by QWR lines were measured even at lower temperatures in Vgroove structures (Christen et al., 1992a). The capture time is limited by
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the diffusion in the barrier regions. Time-resolved PL studies showed
capture times as short as 25 ps, corresponding (in a large part) to diffusion
in approximately 100-nm-long VQW sections in 0.25-ttm-pitch V-grooved
QWR structures (Haacke et al., 1996). It appears that transfer into the
wires via the vertical A1GaAs wells is more efficient than that due to
transport in the sidewall GaAs QWs, probably due to the necking on both
sides of the wires that results in effective potential barriers.
Lasing from the ground 1D states in V-groove QWR structures has
not been achieved so far at room temperature because of gain saturation.
Lasing from lower-index subbands, however, is possible at lower temperatures. Figure 4.18 shows the temperature dependence of the lasing energy
for a single-QWR diode laser with a longitudinal cavity configuration
(Chiriotti, 1996). Also depicted are the temperature dependence ofthe GaAs
band edge as well as the variation of the calculated subband transitions.
One can see that the lasing subband index decreases at lower temperatures, finally reaching the ground state at temperatures below approximately 70 K. This is due to the higher material gain at low temperatures,
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which increases the available gain at a given carrier density. The nonmonotonous energy variation around 200 K m a y be due to the t e m p e r a t u r e
dependence of the carrier capture efficiency, discussed earlier.
Even lower threshold currents were obtained with MBE-grown
strained InGaAs/GaAs/A1GaAs V-groove QWR lasers (Tiwari, 1995; Tiwari and Woodall, 1994; Tiwari et al., 1992, 1994). Figure 4.19 displays the
cross section of such a device. In this case, the [01i] grooves were etched
t h r o u g h a silicon nitride mask, which was then left on the sample during

F i g u r e 4.19: SEM (a) and schematic (b) cross sections of a V-groove InGaAs/
GaAs strained QWR laser grown by MBE (Tiwari et al., 1994, see reference).
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growth. This results in growth of high-resistivity (106 t2.cm) polycrystalline material on both sides of the laser stripe, which yields efficient current
confinement. The core of the laser consisted of three strained InGaAs
(20% nominal In mole fraction) crescent-shaped wires embedded in GaAs
barrier layers and GRIN AlxGal_xAs optical waveguide layers. Crosssectional TEM data indicate crescent thicknesses of 10 to 11.5 nm, and
modeling of the 2D confined electron subbands yields level separation of
3 to 4 meV. The estimated optical confinement factor for these lasers is
about 1.6%.
The MBE-grown V-groove QWR lasers exhibited submilliampere CW
room-temperature threshold currents. Threshold currents were as low as
1 8 8 / ~ k for 1-mm-long cavities w i t h o u t mirror coatings (Fig. 4.20), the
internal efficiency was 83%, and the internal optical loss coefficient was
4.2 cm -1. Threshold currents as low as approximately 120 ttA were obtained for shorter cavities (Tiwari, 1995). An important factor in obtaining
such low threshold currents is the low leakage currents in these structures. The low internal losses led to external differential efficiency of
about 0.5 #W/pA and a m a x i m u m output power of 50 #W (per facet).
F u r t h e r reduction in threshold current appears feasible due to the rela-
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several currents. (Tiwari et al., 1994, see reference).
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tively high mirror losses in these devices. Near threshold, the lasing
wavelength was about 990 nm, blue shifting at higher currents via hopping between adjacent QWR subbands (see inset in Fig. 4.20). A single
longitudinal mode is obtained at each QWR subband, and the measured
subband energy separation, 4 to 5 meV, agrees with the calculated value.
As shown in Fig. 4.21, these QWR lasers exhibited a T O value of 260 K
near room temperature, significantly larger than that of a ridge waveguide
QW laser grown side by side (T O = 206 K). This improvement in To might
be limited in this case by the oscillation at several 1D subbands.
Tiwari et al. (1992) also reported the modulation characteristics of
the MBE-grown V-groove QWR lasers (Fig. 4.22). The maximum 3-dB
modulation bandwidth of these lasers was about 12 GHz at a diode current
of less than 600 pA (Tiwari, 1995). This relatively low bandwidth was
obtained despite the fact that the measured differential gain (1.5 • 10 -13
cm 2) was two orders of magnitude higher than that in conventional
strained QW laser. The low bandwidth was attributed to the high gain
compression coefficient (~ = 1.79 • 10 -16 cm3), almost 10 times higher
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F i g u r e 4.22: Small-signal response of the V-groove QWR laser grown by MBE
as a function of modulation frequency (Tiwari et al., 1992, see reference).
t h a n that of a strained QW laser. The increase in the gain compression
was attributed to spectral hole burning and/or carrier heating.
Whereas the extremely small active volume in a single-QWR laser
is beneficial for reducing the threshold current, it also leads to a limited
output power. The output power of V-groove QWR diode lasers was increased by employing longitudinal cavity laser array configurations (Qian
et al., 1995). The V-groove GaAs/A1GaAs structure consisted of 19 lasers
on 6-ttm spacings, each containing four vertically stacked GaAs QWR
crescents. The structure was proton implanted to provide current confinement to each V-groove active region; all lasers were electrically pumped
in parallel. Maximum peak (pulsed) output power of 115 mW was achieved
with a threshold current of 0.7 A at room temperature. However, the
external efficiency was rather low (maximum power at 3 A), probably due
to current leakage between the V-grooves.
The QWR spectral gain modulation due to the 1D DOS profile leads
to output wavelength selectivity, whereby only a few Fabry-Perot modes
(and often a single one) near the gain peak oscillate (see Fig. 4.16). Further
wavelength selectivity can be achieved using transverse QWR array configurations utilizing complex-coupling DFB effects. Such DFB QWR laser
structures were realized by OMCVD growth on substrates patterned with
submicron pitch periodic corrugations (Fig. 4.23) (Walther et al., 1993).
The InGaAs wires were 14 to 17 nm thick and 70 to 80 nm wide, with a
pitch of 0.25 ttm. Gain-guided lasers were fabricated by proton implanta-
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tion of stripes oriented parallel or perpendicular to the wires. The lasers
lased up to room temperature under pulsed conditions. For the perpendicular configuration, the output wavelength was nearly constant around
920 nm for T < 150 K due to second-order Bragg reflection from the gainand index-modulated grating. A complex coupling coefficient K = 2.5e i~
to 4e i~
was calculated for these structures, suggesting a significant
gain coupling effect. The threshold current for the perpendicular configuration was found to be higher than that for the parallel one, probably
because of excess cavity losses due to first-order Bragg diffraction. The
threshold current density for the parallel-stripe configuration was 66 A/
cm 2 at 80 K, rising sharply for T > 200 K to a value of 1.9 kA/cm 2 at
room temperature. This sharp increase was attributed to inefficient carrier capture from the GaAs waveguide layer into the InGaAs wires; note
that in these structures there is no A1GaAs VQW region, which might
otherwise help in carrier capture. In the perpendicular-stripe configuration, the carrier accumulation in the GaAs waveguide resulted in lasing
or ASE from the GaAs layers at room temperature. High-reflection-coated
lasers with a perpendicular-stripe configuration lased at room temperature with a threshold current ofl00 mA (cavity length of 360 ttm), showing
spectral features attributed to 1D subband transitions (Kapon, 1993).
Arakawa et al. (1992) fabricated vertical cavity surface-emitting lasers incorporating GaAs/A1As distributed Bragg mirrors and InGaAs Vgroove QWRs and tested them under optical pumping. The wires were
fabricated on top of the bottom Bragg mirror using selective OMCVD
growth on a submicron-pitch SiO 2 mask. A 4-1ambda cavity was used in
order to ensure complete planarization of the upper Bragg mirror. The
structures were optically pumped at 77 K under CW conditions. The
measured luminescence spectra, centered at 883 nm, showed a much
narrower spectral width (3 nm), as compared with the spectral width of
the wires without the cavity (16 nm), demonstrating the filtering effect
of the cavity. The nonlinear dependence of the output intensity as a function of the pumping power was interpreted as evidence for lasing from
the wires at the cavity mode.
The small cross-sectional area of a QWR may also be advantageous
for minimizing the adverse effects of misfit dislocations arising during
growth on mismatched substrates, e.g., in the case of III-V compound
lasers grown on Si substrates. Hasegawa et al. (1994) studied V-groove
GaAs/A1GaAs QWR lasers grown on GaAs/Si substrates by atmosphericpressure OMCVD. The V-grooves were etched in an n-type GaAs layer

F i g u r e 4.23: Schematic diagram (a) and TEM cross section (b) of a V-groove
QWR laser incorporating strained InGaAs/GaAs QWRs grown on a submicronpitch gratings (Walther et al., 1993).
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grown on a Si substrate. Their structure consisted of three vertically
stacked GaAs/A1GaAs wires at the center of a V-shaped waveguide. Roomt e m p e r a t u r e operation with threshold currents as low as 9.8 mA under
pulsed conditions and 16 to 20 mA under CW conditions were demonstrated at 859-nm output wavelength. The threshold currents were significantly lower t h a n for QW lasers grown on planar Si substrates (24-64
mA, CW). This was attributed to the small size of the active region, which
effectively reduces the number of dislocations in the lasing region.
The characteristics of different QWR lasers demonstrated so far are
summarized in Table 4.1 on the following pages.
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Efficient QD lasers rely on high interface quality even more t h a n QWR
devices because of the larger surface-to-volume ratio for dots. The further
reduction in optical confinement factor requires the realization of extremely high-density arrays of dots in order to exploit the expected increase in material gain. As in the case of QWR lasers, earlier attempts
to realize QD lasers consisted of etching and regrowth of QW laser heterostructures [Fig. 4.24(a)]. This approach has had limited success due to
the nature of the processed and regrown interfaces as well as because of
the limits on dot density set by current lithography techniques. More
recently, the in situ formation of high-density QD structures using various
self-organized growth schemes has been demonstrated and employed in
the fabrication and studies of QD laser structures [e.g., Fig. 4.24(b)].

Regrown Interface
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F i g u r e 4.24: Schematic diagrams of QD structures for laser applications fabricated
by (a) etching and regrowth and (b) Stranski-Krastanow self-organized growth.

c~

Growth
Method

Highest
Operation
Temperature

Lasing
Wavelength

Threshold Current/
Current Density

Fabrication
Method/Structure

Material System

Etching and
regrowth/BA

InGaAs/InP
(lattice matched)

OMCVD

77 K

1.36 ~ m

3.8 kA/cm 2

Cao et al., 1990

Etching and
regrowth/BH

InGaAs/GaAs
(strained)

OMCVD

RT (CW)

1.46 ~ m

16 mA/816 A/cm 2

Kudo et al., 1993

Etching and
regrowth/ridge
waveguide

InGaAs/GaAs
(lattice matched)

Gas source
MBE

7K

1.33 ~ m

235 mA

Notomi and
T a m a m u r a , 1993

Cleaved edge
overgrowth

GaAs/A1GaAs

MBE

4 K (CW)

786 n m

0.4mA

Wegscheider et al.,
1994

L a t e r a l superlattice
on vicinal
substrates/BA

GaAs/A1GaAs

MBE

RT

828 n m

470 A/cm 2

Tsuchiya et al.,
1989

L a t e r a l superlattice
on vicinal
substrates/BA

GaAs/A1GaAs

OMCVD

195 K

667 n m (10 K)

275 A/cm 2 (10 K)

Saito et al., 1993

Serpentine superlattice/ridge
waveguide

GaAs/A1GaAs

MBE

RT

710 n m (1.4 K)

20 mA (RT, CW)

H u et al., 1995

Strained-induced
self-ordering/BA

GaInP/GaAs

Gas source
MBE

RT

729 n m (77 K)

250 A/cm 2 (77 K)

P e a r a h et al., 1994

Reference

Strained-induced
self-ordering/BA

InGaAs/InP

MBE

RT

1.69 ttm (77 K)

200 A/cm 2 (77 K)

Chou et al., 1995

V-groove/single
QWR

GaAs/AlGaAs

OMCVD

RT (CW)

800-840 nm

4 mA

Kapon et al., 1989

V-groove/multiple
QWR

GaAs/A1GaAs

OMCVD

RT

860 nm

0.6 mA (HR coated)

Simhony et al.,
1991

V-groove/stripe
geometry DFB

InGaAs/GaAs

OMCVD

RT

990 nm

100 mA (HR coated)

Walther et al., 1993
Kapon 1993

V-groove/multiple
QWR

InGaAs/GaAs

MBE

RT (CW)

990 nm

120p~k

Tiwari et al., 1995

V-groove/VCSEL

InGaAs/GaAs

OMCVD

77 K

883 nm

Optically pumped

A r a k a w a et al.,
1994

V-groove/multiple
QWR

GaAs/AlGaAs on
GaAs/Si

OMCVD

RT (CW)

859 nm

16 mA

Hasegawa et al.,
1994

v..

Note: All p a r a m e t e r s are for pulsed operation and for edge-emitting cavity configurations unless otherwise indicated.
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QD l a s e r s f a b r i c a t e d by e t c h i n g a n d r e g r o w t h

Electroluminescence from QD-like structures prepared by holographic
photolithography, wet chemical etching, and liquid-phase epitaxy (LPE)
regrowth was first reported by Miyamoto et al. (1984). The QW base
structures were realized in the InGaAsP/InP lattice-matched system using
OMCVD, and the pitch of the square array of dots was 204 nm. Electroluminescence from the dots (at -1.4-ttm wavelength) was observed at 77 K
under pulsed conditions. However, lasing threshold could not be attained,
probably due to excessive nonradiative recombination at the regrown
interfaces.
Tensile-strained, buried-heterostructure Ino.33Gao.67As/InGaAsP/InP
QD lasers fabricated using electron-beam lithography, wet etching, and
OMCVD growth and regrowth were reported by Hirayama et al. (1994)
(Fig. 4.25). Such tensile-strained structures allow the achievement of
1.5-#m wavelength emission with a QW layer that is thicker than for
corresponding compressively strained structures, thus increasing the optical confinement factor. The dots were 30 nm in diameter, with a 70-nm
center-to-center spacing on a square lattice; the optical confinement factor
was estimated to be approximately 0.3% (a single dot layer). Lasing from
the QD region was observed under pulsed conditions at 77 K at 1.26-ttm
wavelength, w i t h I t h = 1.1A and Jth = 7.6 kA/cm 2 (L = 2080 ttm, uncoated
facets). The relatively large blue shift of the lasing wavelength relative
to the InGaAs band edge (0.1 ttm) was attributed to large band filling in the
dots due to the small optical confinement factor and dot size fluctuations.

4.4.2

QD l a s e r s m a d e by s e l f - o r g a n i z e d g r o w t h

NStzel et al. (1994a, 1994b) have demonstrated the self-formation of disklike InGaAs/A1GaAs structures during OMCVD on (311)B GaAs substrates. The disks are formed during a growth interruption following the
deposition of a strained InGaAs layer, presumably due to the lower barrier
height for adatom migration as compared with (100) substrates. The selfforming disks are as small as 30 nm in diameter and 5 nm in height and
are placed on a quasi-regular hexagonal lattice with approximately 200
nm pitch. Efficient luminescence due to excitonic transitions has been
observed from such disk structures (NStzel et al., 1994b).
Ridge waveguide diode lasers incorporating such quantum disks were
fabricated by vertically stacking two 6-nm-thick Ino.25Gao.75As layers be-
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F i g u r e 4.25: Schematic diagram (a) and SEM top view of a 70 nm-pitch
GaInAs/GAInAsP/InP tensile-strained Quantum Box Laser (just after wet-chemical etching. (Hirayama et al., 1994, see reference).

tween Alo.15Gao.s5As barrier layers in a SCH configuration (Temmyo et
al., 1995). An SEM top view of the disk structure is shown in Fig. 4.26.
The diameter of each InGaAs disk is approximately 60 nm, and the surface
coverage density is approximately 6%. Room-temperature CW operation of
approximately 900-#m-long devices with approximately 2-#m-wide ridges
was achieved at a threshold current of 23 mA. The lasing wavelength
was approximately 940 nm, blue shifted with respect to that of a control
double-QW InGaAs/A1GaAs laser grown side by side.
Another approach for preparing QD structures whose interfaces are
formed in situ is the application of the strain-driven Stranski-Krastanow
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F i g u r e 4 . 2 6 : Top-view SEM image of disklike InGaAs/A1GaAs heterostructures self-formed during OMCVD on (311)B GaAs substrates (Temmyo et al., 1995,
see reference).

(SK) growth mode during MBE or OMCVD (Goldstein et al., 1985). In
this case, growth of a sufficiently thick, highly strained layer gives rise
to formation of flat islands lying on a 2D layer, the so-called wetting layer.
The resulting dots are pyramidal or lenslike in shape, typically 10 to 50
nm in diameter, and can be prepared in densities as high as 101~ to 1011
cm -2. An atomic force microscope (AFM) top view of such an InGaAs/
GaAs dot structure grown by MBE on a (100) GaAs substrate is shown
in Fig. 4.27 (Leonard et al., 1993). Defect-free dot structures with high

F i g u r e 4.27: Top-view atomic force microscope image of Stanski-Krastanow
InGaAs/GaAs dots (Leonard et al., 1993, see reference).
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luminescence efficiency thus result, with typical low-temperature luminescence linewidths of 30 to 50 meV. The r a t h e r broad linewidths are due
to inhomogeneous broadening brought about by the relatively wide size
distributions of the dots, typically 10% to 20% in width. In fact, luminescence spectra of a small number of dots (or possibly a single QD) obtained
using mesa-etched dot structures (Marzin et al., 1994) or by performing
low-voltage CL spectroscopy (Grundmann et al., 1995) show extremely
narrow (submillielectron-volt) peaks attributed to recombination of excitons in an individual QD potential well. In addition to the efficient luminescence, the fast rise time of the PL signal following a short pulse
excitation (10 ps) supports the absence of a phonon bottleneck in such
dots (Marzin et al., 1994; Wang et al., 1994; Kurtenbach et al., 1995).
Almost constant carrier lifetime as a function of t e m p e r a t u r e was measured at low t e m p e r a t u r e s for InP/InGaP QDs (Kurtenbach et al., 1995),
consistent with the expected behavior of 3D confined structures (Citrin,
1993).
Kirstaedter et al. (1994) reported lasing from electrically pumped SK
Ino.5Gao.5As/GaAs QD structures embedded in a GaAs/A1GaAs SCH diode
laser configuration grown by MBE. Nominal thicknesses of the (single)
Ino.5Gao.5As active layer ranged between 1 nm (where the onset of dot
formation is observed) to 1.8 nm (where the dots are well developed), and
dot diameters ranged between 10 and 30 nm. At low temperatures (below
150 K), lasing was observed at 1-#m wavelength, more t h a n 100 meV
lower t h a n the emission energies of a uniform 1-nm-thick Ino.5Gao.5As
QW layer, indicating lasing from the dot structures r a t h e r t h a n from the
wetting layer. Threshold current densities were as low as 120 A/cm 2 at
77 K but increased sharply at higher temperatures (as low as 950 A/cm 2
at room temperature). A high value of T O (330-350 K) was measured at
low t e m p e r a t u r e s and was interpreted as a signature of lasing due to
transitions in a 0D structure. The sharp increase in threshold current
above approximately 150 K may be due to thermal excitation of carriers
into the GaAs waveguide layer.
Similar MBE grown InGaAs/GaAs QD laser structures with larger
dots (~50 nm in diameter, 13 nm in height, 2-3 • 101~ cm -2 density)
lased at room t e m p e r a t u r e under pulsed conditions (Mirin et al., 1996).
Broad area lasers of 800-#m cavity lengths had a threshold current density
of approximately 500 A/cm 2 at a wavelength of 1020 nm. Comparison
with QW lasers incorporating essentially the InGaAs wetting layer only,
for which the lasing wavelength was 940 nm, indicates t h a t lasing in the
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QD lasers resulted from recombination at excited 0D states because of
state filling. The temperature dependence of the emission wavelength of
the QD lasers was found to be much weaker than that of the QW lasers
and was explained as due to a lower degree of state filling at lower
temperatures. In another report, room-temperature lasing in Ino.4Gao.6As/
GaAs SK QD lasers incorporating dots of 12-nm diameter at 1028-nm
wavelength was attributed to e 1-hh2 QD transitions (Kamath et al., 1996).
Moritz et al. (1996) reported room-temperature lasing in optically
pumped, visible-wavelength InP/Gao.52Ino.48P SK QDs sandwiched between Alo.51Ino.49P waveguide cladding layers (grown on a GaAs substrate). The InP dots were 20 to 30 nm in diameter and 5 to 10 nm in
height, with a density of 3 • 101~ cm -2. Lasing from both the wetting
layer (at 670 nm) and the QDs (at 705 nm) was observed. Measurements
of the optical gain in these structures show a higher gain at the wetting
layer, although the lasing spectra were dominated by emission from the
QDs. This was attributed to the fact that the carriers in the dots were
not in thermal equilibrium with those in the wetting layer, possibly due
to necking in the wetting layer thickness next to the dots.
Self-formed InGaAs/GaAs dot structures also were realized by a
strained-induced atomic layer epitaxy (ALE) technique, in which several
short cycles of (InAs)l-(GaAs) 1 growth sequences are obtained via a fast
switching of the flow of organometallic precursors (Mukai et al., 1994).
The resulting Ino.5Gao.5As dots are typically 20 to 30 nm in diameter and
approximately 10 nm in height (the latter determined by the total grown
thickness of InGaAs), with up to 10% surface coverage. They were vertically cladded by GaAs and laterally delimited by Ino.lGao.9As. The emission wavelength of such dots extends over 1.1 to 1.5 ttm. Peaks separated
by 50 to 80 meV were observed in low-temperature PL and electroluminescence spectra of such dots and were attributed to recombination at the
0D states (Mukai et al., 1996). Analysis of the luminescence lineshape
indicated intersubband relaxation times on the order of 10 to 100 ps and
was interpreted as due to phonon bottleneck effects.
Edge-emitting broad-area diode lasers incorporating a single layer of
such InGaAs/GaAs dots (20-nm diameter, 10-nm height, ~10% surface
coverage) in a separate confinement heterostructure were studied by Shoji
et al. (1995). Lasing was obtained under pulsed conditions at 80 K at a
threshold current density of 815 A/cm 2. The lasing wavelength was 911
nm, consistent with transitions between excited QD states. A low value
of the diamagnetic shift in the lasing energy (2.5 meV for magnetic fields
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up 13 T) as compared with InGaAs QW lasers emitting at similar wavelengths (5 meV) supported the interpretation of lasing from 3D confined
states.
The results just described indicate that the optical gain due to transitions between the dot ground states is not sufficient for attaining the
threshold in a typical edge-emitting laser cavity. This is due to the small
optical confinement factor in a single-layer QD structure, in which a
typical area coverage is approximately 10%. In an attempt to increase
the optical gain and reduce the carrier density at threshold, vertically
stacked arrays of SK self-organized QDs have been employed. It has been
demonstrated t h a t stacking of several SK InAs/GaAs dot layers with
sufficiently thin GaAs barriers results in alignment of the QDs in a vertical
array configuration (Xie et al., 1995; Solomon et al., 1996). The vertical
alignment results from dips in the stress fields that develop directly above
each dot in the first layer, thereby inducing preferential In migration and
island growth at that location in subsequent layers. Vertical alignment
of more t h a n 95% of the dots has been achieved with GaAs separation
layers less t h a n approximately 50 nm thick (Xie et al., 1995).
Edge-emitting diode lasers incorporating five layers of vertically
stacked InAs/GaAs SK QDs (with an area density o f - 6 • 101~ cm -2)
were grown using MBE by Xie et al. (1996). Figure 4.28 shows a cross
section of the laser structure. The dots were vertically separated by approximately 10 nm and were therefore electronically uncoupled. The devices lased at 79 K under pulsed conditions, at a wavelength of 987 nm,
and with a threshold current density of 310 A/cm 2. In comparison, the
PL spectra showed emission from the ground states of the dots at 1052
nm and from the wetting layer at 863 nm.
Diode lasers incorporating e l e c t r o n i c a l l y coupled, vertically stacked
SK InAs/GaAs dots were reported by Ustinov et al. (1997). The dots were
approximately 20 nm in diameter and approximately 5 nm in height, with
a density of approximately 1011 cm -2 per layer. Edge-emitting structures
with up to 10 layers of dots separated by 1 to 2 nm of GaAs were investigated. Pulsed operation was achieved up to room temperature, with the
lasing wavelength increasing from approximately 950 nm for a single dot
layer to 1050 nm for three layers. The multilayer structures also resulted
in an improved t e m p e r a t u r e stability of the threshold current, yielding
T O - 430 K up to 175 K for the three-layer devices. However, the threshold
currents increased rapidly above that point (Jth - 40 A/cm 2 at 80 K and
660 A/cm 2 at 290 K). This was probably due to carrier reevaporation from
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Figure

4.28: Schematic and TEM cross sections of a vertically stacked
Stranski-Krastanow QD InAs/GaAs laser (Xie et al., 1996, see reference).

the dots to the GaAs waveguide layer at the high carrier densities near
laser threshold. Further improvement was obtained by inserting the InAs
dots in thin (10-nm) GaAs QWs, yielding T O = 350 K up to room temperature, where Jth was 500 A/cm 2. Employing A1GaAs as dot barriers resulted
in threshold current densities as low as 63 A/cm 2 and internal efficiencies
as high as 70%. Diode lasers incorporating 10 QD layers with HR (99%)
coated back mirrors operated CW at room temperature.
Room-temperature operation of three-layer InAs/GaAs SK QD lasers
(20-nm diameter, 5-nm height, 20-nm GaAs barriers, - 10% area coverage)
also was reported by Shoji et al. (1996). Figure 4.29 shows the roomtemperature electroluminescence spectra of such a laser with uncoated
facets. Emission from several QD subbands is observed, with a blue shift
due to state filling at higher currents. At room temperature, 900-#m-long
lasers with as-cleaved mirrors lased at the first excited subband transition
( - 1 0 4 0 nm wavelength), and lasing abruptly shifted to longer wavelengths ( - 1 0 7 0 nm) corresponding to ground-state lasing as the tempera-
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F i g u r e 4.29: Room-temperature electroluminescence spectra of a three-layer,
vertically stacked Stranski-Krastanow InAs/GaAs QD edge-emitting laser (Shoji
et al., 1996, see reference).

ture was reduced to approximately 260 K (Fig. 4.30). In high-reflectioncoated devices of the same length (95%, both facets), lasing from the
ground state persisted up to room temperature (1105 nm wavelength).
Room-temperature CW operation also was demonstrated with the HRcoated devices (Jth ~ 1 kA/cm 2 per dot layer).
A subgroup of QDs with a narrow size distribution can be effectively
selected out of the broad size distribution of the SK dots using a wavelength-selective optical cavity. Saito et al. (1996) have demonstrated such
a QD laser by integrating a multistack of Ino.5Gao. 5 As/Alo.25Gao.TDAS SK
dots in a VCSEL structure consisting of two GaAs/A1As Bragg mirrors
and an A1GaAs h-spacer. The active region consisted of 10 layers of 28nm-diameter and 3-nm-height dots with a density of approximately 2 x
10 l ~ c m - 2 . Single VCSEL devices with an area of 25 x 25 t i m 2 w e r e
operated CW at room temperature with a threshold current of 32 mA,
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F i g u r e 4.30: Temperature dependence of PL (i) and lasing wavelengths [(ii),
HR coated; (iii), as cleaved] of a three-layer, vertically stacked SK InAs/GaAs QD
edge-emitting laser (900-;tm cavity length) (Shoji et al., 1996, see reference).

showing a single longitudinal mode output at 960-nm wavelength. This
wavelength was intermediate between the PL wavelengths of the QD
ground state and the wetting layer emission (1000 and 920 nm, respectively), suggesting that lasing occurred due to transitions between excited
states of the dots.
One of the open questions regarding the SK-based QD lasers is related
to the mechanism of optical gain in these devices. The very large, inhomogeneous broadening of the luminescence s p e c t r a ~ t h e measured homogeneous line widths of single dots are approximately 103 narrower than the
inhomogeneous widths--implies that a correspondingly small fraction of
the dots supports the oscillation of a given cavity mode. This suggests
that the material gain needed for attaining laser threshold is approximately 103 larger than in a QW laser with a s i m i l a r optical confinement
factor F. However, gain calculations (see, e.g., Fig. 4.3) predict a much
smaller gain enhancement due to the (free carrier) quantum confinement.
Further work is thus needed for elucidating the lasing mechanisms in
these interesting structures.
Table 4.2 summarizes the characteristis of the different QD lasers
just described.

Fabrication Method/
Structure

Material
System

Growth
Method

Highest
Operation
Temperature

Lasing
Wavelength

Threshold Current/
Current Density

Reference
Hirayama et al.,
1994

Etching and regrowth/BH

InGaAs/InP

OMCVD

77 K

1.26 ttm

1.1 A/7.6

Self-ordering on (311)B
substrates/ridge waveguide

InGaAs/GaAs

OMCVD

RT (CW)

940 nm

23 mA

SK self ordering/BA

InGaAs/GaAs

MBE

RT

1 ttm

120

A/cm 2

SK self-ordering/BA

InGaAs/GaAs

MBE

RT

1020 nm

500

A/cm 2

SK self-ordering/BA

InGaAs/GaAs

MBE

RT

1028 nm

650 A/cm 2

Kamath et al.,
1996

SK self-ordering

InP/GaInP/GaAs

MBE

RT

705 nm

Optically pumped

Moritz et al.,
1996

Strained-induced selfordering/BA
SK self-ordering/vertically
stacked, BA
SK self-ordering/vertically
stacked, BA

InGaAs/GaAs

ALE

80 K

911 nm

815 A/cm 2

Shoji et al.,
1995

InAs/GaAs

MBE

79 K

987 nm

310 A/cm 2

Xie et al., 1996

InAs/GaAs

MBE

RT

950-1050
nm

63 A/cm 2

Ustinov et al.,
1997

SK self-ordering/vertically
stacked, ridge waveguide

InAs/GaAs

MBE

RT (CW)

1105 nm

3 kA/cm 2

Shoji et al.,
1996

kA/cm 2

Temmyo et al.,
1995
(77 K)

Kirstaedter et
al., 1994
Mirin et al.,
1996

Saito et al.,
SK self ordering/vertically
InGaAs/GaAs
MBE
RT (CW)
960 nm
32 mA
1996
stacked, VCSEL
Note: All parameters are for pulsed operation and for edge-emitting cavity configurations unless otherwise indicated.

Table

4.2:

S u m m a r y of c h a r a c t e r i s t i c s of d i f f e r e n t q u a n t u m dot l a s e r s t r u c t u r e s .
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and outlook

Considerable progress has been achieved in recent years in the development of concepts and technologies relevant to low-dimensional 1D and
0D lasers. The traditional, lithography-based techniques for preparing
QWRs and QDs using etching and regrowth have much improved, allowing
the fabrication of wires and dots with reasonable interface quality and
dimensions approaching those needed for efficient low-dimensional confinement. Most of the recent progress has been achieved, though, owing
to the introduction of novel growth techniques in which the wires and
dots are formed in situ. Most notably, a new class of growth methods
utilizing self-ordering of wires and dots has emerged, permitting the demonstration and investigation of lasers incorporating wires and dots whose
sizes and densities are beyond the reach of current (relevant) lithography
techniques.
However, the performance of QWR and QD diode lasers has not
reached yet what has been predicted by early theoretical models of these
devices. These early models emphasized the role of the narrower DOS
distribution in improving the static and dynamic laser properties. Currently achievable devices, on the other hand, still suffer from excessive
inhomogeneous broadening due to size fluctuations. In addition, there are
other important features of low-dimensional structures that have not
been fully accounted for by the early models and which might be equally
important in determining the lasing features. Among these are the mechanisms of carrier transport, capture, and relaxation and the interplay
between excitonic and free carrier effects in the optical gain spectra, all
of which are affected by the lower dimensionality. These features have
only recently been addressed experimentally owing to the availability of
high-quality QWR and QD structures suitable for optical studies, and the
results of these investigations might contribute to establishing new, more
realistic models of 1D and 0D lasers.
The realization of QWR and QD lasers with features approaching
those of an ideal system requires significant improvements in the uniformity of the wires or dots, as well as efficient schemes for current confinement
to the recombination regions. Size distributions of not more than a few
percent and negligible leakage currents will allow exploitation of the full
benefits of the narrower density of states and realization of threshold
currents comparable with the radiative currents predicted by models of
the ideal systems. On the other hand, other features of QWR and QD
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structures may prove advantageous over those of QW lasers even in the
presence of significant inhomogeneous broadening. These include the
small lateral size of the wires and dots, which should be effective in
reducing the adverse effects of misfit dislocations in lasers grown on
foreign substrates, particularly III-V lasers grown on Si substrates. Selecting a narrow subset of the size distribution using cavity-filtering effects, e.g., in a Bragg mirror microcavity, also might be an effective way to
reduce the relevant size distribution. However, in this case, the extremely
small effective volumes of the active region also will necessitate a corresponding reduction in the optical cavity losses. Such microcavity lasers
incorporating QWRs and QDs are also of interest because they provide
the ultimate control of the carrier and photon features via quantum carrier
and photon confinement. For example, a laser consisting of a single QD
embedded in a three-dimensional photonic bandgap (Yablonovitch, 1989)
structure will offer the possibility of independently engineering the carrier
and photon states via the design of the semiconductor bandgap and refractive index distributions.
Future progress in this area will thus depend on both further refinement of the relevant technology and on the understanding of the physics
pertinent to low dimensional lasers.
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Introduction

Quantum statistical properties of laser light have been studied extensively
for the last 30 years both theoretically and experimentally. A laser op361
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erating at far above threshold generates a coherent state of light. Various
experimental facts support such theoretical prediction. However, recent
studies on a semiconductor laser revealed that a semiconductor laser
generates a number-phase squeezed state rather than a squeezed state.
This is due primarily to the fact that a semiconductor laser is pumped
by a shot-noise-free electric current. If such a squeezed state becomes
phase coherent with an independent local laser oscillator, the squeezed
light can be detected by optical homodyne detectors and used for various
interferometric measurements. A phase-coherent squeezed state or
squeezed vacuum state can be generated by injection locking the squeezed
slave laser with an external master laser. This chapter reviews the theoretical and experimental aspects of squeezing of such an injection-locked
semiconductor laser.
Spontaneous emission of an atom also has been studied for many
years both theoretically and experimentally. A q u a n t u m electrodynamic
theory of spontaneous emission was well established by various experimental results. Spontaneous emission is not an immutable property of
an atom but a consequence of atom-vacuum field coupling. The decay
rate, energy, and radiation pattern of spontaneous emission can be altered
by a cavity wall. Since spontaneous emission is a major source of energy
loss, speed limitation, and noise of a semiconductor laser, such capability
of control of spontaneous emission is expected to improve the performance
of a semiconductor laser. In this chapter we also review the theoretical
and experimental aspects of control of spontaneous emission in various
semiconductor microcavities.

5.2

Squeezing

in semiconductor

5.2.1

Brief review

of squeezed

lasers

states

The Heisenberg uncertainty principle for two conjugate observables (~1
and (~2 is the direct consequence of the commutation relation between
them. It can be derived by the Schwartz inequality1:
=

f>

>_

=

88

(5.1)

where h 0 / : 0 / - (0/), : 1, 2. A state that exactly satisfies the equality
in Eq. (5.1) is called a m i n i m u m - u n c e r t a i n t y state and is defined mathematically as an eigenstate of the operator 2
()(r) :

er

O1 +

ie--r

O2

(5.2)
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where r is a squeezing parameter. The squeezing parameter determines
the distribution of q u a n t u m noise b e t w e e n 01 a n d 0 2"
(A02)
(A02)

: (i02)r=0
= (A52)r=0

e-2r
e2 r

{
~ (minimum-uncertainty product) (5.3)
1 ^

When two quadrature-phase components a l = ~(a + ~*) and a2 -1 ^
(~i)(a
- ~r are chosen for two conjugate observables ()1 and 0 2, then O3
is a c number ( - 89 In the special case of r = 0, ()(r) is the photon
annihilation operator ~, and its eigenstate is a coherent state. 3 Two quadrature components of the coherent state share the same amount of quan1
tum noise, namely, (h~ 2) - ( h ~ 2) = ~. The electromagnetic field
generated by a classic oscillating current is in a coherent state. 4 Its quadrature-component q u a n t u m noise is referred to as the standard q u a n t u m

limit (SQL).
In the case of r r 0, the eigenstate of 0(r) is called a quadrature
amplitude squeezed state, 5-7 which features reduced q u a n t u m noise in
one quadrature and enhanced q u a n t u m noise in the other quadrature. The
quadrature amplitude squeezed state Ifl,r) can be generated by unitary
evolution from a coherent state:

ifl, r ) = ~(r)lfl ) = exp[~r(d2 _ (~,2)] Ifl)

(5.4)

This unitary evolution is realized by the second- or third-order nonlinear
processes. The quadrature amplitude squeezed state is expanded in terms
of photon number states"

]fl, r) = exp - ~1

Ifll2 + 1 tanh(r)fl2]

[ 89
• ~

n

n/2

(5.5)

fl

[n! cosh(r)] 1/2 Hn [X/sin-h(2r)] In)

where H n is the nth order Hermite polynomial. In order to ultimately
reduce the noise in one of the quadratures to zero, the electromagnetic
field mode must have an infinite photon number. This is so because the
enhanced quadrature noise component will require part of the total photon
number 7

(ft)SS

= (61) 2 + (62) 2 +

sinh2(r) ~

co

(5.6)

(r--.oo)

That is, there is a tradeoff relation between quantum-noise reduction and
the required photon number.
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A number-phase squeezed state of the electromagnetic field is the
other kind of minimum-uncertainty state. The observables O1 and O2
correspond to the photon number and sine operators, and O3 is then the
cosine operator defined by
O1 = fi -= a'a,
1

3 = C-~[(fi

1
()2 = S -= ~ [(fi + 1) -1/2 a - a* (fi + 1) -1/2]
+ 1)-1/2~ + ~ t ( f i + 1)-1/2]

(5.7)

(5.8)

The normalizable number-phase minimum-uncertainty state can be constructed mathematically when (S> = 0. 34 However, the average photon
number (fi} and the ratio of photon number noise to sine operator noise
(Afi2}/(AS2) cannot be chosen independently but rather should satisfy the
constraint
I - l-<n>

<AS2>/

= 0

(5.9)

where I~(x)is a modified Besse] function of the first kind of order it. From
the constraint in Eq. (5.9), (fi) must be chosen as (fi) e [2k, 2k + I]
(k = 0, I, 2, 3,...). The number-phase minimum-uncertainty state Iv, r>
is expanded in terms of photon-number states:
Iv, r) = c ~ In_<~>(e2r)lfZ)

(5.10)

n

wherec

--

[~

2
^
2 r - 1)]
/2
In_<n>(e

is a normalization factor. When r is equal to

n

_!2 ln(2(fi)) and the average photon number is much greater than unity,
the photon-number noise and the sine-operator noise (which corresponds
to the classic phase noise) are reduced t o <(An)2> - <n> and <(AS)2> ---[(((~)2)/(4(n))] - 1/(4(fi)). This state is close to a coherent state, although
a coherent state does not satisfy a number-phase minimum-uncertainty
product in an exact mathematical sense. Therefore, the number-phase
squeezed state cannot be generated by unitary evolution from a coherent
state. This number and sine-operator noise is also referred to as the SQL.
A number-phase squeezed state with r > -~i In(2(~)) features smaller
photon-number noise and larger sine-operator noise than the SQL, while
the minimum-uncertaintyrelationship ((Aft)2><(AS)2> = 1(~)2 is preserved.
The photon-number noise ultimately can be reduced to zero (photon-num-
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ber state) without requiring an inifinite photon number because the enhanced phase noise does not require any photons at all.
The difference between the preceding photon states is described by
the quasi-probability density (Q representation)
Q(a)-

=

I< 1 >12

(5.11)

where I@ is a state vector, and la} is a coherent state with the complex
eigenvalue a, and the real and imaginary parts of a corresponds to (a l}
and (a2}, respectively. Neither a squeezed state nor a number-phase
squeezed state possesses a positive-definite diagonal P(a) function for the
density operator, which implies that these states cannot be realized by a
classic mixture of coherent states. The term nonclassic p h o t o n states has
been coined because of this fact. Figure 5.1 compares the quasi-probability
densities Q(a) of various quantum states of light.
An unmistakable mark of quadrature amplitude squeezed-state generation is the observation of quadrature phase squeezing. That is, a homo-

Figure
light.

5.1: Quasi-probability densities Q(a) of various quantum states of
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dyne-detector output current will feature a reduced noise level below
that for vacuum fields. 35-3s On the other hand, an unmistakable mark of
number-phase squeezed-state generation is the observation of amplitude
squeezing. That is, a photon-counting detector output will feature a noise
level below the shot-noise level and thus sub-Poissonian photon statistics.

5.2.2

Theory of squeezed-state
semiconductor lasers

generation

in

Operator Langevin e q u a t i o n s
In order to analyze the quantum noise properties of a semiconductor
laser, we employ the operator Langevin equations. The operator Langevin
equation for the cavity internal field .A(t) is given by
dA(t)
dt

1 [ ~~
---~ -Q

too -

~)- w
]
-~ (2i --J](r) n ( t ) -~- a ( t ) + g(t) + ~ t )

(5.12)

Here o/Q is the photon decay rate, which is decomposed into the internal
loss contribution w/Qo and the output coupling contribution w/Qe as
O)

O)

O9

-Q = Qo t Qe

(5.13)

Wo and w are the empty cavity resonance frequency and the actual oscillation frequency, tt is the nonresonant refractive index. ]( = ](r + J](i is the
complex susceptibility operator. The real part Xr represents an anomalous
index dispersion, and the imaginary part Xi indicates the stimulated emission gain
(-s

,~

# 2 X i - P, cV - P,~c

(5.14)

where/~c~ and Eve are the operators of the stimulated emission and absorption rates, respectively. The noise operators 0(t), ~(t), and lit) are associated with the random processes of stimulated emission gain, internal loss,
and output coupling (mirror) loss.
The operator Langevin equation for the total excited electron number
operator IVc(t) is given by
dlVc(t)
dt = P

1Vc(t)
rsp

(Ecv - E, vc)ft(t) - Ecv + Fp(t) + Fsp(t) + F(t)

(5.15)
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where p is the pumping rate and Tsp is the spontaneous emission lifetime
of the electrons, fi(t) - At(t)A(t) is the photon-number operator. The fourth
term, Ec~ is the spontaneous emission rate into the lasing mode, while
Nc/rsp is the spontaneous emission rate into all nonlasing modes. The
noise operators Fp(t), Fsp(t), and F(t) are associated with the pump noise,
spontaneous emission noise, and stimulated emission and absorption
noise, including the spontaneous emission into a lasing mode.
Correlation

functions

of noise operators

The correlation functions of noise operators can be determined by the
fluctuation-dissipation theorem. When the heat baths exhibit broadfrequency spectra and therefore the dissipation processes can be considered as Markovian, the correlation functions of the two Hermitian (real
and imaginary parts) operators for each noise operator in Eq. (5.12) are
39-41

(~r(t)~r(U))

_ (~i(t)~i(U))

_ 1 ((F'cv) + (F'vc)) 5(t - u )

1 (1)

~'r(t)gr(U)} = ~ ' i ( t ) g i ( u ) ) -- -2-Qoo n t h +

5(t - u)~- -4-Qoo 5(t - u)

(5.16)
(5.17)

and

lZe(1)

(fr(t)]~r(U)) = ~/(t)f/(u)} = ~

nth +

5(t -- u)~-- - ~ e 5(t -- U)

(5.18)

where nth is the number of thermally generated photons, which is approximately equal to zero at room t e m p e r a t u r e and optical frequency:
1

w

nth

e]~e~

_

1 ~- 0

(5.19)

The spontaneous population-inversion decay process is a stimulatedemission process induced by the zero-point fluctuations of all continuous
modes in an active medium except for the lasing mode. Since these zeropoint fluctuations have only a very short memory and the decay process
is considered to be Markovian, the correlation function for Fsp is given
by 39, 41

(Fsp(t)Fsp(U)) = (Nc} ~(t - u)
%

(5.20)

In a conventional quantum-mechanical laser theory, the pumping
process is treated as the reverse process of the spontaneous emission. 39
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This treatment implicitly assumes incoherent light pumping. Incoherent
light has a broad spectrum of frequency and a very short memory time.
The correlation function for Fp is then given by 39' 41
(Fp(t)Fp(u)) = p 5(t - u)

(5.21)

which holds even when the pumping light is coherent laser radiation.
This is so because the pumping process, i.e., the photoelectron emission
process is a self-exciting Poisson point process.
The noise operators G and F originate from the dipole-moment fluctuation operator. These noise operators enter into the Langevin equations
through the adiabatic elimination of the dipole-moment operator. The
correlation function for F is
(F(t)F(u)) = 5 ( t - u)((/~c,) + ( / ~ ) ) ( n )

(5.22)

Since the two operators G and F come from the same origin, they have
the correlation
(Vr(t)F(u)) = - 1 5 ( t z

u)((/~c,) + (/~))(A)

(5.23)

and
<Vi(t)F(u)>- 0
Noise power

(5.24)

spectra of the cavity internal field

Let us consider a laser oscillator pumped at well above threshold. For
this region, the operator Langevin equations [Eqs. (5.12) and (5.15)] can
be solved by the quasi-linearization procedure. We expand the operators
into c-number mean values and fluctuating operators according to
A ( t ) - [Ao + AA(t)] e x p [ - j h ~ t ) ]
file(t) = NcO + Al~c(t)

5(t) = A t ( t ) A ( t ) - [Ao + AA(t)]2 - A 2 + 2AohA(t)

(5.25)
(5.26)
(5.27)

~
d<](i>Al~c
Xi ~- (22) + dNco

(5.28)

d (~/r>
](r ~- <](r> + dNco Al~c

(5.29)

Here A o and Nco are the average field amplitude and excited electron
number (c-numbers). hA, h (band A/~c are the Sermitian amplitude, phase,
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and excited electron fluctuating operators. Although the Hermitian phase
operator does not exist in a strict quantum-mechanical sense, it is known
that Eq. (5.25) is still a reasonable approximation when the photon number A 2 is much larger than unity.l~ We also introduce the notations
1

w

Tst -- --~

d<](i)

n~ dNco

(5.30)

</~c,>

(5.31)

nsp = <Ecv} - <E'vc>

= d<](r>/dNco
d<](i>/dNco

(5.32)

and
R = p

1

(5.33)

Pth

where rst, nsp , ee, R and Pth are the electron lifetime due to stimulated
emission, the population inversion factor, the linewidth enhancement factor, the normalized pumping rate, and the threshold pumping rate.
Substituting Eqs. (5.25) to (5.29) into Eqs. (5.12) and (5.15), and
neglecting the terms in the order of h 2, the linearized equations for AA,
h r and A/Vc, which are the fluctuating real and imaginary part of Eq.
(5.12) and the fluctuating part of Eq. (5.15), are obtained as
dAA(t)
dt

1
= ~AIVc(t)

dA~t)
dt

_

2 n o Tst

(5.34)

+ [-Ir(t )

(5.35)

O~ Al~c(t ) _ I [_ii(t )

- 2n2Tst

and
dANe(t) - _
dt

(:st)

1 + 1 A~c(t) _

-~~ A o A ~ ( t ) + ~p + Fsp + ~

(5.36)

2

w h e r e / / r (t) and [-Ii(t) are the Hermitian quadrature operators defined by
1

t-/r = 2[(V + g + f ) ej~$ + e-J~r

+ ~t + ]ct)]

/-/i = ~j[(G + g + }c)ej~[~ - e-J~r

+

(5.37)

and

~t

+ ?t)]

(5.38)
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The steady-state equations, which are the nonfluctuating part of Eqs.
(5.12) and (5.15), are also obtained as

w__= 1 = ~ (](i)
Q

-- ( E c v )

-

(Ere)

(5.39)

rph
O)

= ~o + ~-~2 (Xr)

(5.40)

and
P =

Nco

%

+ A2 ((E,c.) - (E,~)) + (Ec.)

(5.41)

where rph is the photon lifetime. Equations (5.39) and (5.40) are used to
obtain Eqs. (5.34) to (5.36).
The Fourier-series analysis with a period T is used for the Fourier
transform of Eqs. (5.34) to (5.36). The finite Fourier transform of hA(t)
is defined by
T/2

;T/2 A A ( t ) e -jat d t

AA(T, t2) -

(5.42)

Using Eqs. (5.34) to (5.37), we can obtain Fourier transforms of AA(~)
and A~t2) as
AA(~) = -A3[['P(t2) + Fsp(t2) + F(t2)] + (A 1 - j ~ ) [ - t r ( t 2 )
(A2A3 + t22) + f l 2 A 1

(5.43)

and
A~b(~)

J[-Ii(~) + j n 2 n 4 [ - I r ( ~ ) / ~ :

A4[F(~) + Fsp(~) + F(~)]

(5.44)

aAo

Here the parameters A 1 to A 4 are given by
A1 = -

+

-

1

_

ns

R

2 A 0 Tsp

_ anspR
n 4 -

1 + nspR)

(5.45)
(5.46)

A2 = -2A o Q

A3 = 2A ~ Ts t

%

2A2o Tst -- 2 A 2 Tst

(5.47)
(5.48)
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The power spectrum of the operator AA(t) is calculated by WienerKhintchin's theorem"
PA~i(~) = lim <AAt(T,~)AA(T,~)>

(5.49)

V--,oo

The noise operators fir(t) and [-Ii(t) are of the multiplicative noise type.
However, the correlation functions of fir(t) and [-Ii(t) are not affected by
the phase noise A~b, because it is a slowly varying function as compared
with the Markovian noise operators G, ~, and f. That is, the noise operators
fir(t) and [-Ii(t) change and lose their memories completely before A~
changes appreciably. 39 Therefore, we obtain

<[Ir(t)[-Ir(u))

- <ar(t)ar(u)> -4- (g,r(t)gr(U)> + ~fr(t)}Cr(U))

(5.50)

and

<[-ti(t)f-ti(u) > -<ai(t)ai(u)} + <gi(t)gi(u)} + ~(t)f/(u)>
Similarly, we obtain the cross-correlation function between

(5.51)

fir(t) and F(t)

as

<[{r(t)F(u)}-

<&r(t)I'(u)}

(5.52)

Finally, the resulting expressions for the power spectra of AA and A~ are
given by
PAA(~)

--

[A2<Fp(~l) 2

+

~sp(~)]2 + ]~(~)

2> -4- (~2

_+_n 2) <l~r(~ ) 2

-4- ~r(~)~)2 _+_ }r(~)~) 2>_ 2nln3<&r(~)~(~)>]/[(~2 + n2A3)2

(5.53)

+ ~2A2]

and
par

< 4i(~)2 + ~i(~-~)2 _+_I~/(K~)I2>
a2A2
+ A2[< Fp(a)l 2 ~-]Fsp(~-~) 2 + F(a)12>
- t - ( ~ ) 2 <l~r(~)2 A_ ~r(~)12 + ]~r(~)12>]
X [(~l2 + A2A3)2 + ~-~2A2]-1

(5.54)
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The power spectra for the noise operator are calculated by the correlation
functions. For instance, (IFp(a)l 2} is
<l['p(a)12> = 2

(Fp('r)Fp(O))e-J"rd7 = 2p

(5.55)

co

As indicated in this equation, the power spectrum in this section is defined
as the single-sided (unilateral) spectral density per cycle per second (cps).
Cavity internal field and external output field

The conventional quantum-mechanical laser theory treats only the noise
properties of the cavity internal field because the internal field is the only
"system" of interest and the external field outside the cavity is considered
to be one of the "heat baths." Since we are interested in the external
output field, it must be treated as another system.
Figure 5.2 shows the cavity internal field A and the external output
field #. The external output field # consists of the transmitted internal
field and the reflected part of the incident zero-point fluctuation. They
are quantum-mechanically correlated and interfere with each other.
Therefore, the external output field fluctuation is different from the internal field fluctuation. The noise operator ]~ in Eq. (5.12) represents the
contribution made by the zero-point fluctuation fe that enters into the
cavity through the partially reflecting mirror, as shown in Fig. 5.2. If the
incident field is normalized such that (fet]~e)represents the average photon
flux (number per second), f is related to fe bY17

1/2
f---- (~ee) f e

(5.56)

A

r

R=I
Figure

Gain medium

R<I

5.2- Cavity internal field and external output field.
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The external output field ~ is related to the internal field A and the
reflected part of the incident zero-point fluctuation by the following equation:
1/2

~(t)= - f e ( t ) +

(~e)

A(t)

(5.57)

This relation is obtained from the argument based on time reversal 17 or
from the direct analysis of waves bouncing back and fourth in a FabryPerot resonator. 18
The external output field operator ~ is also expanded into c-number
mean value and fluctuating operators according to

= (r o + Af-)e -ja(b

(5.58)

where r 2 is the average photon flux (number per second), and h~ and h~
are the Hermitian external amplitude and phase fluctuating operators.
Using quasi-linearizations Eq. (5.25) for A and Eq. (5.58) for ~ together
with Eq. (5.57), the Hermitian amplitude and phase fluctuating operators
of the external output field are obtained as
1/2

A' = (~ee)AZ~-

1 2 ( feS"r162
2(to/Qe)ll
+ e

(5.59)

and
1
]Ce/A~b
-jA$]"L)
2jro(w/Qe)l/2 (
- e

A~ = Ar

(5.60)

Substituting Eqs. (5.43) and (5.44) into the Fourier transforms of Eqs.
(5.59) and (5.60), we obtain

( ) II2-A3[~p(fl)+~sp(~)+~(fl)]+(A1jfl)Hr(~)

h~(t2) =

}~(a)
~
(j--Qe)l/2+ Qee

(A2A3 + a2) + j a A 1
(5.61)

and
A~a)

J[--Ii(D') + ?2(a)
jn2A4[-lr(a)/a- A4[['(a) + FsP(a) + ['(a)]
= ~ A ~ r~(agQe)l/2 +
(A2A3 + ~2) d-fl2A1

w h e r e ?1(~'~) a n d f2(~) are the Fourier transforms of

1 ]cei~4 + e_jar
}Cz(t) : -~(

(5.62)

)

(5.63)

]~2(t) : 1(iCe/A4_ e-JA$~)
2j

(5.64)

and
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Finally, the power spectra for h f and h ~ are obtained as

P~(a)

f
= ~---OA2 (IFp(a)l 2 + [Fsp(a)l 2 + IF(t2)l2> +

Qe

Qe
2

(a2 + A~)<l(~r(f~)l 2 + Igr(f~)12> +

1

(5.65)

2
Qee + e l

w/Qe

- 2QeeAIA3(F(a)Gr(a))

[(0) 2 + A2A3) 2 + t22A2] -1
and

p~~) = (w/Qe) [ 1
r2

1]

( o)/Qe)2 +~-'2 <~/(a)12>

tw/qe)

+ ~r2a 2 <l~i(a )

[2 + ~i(a)]2> + A 2 [ <[~p(~-~)[2+ ]~sp(a)]2

(5.66)

2
• [(a 2 + A2A3) 2 + a 2 A~] -1
where r o = ~v/o/QeAo .

Quantum noise properties of the cavity internal field
Figure 5.3 presents characteristic examples of the normalized amplitude
and phase noise spectra. The following numerical p a r a m e t e r s are a s s u m e d
for a diode laser: a]Qo = 1011 s -1, w/Qe
4 • 1011 s -1, a = 2, nsp = 2,
Tsp = 2 • 10 -9 S, and A 2 = 105R. When the pumping level is well above
the threshold (R > > 1), 1/Tst
be much larger t h a n the other lifetime
constants such as 1/Tph and 1/~'sp. For such a bias level, we need to consider
only the fluctuation frequency below 1/Tst , and then the following approximations hold:
-

c a n

fl < < ~All

A3

1

A1

2Ao

A2A3
A1

m

rph

(5.67)
(5.68)
(5.69)
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5.3(a) Normalized amplitude-noise spectra of the cavity internal
field. (b) Normalized phase-noise spectra of the cavity internal field. Numerical
parameters are as follows: w/Q o = 1011 s -1, w / Q e = 4 X 1011 s -1, a = 2, nsp = 2,
Tsp = 2 X 10 - 9 s , a n d A 2 = 105R.

Figure

AeA3
A2 < < 1

(5.70)

A_~4_ - a

(5.71)

al

-

2Ao

A2A 4 A l t2
A o rp h t2

(5.72)

U s i n g Eqs. (5.67) to (5.70) a n d power spectra for the noise operators, Eq.
(5.53) is r e w r i t t e n as
(1/Tph) + (Nc~
P~i~(t2) =

t22 +

(1/Tph)2

(5.73)

w h e r e Eq. (5.41) is also used. For a high p u m p i n g level, the t e r m
Nco/rspA 2 is negligible c o m p a r e d with the t e r m 1/rph, a n d t h e n the amplitude-noise s p e c t r u m becomes Lorentzian:
PAA(t2) - ~2 +w/Q
(w/Q)2

(R > > 1)

(5.74)
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which is shown by the dashed curve in Fig. 5.3(a). The variance of the
amplitude is calculated by Parseval's theorem as
~~paA(a )

<M2>------~0

=

1

(5.75)

The variance of the photon number is then
(5.76)
Equation (5.76) indicates that the internal field features Poissonian photon statistics.
Half the noise power [Eq. (5.75) or Eq. (5.76)] stems from the pump
fluctuation Fp and the internal loss fluctuation gr- The remaining half
is due to the incident zero-point fluctuation fr" The noise operator Fsp
contribution due to the spontaneous decay process is negligible as compared with the pump fluctuation at well above the threshold, since p > >
(Nc)/Tsp. The contribution of noise operators Vr and F cancel each other
out exactly because of their negative correlation [Eq. (5.23)].
Next, we consider the phase-noise spectrum in the high pumping
level (R > > 1). Using Eqs. (5.71) and (5.72) together with power spectra
for the noise operators, Eq. (5.54) is rewritten as

PAr ( ~ ) =

(1 + a2)nsp

A2rph~2

(R > > 1)

(5.77)

When the linewidth enhancement factor a is equal to zero and the population inversion factor nsp is equal to unity, the phase-noise spectrum is
(w/Q)
P~$ = A2a2

(5.78)

which is shown by the dashed curve in Fig. 5.3(b). Because of the absence
of the phase-restoring force, a laser undergoes the unstationary phase
diffusion process, which is responsible for the ~2 dependence of the noise
spectral density. The phase-noise spectrum [Eq (5.54)] is contributed by
the dipole noise operator (~i as well as by the internal loss and zero-point
fluctuation gi and ~. The failure to suppress the Gi contribution is due to
the fact that the gain saturation establishes the coherence on the in-phase
component of the dipole moment.
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Quantum noise properties of the cavity external output field

Figure 5.4 presents characteristic examples of the amplitude and normalized phase-noise spectra for the external output field. Numerical parameters are the same as for Fig. 5.3. When the pumping level is at well above
the threshold (R > > 1), the amplitude noise spectrum becomes white, i.e.,
1

P~e(t2) = ~

(R > > 1)

(5.79)

which is shown by the dashed line in Fig. 5.4(a). The power spectrum for
the photon flux noise, A/V = h(#t#), in such a pumping level is equal to
P ~ (t2) -= 4r 2 P~(t2) = 2(2~

(5.80)

This shot-noise-limited white-noise spectrum is what is measured by an
actual photodetector placed outside the cavity.
The amplitude-noise spectrum within the cavity bandwidth, Pne(t2
-< w/Q), is due to the pump fluctuation Fp and the internal-loss-induced
fluctuation gr" On the other hand, the amplitude-noise spectrum above
the cavity bandwidth, P~e(t2 _> w/Q), stems from the reflected zero-point
fluctuation fe" This is shown shematically in Fig. 5.5. Also as mentioned,
one-half the internal amplitude noise spectrum, P~i(t2), is contributed by
the incident zero-point fluctuation ]?. This part of the internal amplitude
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noise is completely suppressed when the internal field is coupled out of
the cavity because the reflected zero-point fluctuation fr beats against the
coherent excitation ro, and the resulting amplitude noise is the exact
replica of the internal amplitude noise due to ]~r"Because of the minus
sign in front of fe in Eq. (5.57), the two amplitude noises are 180 ~ out of
phase and cancel each other out exactly. As a result of this destructive
interference, the remaining half of the internal amplitude noise due to
Fp and gr emerges in the external output field. In the frequency region
higher than the cavity bandwidth (t2 _> j Q ) , the internal amplitude noise
is cut offas shown in Fig. 5.3(a), while the incident zero-point fluctuation is
simply reflected back from the mirror. This reflected zero-point fluctuation
constitutes the higher-frequency part of the white amplitude noise.
When a is equal to zero and nsp is equal to unity, the phase-noise
spectrum of the external output field is
1
(w/Q)
1
(w/Qe)(j Q)
P ~ = ~ro2 + A2a2 = ~ +
r2a2

(5.81)
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which is shown by the dashed curve in Fig. 5.4(b). The external phasenoise spectrum is different from the internal phase-noise spectrum [Eq.
(5.78)] by the first term of Eq. (5.81). This term is due to the reflected zeropoint fluctuation. The destructive interference between the transmitted
internal field and the reflected zero-point fluctuation, which suppresses
the amplitude-noise spectrum within the cavity bandwidth, does not work
for the phase-noise spectrum within the cavity bandwidth. This is so
because the internal phase noise h e due to the incident zero-point fluctuation, the first term of Eq. (5.60), is just in the quadrature phase with the
phase noise due to the reflected zero-point fluctuation, the second term
of Eq. (5.60). Therefore, the two noise powers are additive, even though
they originate from the same noise source fe"
^

A m p l i t u d e s q u e e z i n g in a p u m p - n o i s e - s u p p r e s s e d

laser

The amplitude-noise and normalized phase-noise spectra for the cavity
external output field of a pump-noise-suppressed laser oscillator are calculated by Eqs. (5.65) and (5.66) with (IFp(t2)12> = 0. Characteristic examples
of amplitude-noise spectra are shown in Fig. 5.6(a). Numerical parameters
for Fig. 5.6 are the same as in Fig. 5.3 except that the internal loss is
negligible as compared with the output coupling loss, i.e., w/Qo < < o)/Qe.
The external amplitude-noise spectrum at R > > 1 becomes lower than
the standard quantum limit within the cavity bandwidth
1
~2
PA~ = ~ t22 + (w/Q)2

(5.82)

The infinite amplitude squeezing is obtained for the external field in the
low-frequency limit t2 < < w/Q. The failure in suppressing the amplitude
noise above the cavity bandwidth, t2 _ w/Q, stems from the absence of
the amplitude noise in the internal field in this frequency region. The
zero-point fluctuation cannot enter into the cavity and is simply reflected
back from the mirror.
Although the infinite amplitude squeezing can be obtained at ~ < <
w/Q when w/Qo < < w/Qe , as shown in Fig. 5.6(a), the squeezing factor is
limited when the internal loss is not negligible. This is so because the
quantum-mechanical correlation between the internal amplitude noise
and the reflected zero-point fluctuation becomes imperfect due to the
contribution of the internal loss fluctuation gr" Figure 5.7 shows the external amplitude-noise spectrum in the low-frequency region P~e(~ ~- 0)
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versus the normalized pumping level R as a function of the output coupling
loss to internal loss ratio Qo/Qe.In order to obtain large-amplitude squeezing, a value of w/Qe that is larger than w/Qo and a higher pumping level
are desirable.
The characteristic examples of the normalized phase-noise spectrum
are shown in Fig. 5.6(b). It is clear that the ultimate phase-noise spectrum
[Eq. (5.81)] is not altered by the pump-noise suppression.
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Uncertainty product
The product of the amplitude- and phase-noise spectra of an ideal laser
satisfies the m i n i m u m - c e r t a i n t y product in the frequency region above
the cavity bandwidth, t2 _> a]Q,

1
P~e(t2)P~t2) = 4r 2

(5.83)
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However, the product of the amplitude- and phase-noise spectra in the
frequency region within the cavity bandwidth, t2 -> w/Q, is larger t h a n
the minimum-uncertainty product because of the phase-diffusion noise.
Therefore, an ordinary laser oscillator is not a quantum-limited device in
this respect, even though the conditions of R > > 1, a = 0, and nsp -- 1
are all satisfied.
The product of the amplitude- and phase-noise spectra of an ideal
pump-noise-suppressed laser oscillator in the frequency region below the
cavity bandwidth, t2 <_ w/Q, is
1

2
PA~(t2)P~t2) = 2r ~

(5.84)

This is twice as large as the minimum-uncertainty product. The amplitude- and normalized phase-noise spectra of an ideal pump-noise-suppressed laser are compared with the standard q u a n t u m limit of broadband
coherent states in Fig. 5.8(a,b). If the mode is defined by a bandwidth
much narrower t h a n the laser cavity bandwidth, B < < w/Q, the amplitude
and phase noise of this laser output is close to the "amplitude-squeezed
state" shown in Fig. 5.8(b), even though it is not the "number-phase
minimum uncertainty state." If the mode is defined by a bandwidth much
broader t h a n the laser cavity bandwidth, B > > w/Q, the amplitude and
phase noise is close to the coherent state. One great advantage of using
a semiconductor laser as an amplitude-squeezed-state generator is its
broad bandwidth; i.e., the value of w/Q is in the range of 1012 rad/sec.

5.2.3

Experimental

results

Observation of amplitude squeezing by balanced detectors
with a delay line
In a usual intensity-noise measurement, two m e a s u r e m e n t steps are required: one for a laser intensity-noise m e a s u r e m e n t and the other for a
shot-noise calibration with a light-emitting diode. To eliminate the error
introduced by the two-step m e a s u r e m e n t s and the photodetector saturation effect dependent on a beam spot size, the balanced detectors with a
delay line shown in Fig. 5.9 are developed. 19 One detector output is delayed
(by 7 = 50 nsec in our measurement), but the other detector output is
not. The difference in these two outputs is produced by a differential
amplifier. A coaxial cable delay line has a loss coefficient proportional to
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V ~ , where t2 is the fluctuation frequency. This frequency-dependent attenuation imposed on the delayed signal is compensated for by introducing
the same attenuation to the other signal.
For a fluctuation frequency ~in satisfying inphase delay condition
~ i n T -- 2Nfl'~ where N is an integer, the differential amplifier output
measures I1 - I2, where I1 and I2 are the two photodetector currents. The
current-fluctuation spectral density is exactly equal to the shot-noise level.
For a fluctuation frequency ~out satisfying out-of-phase delay condition
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1)~r, the differential amplifier output measures I1 + I2.
The quantum-mechanical theory of a balanced detector 2~ shows that I1
+ I2 corresponds to the q u a n t u m noise of the laser itself with polarizations
parallel to the coherent excitation. Thus the detector output simultaneously displays the laser-noise level and the corresponding shot-noise level
on a spectrum analyzer with a frequency period of At2 = 2 ~r/z
When the signal wave is amplitude-antisqueezed (super-Poissonian),
the current fluctuation at ~in is smaller than that at t2out, as shown in
Fig. 5.9(b). On the other hand, when the signal wave is amplitudesqueezed (sub-Poissonian), the current fluctuation at ~in is larger than
that at t2out, as shown in Fig. 5.9(b). This inverted modulation in the
current-fluctuation spectrum is an unmistakable mark of amplitudesqueezed light. This is a single-step measurement; therefore, the ambiguity in the shot-noise level owing to photodetector saturation can be eliminated.
A short-cavity A1GaAs/GaAs transverse-junction stripe semiconductor laser with an antireflection coating on the front facet and a highreflection coating on the rear facet was used at 77 K. The threshold current
was 1 mA, and the differential q u a n t u m efficiency above the threshold
was 70%. To eliminate a minute optical reflection feedback to the laser
from the measurement optical elements, an optical isolator was used, and
all optical elements were antireflection-coated and slanted with respect
to the beam direction. The overall detection q u a n t u m efficiency, including
losses from the laser collimating lens, cryostat window, gold mirror, optical
isolator, half-wave plate, photodetector focusing lens, polarization beam
splitter, and photodetector q u a n t u m efficiency, was 60%.
Figure 5.10 shows current noise spectra at two different bias levels.
The current noise spectrum for bias level Rp = 0 . 0 3 , which is shown by
curve A, features lower noise power at ~in than at ~out. This indicates
that the field is amplitude-antisqueezed (super-Poissonian). The amplifier
noise level is shown by curve B. The front-end amplifier is an ac-coupled
bipolar transistor (NEC 2SC3358) with a noise figure of 1.1 dB and a load
resistance of 220 t2. The current noise spectrum for bias level Rp = 12.6,
which is shown by curve C, features higher noise power at ~in t h a n at
t2out. This indicates that the field is amplitude-squeezed (sub-Poissonian).
The total dc photocurrents are 15 pA and 6.12 mA for Rp = 0.03 and
12.6, respectively. Curves D and E are the current noise spectra when one
of the two incident signal waves for Rp = 12.6 is blocked. The modulation
disappears, as expected, in a low-frequency region. At high frequencies,
~ o u t T -- ( 2 N

+
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5.10: Current noise spectra for bias levels I / I t h -- 1.03 (curve A) and
13.6 (curve C). Curve B is the amplifier thermal noise. Curves D and E
are obtained when one of the two signal beams is blocked for I / I t h = 13.6. Curve
F is the sum of noise curves D and E.
I/Ith

=

however, the noise power is reflected back at the differential amplifier
input, and so the modulation due to the round trip in a delay line appears.
Curve F is the sum of the c u r r e n t noise spectra indicated by curves D
and E. The noise level of curve F is not equal to a 3-dB noise rise from
the noise level indicated by curves D or E because of the amplifier t h e r m a l
noise (curve B). Note t h a t the c u r r e n t noise s p e c t r u m indicated by curve
F is between the shot-noise level at ~in and the reduced noise level at 12out.
This is so because the noise level of amplitude-squeezed light increases to
approach the shot-noise level w h e n the a m p l i t u d e is a t t e n u a t e d .
Figure 5.11 shows the c u r r e n t noise spectra normalized by the shotnoise level for the two bias levels. The shot-noise level calibrated by the
m e a s u r e m e n t of I1 - I2 is compared with the shot-noise level g e n e r a t e d
by the light-emitting diode with the same w a v e l e n g t h as the laser. The
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F i g u r e 5.11: Current noise spectra normalized by the shot-noise level for
bias levels I / I t h = 1.03 (upper curve) and I / I t h = 13.6 (lower curve). The amplifier
thermal noise is subtracted in the normalization process.
difference is smaller than 0.1 dB. The current noise spectrum at R p 0.03 shows an enhanced noise peak at the relaxation-oscillation frequency.
The current noise spectrum at R p = 12.6 shows a noise level reduced to
- 1 . 3 dB below the shot-noise level. The observed 0.6-dB squeezing becomes 1.3-dB squeezing in Fig. 5.11 because the effect of the amplifier
thermal noise is subtracted. This noise reduction is much larger than the
error bar of the shot-noise-level calibration. If the increase in the noise
level owing to the detection quantum efficiency of 60% is corrected, the
measured noise level corresponds to the squeezing o f - 3 dB (50%) at the
laser output.

Degree of squeezing versus optical loss
The photocurrent noise spectral density at 800 MHz at pump rate R p =
10.4 versus optical loss L put in front of the balanced detectors is shown
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in Fig. 5.12. The ordinate is normalized by the corresponding shot-noise
level. The noise level increases to the shot-noise level as the optical loss
increases, and the amplitude squeezing is eventually lost in the limit of
infinite loss. This is so because the optical loss process couples the vacuum
field fluctuation to the laser light. In the limit of large optical loss, the
original quantum noise of the laser is entirely replaced by the vacuum
field fluctuation, and thus the shot-noise emerges. This apparent increase
in normalized photocurrent noise is an unmistakable m a r k of amplitude
squeezing.
The overall quantum efficiency from the laser injection-current increment to photodetector current increment is 22% in this experiment when
artificial optical attenuation is eliminated. The overall detection quantum
efficiency of 55% consists of a photodetector quantum efficiency of 0.93,
focusing-lens loss of 0.90, isolator insertion loss of 0.81, mirror reflection
loss of 0.95, cryostat window loss of 0.93, and laser collimating lens loss
of 0.93. The amplitude-noise levels corrected for these factors are shown
in Fig. 5.12. The observed noise level corresponds to amplitude squeezing
of - 1.7 dB (33%) below the SQL at the output of the laser facet, as shown
in Fig. 5.12. This is the noise level that the laser actually produced at
the output mirror. The laser output coupling efficiency is
L - 1 ln(R~- 1/2)
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where L = 250 p m is the cavity length, R1 = 0.32, and R2 = 0.6 are power
reflectivities of the front and rear facets, respectively, and a = 22 cm-1
is the internal absorption loss. If the laser output-coupling efficiency due
to nonideal real-facet reflectivity TIM ~ 0.57 and that due to internal loss
YA = 0.70 are also corrected, the observed noise level corresponds to
amplitude squeezing o f - 7 dB (80%) below the shot-noise level. This is
the intrinsic noise level achievable if the rear-facet reflectivity is increased
to 100% and internal absorption loss is eliminated.
10-dB Squeezing

The degree of squeezing is degraded by the Poissonian partition noise
associated with optical loss. To increase the light-collection efficiency,
a GaAs transverse junction stripe laser, with less than 3% front-facet
reflectivity R1 and more than 90% rear-facet reflectivity R2, is operated
at 66 K to minimize the free-carrier absorption loss and is directly coupled
to an Si photodetector to minimize the coupling loss. Figure 5.13 shows
theoretical and experimental photon-number noise values normalized by
the shot-noise value versus the normalized pump rate I / I t h -- 1. 23 The
experimental results are corrected for a detection q u a n t u m efficiency of
about 89%, so the degree of squeezing shown in Fig. 5.13 corresponds to
that of the laser output. The experimental maximum degree of squeezing,
- 1 4 dB (-~0.04), is in reasonable agreement with the theoretical limit
imposed by the output coupling efficiency
ln(1/R1)
= ln(1/RiR2)

--- 0.97

of the laser.
5.2.4

Squeezed

Squeezed

vacuum

state

generation

vacuum states from amplitude-squeezed

states

Figure 5.14 shows the setup for generating a squeezed vacuum state
by destructively interfering with an amplitude-squeezed state from an
injection-locked slave laser with strong coherent light from a master
laser. 24 A constant-current-driven semiconductor laser, which is denoted
a slave laser, is injection locked by an external m a s t e r laser; therefore,
the output signal from the injection-locked slave laser is phase coherent
with the master laser signal. These two signals are combined at a high
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transmission mirror, and the coherent excitation of the squeezed output
signal from the injection-locked slave laser is canceled by the destructive
interference with the master laser signal. By using the high transmission
mirror, the squeezed output signal from the injection-locked slave laser
is not degraded because the noise of the master laser signal is attenuated
by the mirror.

Experimental setup
The experimental setup is shown in Fig. 5.15. The master laser is an
A1GaAs single-mode high-power semiconductor laser. This master laser
is mounted on a copper heat sink, which is attached to a temperaturecontrolled chamber. Two optical isolators are used in tandem to avoid the
undesired feedback from the injected laser. The slave laser is a singlemode low-power GaAs transverse-junction strip semiconductor laser with
antireflection coating (~ 10%) on the front facet and high-reflection coating
(-90%) on the rear facet. This slave laser is mounted on a copper heat
sink in a 77 K cryostat. Two polarization beam splitters, one half-wave
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plate and one Faraday-rotator in front of the slave laser, are used to
match the master laser polarization to the slave laser polarization and
to avoid undesired feedback from the detection system. The master and
slave laser outputs are collimated with antireflection-coated microlenses,
respectively. The oscillation wavelengths of the master and slave lasers
are monitored simultaneously by an optical spectrum analyzer and a
Fabry-Perot interferometer. Longitudinal mode matching between the
two lasers is carried out roughly by controlling the temperature of the
master laser heat sink. The optical spectrum analyzer is used to identify
the longitudinal modes roughly. Frequency fine-tuning is achieved by
adjusting the master laser drive current. The Fabry-Perot interferometer
is used to observe the locking phenomena. The master laser signal is
divided into an injection signal and a reference signal for the interference.
This master laser reference signal and the injection-locked slave laser
signal are combined by a high-transmission mirror (~95%). The optical
path length of the reference signal is adjusted by moving a corner reflector.
To eliminate a minute optical reflection feedback to the slave laser, all
optical elements are antireflection-coated and slanted with respect to the
beam direction. The intensity-noise measurement of the injection-locked
slave laser is performed by blocking the master laser reference signal
and removing the high-transmission mirror. The detection system is a
balanced direct detector with a delay line. 19 The signal wave is equally
divided by a half-wave plate and a polarizing beam splitter. One detector
output is delayed by about 100 ns, but the other detector output is not.
The difference in these two outputs is produced by a differential amplifier.

Experimental results
Spectra of master, slave, and injection-locked laser. Figure 5.16(a,b)
shows the spectra of the master and slave lasers. The oscillation wavelength of the slave laser is 788.6 nm at 77 K, and I d = 18 mA. The
oscillation wavelength of the master laser is matched to the same wavelength. Figure 5.16(c) shows the spectrum of an injection-locked laser. It
is demonstrated that the side-mode intensity of the slave laser is suppressed by about 5 dB due to injection locking.
Observation of an injection-locking phenomenon by a Fabry-Perot interferometer. Figure 5.17(a) shows a Fabry-Perot interferometer output
without injection locking. The linewidths of the master and slave lasers
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are 75 and 72.5 MHz, respectively. Figure 5.17(b) shows a Fabry-Perot
interferometer output with injection locking. It is demonstrated that the
oscillation frequency of the slave laser is locked to that of the master
laser by injection locking.
Intensity-noise spectra for the free-running master and slave lasers.
Figure 5.18 shows the differential amplifier output spectra. Curves (a)
and (b) show intensity noise spectra for the free-running master and slave
lasers, respectively. These spectra are modulated in the frequency of 10
MHz because the output signal of one detector is delayed by 100 ns.
Therefore, the laser intensity-noise value and the corresponding shotnoise value appear alternately with the frequency interval of 10 MHz.
The intensity-noise spectrum for the master laser, which is shown by
curve (a), features lower noise power at ~in than at ~out" This indicates
that the master laser output field has excess amplitude noise. On the
other hand, the intensity-noise spectrum for the slave laser, which is
shown by curve (b), features higher noise power at ~in than at t2out. This
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Figure 5.18- Intensity-noise spectra forthe master laser(a), the free-running
slave laser (b), the output of single detector (c), and the thermal noise (d).
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indicates that the slave laser output field has squeezed-amplitude noise.
The slave laser drive current is 18 mA, which corresponds to 13.3 times
the threshold current. The total dc photocurrent for this bias level is 5.14
mA, which is not the same as that for the master laser. Curve (c) shows
the output spectrum of a single detector; i.e., one of the two signal beams
is blocked. This curve shows the frequency characteristics of our detection
system, which is used to correct the shot noise value at t2out. Curve (d)
shows the thermal noise value, which is about 10 dB below the curve (c)
in the low-frequency region.

Intensity-noise spectral density of an injection-locked laser. Figure 5.19
shows the intensity-noise spectral density of an injection-locked semiconductor laser at 23.9 MHz as a function of the master laser frequency
detuning from the slave laser free-running frequency. The intensity-noise
spectral density is normalized by the corresponding shot-noise value. The
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salve laser drive current is 18 mA, which corresponds to 13.3 times the
threshold current. The total dc photocurrent without injection locking is
5.14 mA, and that with injection locking is 5.06 mA. This slight decrease
in the output power caused by injection locking is due to the cavity internal
l o s s . 25 The dashed line shows the intensity-noise spectral density of a
free-running slave laser, which is 0.72 dB below the standard quantum
limit (SQL). The injection power into the slave laser, which is measured
in front of the cryostat, is 7 mW. The locking bandwidth is measured to
be 9.3 GHz. The minimum value of the measured noise level of the injection-locked semiconductor laser is 0.91 dB below the SQL. This corresponds to - 2 . 5 6 dB squeezing when corrected for an optical loss from the
laser to the detector. The linewidth enhancement factor a is estimated to
be about 6 from the asymmetry of the locking bandwidth.
Comparing this experimental result with the numerical results presented in a later section [see Fig. 5.24(b)] and in ref. 25, we can find the
following different points: In the experimental result, amplitude squeezing was enhanced by injection locking, although it is not enhanced but
rather degraded in the numerical result. This enhancement of amplitude
squeezing is due to the suppression of the side-mode intensity of the slave
laser by injection locking [Fig. 5.16(c)] because the suppression of the
side-mode intensity reduces the mode-partition noise caused by the multilongitudinal mode oscillation. 26 Even in the case that the free-running
slave laser is in a multilongitudinal mode oscillation and its intensity
noise is excess noise, the squeezed intensity noise was observed by suppressing the side-mode intensity in terms of injection locking. In order to
explain the above-mentioned phenomenon, we must analyze the injection
locking to the slave laser, which is not in a single-mode oscillation but in
a multilongitudinal mode oscillation. Amplitude squeezing is observed
even outside of the negative edge of the locking bandwidth. Outside the
locking bandwidth where amplitude squeezing was observed, the slave
laser frequency changes with a constant frequency separation to the master laser frequency. The asymmetry of the locking bandwidth in the experimental result is opposite to that of the numerical result. These points
require further theoretical study.
Intensity-noise spectral density with the interference. Figure 5.20 shows
the differential amplifier output spectra. Curves (a) and (b) show the
intensity noise spectra with the interference. Curve (c) shows the intensity-noise spectrum without the interference. The intensity-noise spec-

5.2.

399

Squeezing in semiconductor lasers

-30

E -35

rn

(a)

"o

> -40
(D
(D

(b)
z -45 _ (c)

.,=.~

0

-50

0

9

'
20

'
40
Frequency (MHz)

'
60

80

Figure

5.20: The intensity-noise spectra with and without the interference:
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trum without the interference, which is shown by curve (c), features higher
noise power at ~in than at t2out. This indicates that the output field from
the injection-locked slave laser has a squeezed-amplitude noise. The slave
laser drive current is 14 mA, which corresponds to 10.4 times the threshold
current. The total dc photocurrent for this bias level is 3.5 mA. The
injection power into the slave laser, which was measured in front of the
cryostat, is 2.9 mW. The locking bandwidth is measured to be 9.6 GHz.
On the other hand, the intensity noise spectra with the interference,
which are shown by curves (a) and (b), feature lower noise power at ~in
than at ~out- This indicates that the excess noise is produced by the
interference. The measured intensity noise of the master laser signal was
shot-noise level; therefore, the intensity noise of the master laser signal
cannot contribute the excess noise with the interference. The amplitude
cancellation rate, which is defined by the ratio of the average amplitude
of the master laser signal to that of the injection-locked slave laser signal,
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is about 4%. The phase difference between the injection-locked slave laser
signal and the m a s t e r laser signal is about 90 ~ in the case shown by curve
(a). This phase difference was increased gradually, and the m i n i m u m
intensity noise spectrum we could get is shown by curve (b). The phase
difference between the m a s t e r and injection-locked slave laser signals is
e s t i m a t e d to be 170 + 5 ~ in the case of curve (b). Our phase-difference
stabilization system is a simple electrical feedback circuit; therefore, the
phase difference could not be stabilized exactly at 180 ~. This intensity
excess noise is due to the residual phase error between the m a s t e r and
slave laser signals.
Figure 5.21 shows the intensity-noise spectral densities at 22.8 MHz
with and without the interference as a function of the locking bandwidth.
The different locking b a n d w i d t h s can be obtained by changing the injection power. The m e a s u r e d locking b a n d w i d t h s are 9.6, 6.7, and 6.0 GHz.
The corresponding injection powers are 2.9, 1.65, and 1 mW, respectively.
These intensity-noise spectral densities are normalized by the shot-noise
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value without the interference and corrected for the optical loss from the
laser to the detector. The amplitude cancellation rate is about 4% for all
locking bandwidths. The circles show the intensity-noise spectral densities
when the phase difference is about 90 ~. The triangles show the m i n i m u m
intensity-noise spectral densities we could get at 170 _ 5 ~ The squares
show the intensity-noise spectral densities for the injection-locked slave
laser without the interference. As the locking bandwidth becomes wider,
the residual intensity noise spectral densities decrease. This is so because
the phase noise of the injection-locked slave laser signal is reduced as the
locking bandwidth becomes wider. Curves (a) and (b) show the intensitynoise spectral densities as a function of the locking bandwidth with the
phase difference as a parameter. These theoretical curves were calculated
numerically by using the results of the next section. Numerical parameters are the same as those in Fig. 5.24(b). Curve (a) shows the intensitynoise spectral density when the phase difference is 90 ~. The experimental
results are in good agreement with this numerical result. Curve (b) shows
the intensity-noise spectral density when the phase difference is 180 ~. If
we can stabilize the phase difference exactly at 180 ~, then the intensitynoise spectral densities denoted by the triangles will be reduced to the
noise level denoted by the corresponding squares. These experimental
and numerical results demonstrate that the excess noise produced by the
interference is the phase-to-amplitude conversion noise, and it can be
reduced by increasing the locking bandwidth and/or suppressing the phase
error by a more sophisticated phase-locked-loop circuit.

Phase-to-amplitude
state generation

c o n v e r s i o n n o i s e in s q u e e z e d - v a c u u m -

Squeezed states are usually detected by a balanced homodyne detector.
In this detection system, we can always find the m i n i m u m q u a d r a t u r e
noise by adjusting the local oscillator phase. However, if there is a residual
phase error, the excess noise of the antisqueezed q u a d r a t u r e is partly
added to the detection signal. In a similar way, we cannot avoid the phaseto-amplitude conversion noise when we cancel the coherent intensity of
the slave laser output by the destructive interference with the master
laser signal. Figure 5.22 shows the phase-to-amplitude conversion noise
t h a t appears in the interference experiment. The quasi-probability density
of the master laser signal reflected by a high-transmission mirror is denoted by the open circle and t h a t of the t r a n s m i t t e d injection-locked slave
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5 . 2 2 : Phase-to-amplitude conversion noise with the interference.

laser signal is denoted by the open ellipse. The amplitude mean values
of the master and injection-locked slave laser signals are ~/1 - TG o and
V~ro, respectively. Here r o and Go are the classic excitations of the master
and injection-locked slave laser signals, and T is the transmissivity of the
high-transmission mirror. The phase difference between these two signals
is r r - S, where ti is the phase error, which is equal to zero when the phase
difference between them is exactly 180 ~. The quasi-probability density of
the combined signal is denoted by the shaded ellipse. The intensity noise
of the combined signal is measured with respect to its mean field. Therefore, the phase noise of the injection-locked slave laser signal is partly
added to the detection signal if the phase error t~ is not equal to zero.
This kind of phase-to-amplitude conversion noise was measured in our
experiment, and it depends on the phase error ti and the amplitude cancellation rate, which is defined by V/1 - T G o / V ~ r o.
Next, we consider the phase-to-amplitude conversion noise t h a t appears when the squeezed-vacuum state generated by our scheme is applied
to the interferometric phase measurement. Figure 5.23 shows the setup
for generating a squeezed-vacuum state and its application to the MachZehender interferometer. In order to minimize the phase-difference noise
between the two arms of the Mach-Zehnder interferometer, the squeezedvacuum state must be injected into the open port of the 50/50 beam splitter
with a 90 ~ phase sift with respect to the master laser signal. For this
phase-locked loop, the phase error from the 180 ~ phase difference in the
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interferometric cancellation of the coherent intensity of the injectionlocked slave laser signal causes excess phase-to-amplitude conversion
noise in the detection of very small phase sifts Ar by a balanced detector.
In this section we calculate the phase-to-amplitude conversion noise that
appears when the squeezed-vacuum state is applied to the interferometric
phase measurement as a function of the phase error. Whether the
squeezed-vacuum state can be generated or not should be estimated by
the performance of the interferometric phase measurement.

Langevin equations for an injection-locked semiconductor laser.

The operator Langevin equation for the cavity internal field A(t) is given
by 17, 25

dA(t)
dt

1
2
+

]

+ i2(09r- 09)---~ (](i- i](r) .2i(t)

( ~ )(2i)

~/2
1/2
fG(t)
~ + (~00)1/2fL(t) + (~ee) [F o + ](t)]

(5.85)
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where F o + ](t) is the amplitude of the injection signal, F o is the classic
(c-number) excitation, and lit) is the injection signal fluctuation operator.
The optical angular frequency of the injection signal is denoted by o~ The
total Q value of the laser cavity depends on the external (mirror) loss Qe
and the internal loss Qo according to
1

=

1
Qe

t

1

(5.86)

Qo

The angular resonance frequency of an empty cavity is denoted Wr, tt is
the refractive index, and 2 is the electronic susceptibility operator, whose
imaginary part equals the stimulated emission gain:

ff2Xi = E,cv - Evc

(5.87)

where F,cv and Evc are the operators of the stimulated emission and absorption rates, respectively. The noise operators fG(t) and ]~L(t) are associated
with the gain fluctuation and the internal loss, respectively.
The operator Langevin equation for the total excited electron number
1Vc(t) is given by

dNc(t)
dt = p

Nc(t)

(Ecv - Evc) ft(t) - (P,cv} + Fp(t) + Fsp(t) + F(t)

(5.88)

where p is the pumping rate, rsp is the lifetime of the electrons due to
spontaneous emission, and 5(t) -.4*(t)A(t) is the photon-number operator.
The three last terms in Eq. (5.88) are fluctuating noise operators" Fp(t)
is the pump noise, Fsp(t) is the spontaneous emission noise, and F(t)
is the stimulated emission and absorption noise including spontaneous
emission into a lasing mode. For the noise sources in Eqs. (5.85) and
(5.88), the following shorter notations are used"
1/2

/-/(t)=(~(~/i})

1/2

fv(t)+ (~O0)

Fc(t) = Fp(t) + Fsp(t) + F(t)
Noise spectral densities.

1/2

]eL(t)+ (~ee )

lit)(5.89)
(5.90)

Let us consider a laser oscillator pumped at
well above the threshold. For this region, the operator Langevin equations
[Eq. (5.85) and (5.88)] can be solved by the quasi-linearization procedure.
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Operators are expanded into c-number mean values and fluctuating operators according to
(5.91)

Nc(t) = Nco + AIVc(t)

.4(t) = [Ao + A.4(t)] exp{-i[r

+ A~t)]}

f i ( t ) - f 4 t ( t ) A ( t ) ~ [Ao + A,4(t)]2 ~ n 2 + 2AoAA(t)

](i -- <](i) ~-

(5.92)
(5.93)
(5.94)

dNco

(5.95)

d(](r) ~ c
](r = (](~} + dNco

Here, Nco, Ao, and r are the average excited electron number, field amplitude, and phase (c-numbers), and A/~c, hA, and A~b are the Hermitian
excited electron number, field amplitude, and phase operators.
The following notations are also introduced:
1_

W

Tst -- --~

d<](i>

e~ dgco
o)

(5.96)

~o = Or + ~-~2 <Xr>

(5.97)

= d(](r)/dNco

(5.98)

d(2i)/dNco

= N-

s.

(/~c,}

n sp = (Ec,) - (E~)

(5.99)
(5.100)

and
G

_

O)

~--~(xi}

(5.101)

where Tst is the electron lifetime due to stimulated emission, wo is the
resonance angular frequency of the pumped cavity including the frequency
shift introduced by the injection, a is the linewidth enhancement factor,
fl is the spontaneous emission factor, nsp is the population inversion factor,
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and G is the average stimulated emission gain. The Q values are replaced
by photon lifetimes according to
1
TpO --

w

1

w

1

to

Qo'

Tpe

Qe'

Tp

Q

(5.102)

Substituting Eqs. (5.91) to (5.95) into Eqs. (5.85) and (5.88), and
neglecting the terms in the order of h 2, the following linearized operator
equations are obtained:
dAIVc(t) = AIAI~c(t ) + A2AA(t) + Fc(t)
dt

(5.103)

dAA(t)
= A3A1Vc(t ) - A5AA(t) - AoA6h~t ) + fir(t)
dt

(5.104)

dA~t)
dt

(5.105)

where
A1 =

1

1

Tsp

Tst

(5.106)

A2 = -2AoG
A3 -

(5.107)

1

(5.108)

2Ao Tst

(5.109)

A4 = 2A2Tst

A5 = ~

cos r

(5.110)

A~ = ~

sin r

(5.111)

The operators [/r (t) and Hi(t) are the Hermitian quadrature noise operators"
1
/-/r = ~ (/-/exp{i[r

+ A~t)]} +/-/r162

+ A~t)]})

(5.112)

Hi = ~/(/-/exp{i[r

+ h ~ t ) ] } - ~/texp{-i[r

+ h~t)]})

(5.113)
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Fourier transforms of Eqs. (5.103) to (5.105) are expressed as
iYtANc(YI) = AIA]Vc(a) + A2A/~(~) +/re(a)

(5.114)

i~hA(t2) = A3A/r162 - A5A/~(t2) - AoA6Ar

+/-/r(t2)

(5.115)

1 ~_/i(~_~)
- Aoo

(5.116)

and
~
it2h~t2) = A4ANc(a)
+ A6
Ao AA(t2) - n 5 h ~ )

These equations are solved in the limit of ~ --~ 0. The actual observation
frequency is well below the cavity cutoff and relaxation peak frequency,
so this condition is justified for explaining the experimental results. From
these equations,/~c(0) is eliminated, and the expressions for the cavity
internal amplitude and phase noise AA(0) and h ~ 0 ) are obtained as
1
AA(0) =~--[B2/~c(0)+ B3/-/i(0)+ S4/-/r(0)]

(5.117)

and
1

A~0) : B55 [B6/Vc(0) + BT[-Ii(O) + Bs/-/r(0)]

(5.118)

The expressions for the coefficients B i are given in the Table 5.1.
The output field ~(t) is expressed in terms of the cavity internal field
A(t) and the injection signal Fo + lit) as
1/2
=

9

9

As in the case of the cavity internal field calculations, the operator ~(t)
is expanded as
~(t) = [r o + h~(t)] exp{-i[0o + he(t)]}

(5.120)

where ro and 0o are the average output field amplitude and phase, h~(t)
and h ~ t ) are the Hermitian output field amplitude and phase operator.
Substituting Eqs. (5.92 and (5.120)into Eq. (5.119) and neglecting the terms
in the order of h 2, the fluctuating parts of Eq. (5.119) are obtained as
c4 ~ ( t ) + c3[a~(t) - ~ ( t ) ] = --fr(t) + C l ~ ( t )

(5.121)

ro

and
C3h~(t) + C 4 [ A ~ t )
ro

- Ar

= - f / ( t ) - C2AA(t) - FoA~t)

(5.122)
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Symbol

Expression

B1

A2A3A 5 + AI(A 2 + A 2) - AoA2A4A 6

B2

AoA4A 6 - A3A 5

B3

AIA 6

B4

AIA 5

B5

-AoB 1

B6

AoA4A 5 + A3A 6

B7

A2A 3 + A1A 5

B8

AoA2A 4 - A I A 6

C5

c-~

C6
C7
C8
C9

C 1 + CaC1oC11
C3(CloC12- 1)

ro

C2C1o- 1

C3C4C10
1

Clo

c~ + c~

Cll
C12
D1

-C2Fo

BB-AIC6+ ~5C7

D2

BB~c 6 -}- ~5C 7

D3

BB-~IC6+ B5C7

D4

BB-~CI l l -]- BB~sc12

D5

BB-~C l l -}---~5C12

D6

BB'~ICll+ ~-~C12

Table

C 2 -+- C4(C 4 + F 0)

5.1: Expressions for coefficients B/, C/, and D/defined in the text.

where

1/2
cos r

(5.123)

sin r

(5.124)

1/2

C 3 = AoC 2

(5.125)
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(5.126)

C 4 - AoC1 - Fo

1 {]~exp[iA~t)] + ]~ exp[-iA~t)]}

(5.127)

f/ = ~/{fexp[ih~t)] - ? exp[-ih~t)]}

(5.128)

These equations are solved and Fourier transformed as

Ap(0) : C5[C6~(0) -~- C7A~(0) -~- C2r(O) 4. C9f/(0)]

(5.129)

A~(0) = C l o [ C l l ~ ( 0 )

(5.130)

and

+ C12A(~(0) + C3]~r(0) + C4f/(0)]

Substituting Eqs. (5.117) and (5.118) into Eqs. (5.129) and (5.130), the
final expressions for the output amplitude and phase noise are obtained
as
A]'(O) = C5[DIFc(O) + D2/-/i(0) + D3/-/r(0)

+ C8]Cr(0) -~- C9f/(0)] (5.131)

and
A~(0) = Clo[D4/7c(0)+ D5/-/i(0)+ D c ~ r ( O ) + Cafr(O) + C4f/(0)](5"132)
The expressions for the coefficients C i and D i are given in the Table 5.1.
In order to obtain the noise spectral densities, the correlation functions between the noise operators have to be known. They are given
in the Table 5.2. Finally the resulting expressions for the output field
amplitude and phase-noise spectral densities are given by
(h~(0)h~(0)) = C2[D2(Fc(O)Fc(O)) + D2(Hi(O)Hi(O)} + D2(Hr(O)Hr (0)}
+ C2(fr(O)fr(O))+ C2~/(0)f/(0))]

+ 2C2[ D1D3(Fc(O)[--Ir(O)} + D2C8([--li(O)fr(O)} + D2C9([-li(O)fi(O)}
4- D3C8(H r (O)fr (0)} 4- D3C9([--lr (0)f/(0)}],

(5.133)

<Ar

~(0)} = C1010422(]~.c(0)~c(0)} 4. D2([ti(O) [-Ii(O)) + D 2 (/-/r(0)/-/r(0))
4. C3(fr(O) fr(O)) 4.
4. 2C20[D4D6(Fc(O)[-lr(O)} 4. D5C3(Fli(O)fr(O)} 4. D5C4([--li(O)fi(O)}
+ D6C3([--tr(O)fr(O)} 4. D6C4([--Ir(O)fr(O)}]

(5.134)
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Correlation Function

Expression

<[4r(t)Hr(u))

+ (Ecv> + (Eve> ~ ( t - u)
(Hi(t)Hi(u))

+ <F,cv> + <F,vc> ~ t <kc(t)Pc(U)>

u)

[ P + Nc~ + (F,cv}(A2 + l) + (F,vc)A2]5(t - u)

%

]

(Fc(t)Hr(u)}

2 <E,cv> + <E,vc> ~ ( t - u)

<Pc(t)Hi(u)>

0

(Hr(t)Hi(u)) + <Hi(t)Hr(u))

0

<fr(t)}Cr(U)}

1 5 ( t - u)

<f/(t)f/(u))

88

u)

<]Cr(t)fi(u)> + <fi(t)]Cr(U)>

<Hr(t)]Cr(U)>- <fr(t)Hr(u)>
(Hi(t)fr(U)) = <jCr(t)Hi(u))
(,[4r(t)fi(u)) = <~(t)[qr(U))

(Hi(t)?i(u)> = (?i(t)Hi(u)>

Table

-~

(cos r

- u)

(sin r

- u)

(sin r

- u)

(cos r

- u)

5 . 2 : Expressions for correlation functions of noise operators.

The cross-correlation spectral d e n s i t y is given by
(A~(0)A~(0)) = C5Clo[D1D4(Fc(O)Fc(O)) + D2D5(Hi(O)Hi(O) ) + D3D6(~Ir(O)Hr(O) )

+ CsC3~fr(O)fr(O) > + C9C4~/(0)f/(0) )]
+ C5Clo[(D1D 6 + D3D4)([Tc(O)[-Ir(O)) + (D2C3 + C8D5)(~Ii(O)fr(O) )
+ (D2C4 + C9D5)(/-/i(0)f/(0)} + (D3C3
+ (D3C4 + C9D6)(/-/r(0)f/(0) }]

+

CsD6)<Hr(O)]Cr(O)}
(5.135)
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The amplitude operator of the combined signal by a high-transmission mirror, whose transmissivity is denoted by T, is expressed as

Phase-to-amplitude

c o n v e r s i o n noise.

I(t) = V ~ [ r o + h~(t)] exp{-i[Tr- ~ + h~t)]} + V / 1 - T[Go + ~(t)]

(5.136)

where ~ is the phase error, which is zero when the slave and m a s t e r laser
signals are completely out of phase (see Fig. 5.22). The first term in Eq.
(5.136) expresses the transmitted injection-locked slave laser signal, and
the second term expresses the reflected master laser signal. Here G Oand
~(t) are the classic (c-number) excitation and fluctuation operators of the
master laser signal, respectively. One quadrature component, which is
the a l component in Fig. 5.22, is calculated because the local oscillator
phase is supposed to fixed to a l component. The a l component of I(t) is
given by
Ial(t)

- V ~ r o cos t~ + X/1 - T G o - V T A ~ ( t ) cos t~

--

- V/TroAr
where

~r(t)

is

t~ + V~I

-

(5.137)

TA~r(t)

defined by

Ag,r(t)

1

=

~ [~(t) + ~t(t)]

(5.138)

Ial(t) is divided into the average amplitude Ial o and amplitude fluctuation
operator ~al(t)"
Ial o = -- V ~ r o COS ~ + ~/1 -- T G o
~al(t)

= -- ~ / T A f ( t )

COS 5 -

~/TroAr

(5.139)
sin t~ + ~/1

-

TAgr(t)

(5.140)

The second term in Eq. (5.140) is the phase-to-amplitude conversion noise,
and this term disappears when the phase error t~is equal to zero. Finally,
the resulting expression for the intensity-noise spectral density is given
by
<~k[al(0)~al(0) > :

T COS2 ~ A p ( 0 ) A P ( 0 ) > -Jr 2Tr o cos 5sin ~(A~(0)Ar
+ Tr~ sin 2 ~(hr162

+ (1 -

T)<~,r(O)~r(O) > (5.141)

where
<~r(0)~r(0)>-

1
2

(5.142)

Substituting Eqs. (5.133) to (5.135) into Eq. (5.141), the intensity-noise
spectral density (AIal(0)AIal(0)> is calculated.
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When the phase difference between the master and injectionlocked slave laser signals is 90 ~ the intensity noise of the combined
signal can be calculated by setting the phase error t~ in Eq. (5.141)
to tan-1(~/1 - TGo/X/Tro). The numerical results are shown in Fig. 5.21.
Numerical

results

The noise spectral densities (h~(0)h~(0)), r2(hr
and
(AIal(0)AIal(0)) are calculated numerically. The following numerical parameters are assumed for a diode laser: Tsp = 2 x 10 - 9 s, Tp = 2 x 1 0 - 1 2
S, Tpe = 2 . 5 X 1 0 - 1 2 S, fl -- 2 x 10 -5, and nsp = 1. The pump rate
R ( ~ I / I t h -- 1) = 10, and the pump noise is completely suppressed, i.e.,
<Fp(t)Fp(u)> = O.
Figure 5.24(a,b) shows the external amplitude-noise spectral densities as a function of the frequency detuning with the linewidth enhancement factor a = 0 and a = 6, respectively. In both cases, the locking
bandwidth is 9.3 GHz, which is determined by the experimental result.
These numerical results are valid within the locking bandwidth because
it is assumed in Eq. (5.85) that the angular frequency of the injection
signal is identical to the resonance frequency of the cavity. In the case of
a = 0 [Fig. 5.24(a)], the amplitude-noise spectral density and locking
bandwidth are symmetric, and the minimum noise value is seen at detuning Af = 0. In this case, the amplitude squeezing is seen only within the
locking bandwith. In the case of a = 6 [Fig. 5.24(b)], the amplitudenoise spectral density and the locking bandwith are asymmetric, and the
minimum value of the amplitude noise is seen close to the negative edge
of the locking bandwidth.
Figure 5.25 shows the intensity-noise spectral density with the interference, which is normalized by the shot-noise value as a function of
the phase error E The frequency detuning is assumed to be zero. The
transmissivity of the high-transmission mirror is 0.95. The locking bandwidth is 9.6 GHz, and the a parameter is 6. These parameters are determined experimentally. The dashed line shows the noise level that is
obtained when the phase error ~ is equal zero. This numerical result
demonstrates that the phase error must be reduced to below 0.010 to
generate a squeezed-vacuum state under the present experimental conditions.
The allowable values of the phase error are not fixed but depend on
the residual phase-noise level that cannot be suppressed by injection
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locking. Figure 5.26 shows the output-field amplitude and phase-noise
spectral densities as a function of the locking bandwidth. Numerical parameters are the same as those in Fig. 5.25. If the locking bandwidth
increases, then the phase noise decreases [curve (a)]. However, the amplitude noise then increases [curve (b)]. Therefore, a larger phase error is
allowable if the locking bandwidth is increased, but there exists a limit
beyond which the amplitude squeezing is degraded.

5.3

Controlled spontaneous
semiconductor
lasers

emission

5.3.1

Brief review

electrodynamics

of cavity

quantum

in

Spontaneous emission is not a fixed property of an atom but a consequence
of atom-vacuum field coupling. It has been known for some time that
the decay rate, transition energy, and radiation pattern of spontaneous
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emission can be altered by modifying vacuum field fluctuations by a cavity
wall. The principle, often referred to as cavity quantum electrodynamics
(cavity QED), is a classic theoretical problem. Cavity-enhanced and
-suppressed spontaneous decay rates were predicted by Purcell in 1946. 27
A cavity-induced radiative energy shift was pointed out by Casimir in
1948. 2s The nonlinear coupling of atom and vacuum fields was formulated
by Jaynes and Cummings in 1963, 29 in which it was predicted that spontaneous emission becomes even reversible if an atom is put in a high-Q
single-mode cavity. However, these effects have been observed only recently using either Rydberg atoms in microwave superconductor cavities
or atoms in optical microcavities. 3~ The only exception is the pioneering
work by Drexhage in 1974, 31 in which he demonstrated t h a t the decay
rate and radiation pattern of spontaneous emission are modified by a
metal mirror.
Since spontaneous emission is a major source of energy loss, speed
limitation, and noise in semiconductor optical devices, the possibility of
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employing cavity QED to control spontaneous emission is expected to
improve device performances fundamentally.
In this section we review the principle of cavity QED, the performance
of various microcavity structures, and applications to semiconductor optical devices such as light-emitting diodes and semiconductor lasers.
There are two distinct regimes in cavity QED, i.e., a low-Q regime
and high-Q regime. A decisive parameter separating the two regimes is
the vacuum Rabi frequency,
t2R _ P12 ~vac -- P12 ~ 2 hw

h

oYo

(5.143)

where P12 is the atomic dipole moment, ~vac is the vacuum field amplitude,
and Vo is the optical cavity volume. When t2R is much smaller than the
decay rates of the photon and atomic dipole moment, i.e., t2R < <
~/photon, ~]dipole, the atom-vacuum field coupling is only weakly perturbed
by the cavity, and spontaneous emission remains an irreversible and
incoherent process. Nevertheless, a cavity can modify the radiation pattern and decay rate.
On the other hand, when ~R > > ~/photon, ~/dipole, the atom-vacuum field
coupling is strongly perturbed by the cavity, and spontaneous emission
becomes a reversible and coherent process. A coupled atom-field system,
often referred to as a dressed state, has two split eigenfrequencies. This
vacuum Rabi splitting corresponds to a periodic energy exchange between
the atom and field.
When N atoms collectively couple with the cavity field, the atom-field
coupling strength is enhanced in proportion to VN. In the low-Q regime,
the cavity enhances a so-called cooperative superradiance decay. 32 The
decay rate is enhanced, and the emission pattern is highly concentrated
due to the formation of a giant dipole moment. In the high-Q regime, it
corresponds to a collective Rabi splitting. 33 The difference between the
two eigenfrequencies is increased to t2RV~ from t2R for the single-atom
case.
Enhanced and inhibited spontaneous emission rates at microwave
frequencies have been demonstrated with either Rydberg atoms 34'35 or
cyclotron electrons. 36 Enhanced and inhibited spontaneous emission at
optical frequencies also has been demonstrated with either dye molecules 37 or Rb atoms. 38 Collective Rabi splitting has been demonstrated
both at microwave 39 and optical frequencies. 4~ Cavity QED experiments
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in semiconductors require a microcavity structure with an optical wavelength size. This is so because the spontaneous emission spectral width
in semiconductors is much broader than that of an atom in vacuum due
to a very short dephasing time and a very large inhomogeneous broadening
of the electron-hole pair dipole. The cavity structures used for cavityQED experiments in semiconductors are quite similar to those utilized
in vertical cavity surface-emitting lasers. 42-44 In fact, a major thrust in
the study of cavity-QED effects in semiconductors is the development
of small-sized, ultra-low-threshold, high-speed lasers and light-emitting
diodes for applications in optical communications, parallel optical signal
processing, and optical computing.

5.3.2

Rate-equation analysis of microcavity lasers

As was mentioned in the very beginning of this section, the spontaneous
emission into nonlasing modes is a major source of energy loss in macroscopic lasers. The energy loss leads to a low q u a n t u m efficiency below
threshold and to a high pump power threshold. As soon as lasing begins,
however, the q u a n t u m efficiency increases in all lasers due to the very
high rate of stimulated emission into the lasing mode and the correspondingly short free carrier lifetime.
The power dissipation due to spontaneous emission into nonlasing
modes is so severe, in fact, that reducing the number of cavity modes by
QED, the laser threshold of a semiconductor laser, can be reduced by
several orders of magnitude 45-47 from present threshold current levels,
which are in the range of 1 mA. A prerequisite for threshold current
decrease in microcavity lasers is that the photon lifetime can still be of
the same order of magnitude as that of a macroscopic laser. This has
become possible with the advent of monolayer-precision, lattice-matched
semiconductor growth techniques, since the mirror reflectivity of planar,
epitaxially grown Bragg mirrors can exceed 99%. 44 This should be compared with a cleaved semiconductor facet mirror, whose reflectivity is
only about 30%.
Below threshold, in any good macroscopic laser, the largest radiative
loss mechanism is spontaneous emission into nonlasing modes (including
radiation modes). In a macroscopic laser, the rate of spontaneous emission
radiated into every mode is approximately the same, meaning that only
a small fraction, the inverse of the number of modes within the gain
bandwidth, of the dissipated power reaches the (eventually) lasing mode
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and acts as a seed for stimulated emission. To reduce the number of
modes, and thus increase the efficiency with which the pump power is
coupled to the lasing mode, one can either reduce the mode density (number of modes per unit energy) or reduce the gain bandwidth. The former
is usually easier to accomplish and is more effective t h a n the latter.
Reducing the cavity length from, say, 300 ttm to 300 nm (roughly the
length of a one wavelength cavity), the spontaneous emission coupling
efficiency will increase by a factor of 103, and the threshold current will
drop by the same factor (if the cavity lifetime remains constant).
The spontaneous emission coupling factor/3 is defined as the spontaneous emission rate into the lasing mode divided by the total rate of
spontaneous emission. 47 It is a key p a r a m e t e r in the analysis of semiconductor laser threshold current reduction. It is important to u n d e r s t a n d
t h a t fl depends on both the cavity characteristics and the characteristics
of the excited electron-hole pairs or excitons.
The total rate of spontaneous emission is usually expressed as the
inverse of the spontaneous emission lifetime Tsp. Again, it is important
to bear in mind that the spontaneous emission lifetime may be different
in a bulk sample t h a n in a particular microcavity configuration. This
effect has been confirmed experimentally by several g r o u p s . 37'38'48
Using/3, it is possible to express the spontaneous emission rate into
the lasing mode as flN/Tsp, where N is the number of free carriers. Using
a linear gain model, g = go(N - No), where N Ois the number of free carriers
in the active material that must be injected to achieve transparency, one
can write the stimulated emission into the mode goNp, where p is the
mean photon number in the lasing mode. It is well known that at a mean
photon number of unity in the mode, the rates of stimulated emission
and spontaneous emission are equal, 47 allowing one to eliminate go by
the identity go =- fl/Tsp. From this point it is relatively straightforward to
write down the rate equations for the mean number of free carriers and
the mean cavity photon number in the lasing mode:

d__N = I
dt
q

N
rsp

N

f l ( N - No)p

Tnr

Tsp

f l ( N - No)~
fiN
p +
rsp
]
rsp

(5.144)

(5.145)

where I is the injection current, q is the elementary charge, Tnr is the
nonradiative recombination lifetime, and ~,is the cavity loss rate per unit
time.
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In a macroscopic laser, the characteristics are abruptly changed when
the laser is driven above threshold. Both the output power versus pump
power curve and the gain versus pump power curve have sharp "knees"
defining the threshold pump power (or threshold current). In a microcavity
laser, these transitions are usually much smoother, causing fi ~ 1 lasers
to be dubbed "thresholdless" lasers. 45 In our opinion, a threshold can
always be defined, the laser characteristics (such as its temporal coherence
or general noise behavior) under the defined threshold being markedly
different from the characteristics above. The correct definition, in our
opinion, is that threshold is reached when the mean photon number in
the cavity reaches unity. Our experience is t h a t this definition better
corresponds to the onset oflinewidth narrowing, gain clamping, and intensity-noise behaviour for a larger class of lasers t h a n the conventional
definition. 47'49 When the laser is macroscopic, this definition coincides
roughly with the conventional definition t h a t the gain should equal the
loss.
Solving the steady-state behavior of the rate equations, it is relatively
easy to find t h a t the threshold injection current Ith needed to bring the
photon number to unity is
(5.146)
where the dimensionless p a r a m e t e r ~ = flNo/Trsp has been introduced. ~:
has a direct physical interpretation: It corresponds to the mean photon
number at material transparency. The fact t h a t ~ can be larger t h a n unity
indicates t h a t the laser threshold can be reached even before the active
material is inverted in a microcavity.49
In a good laser, nonradiative recombination should play a minor role,
and the factor Tsp/Tnr in Eq. (5.146) can be neglected. (In practice, unfortunately, this is not always the case.) Furthermore, in microcavity q u a n t u m
well lasers, the active volume is usually so small that g: < < 1. In this
regime, Eq. (5.146) can be simplified to
it h = q ~(1 + fl)

2fl

(5.147)

From this equation it is clear t h a t the figure of merit for threshold current
reduction is the ratio ~/fl.
In Fig. 5.27 the threshold current as a function of fl is plotted for two
different values of sc. The p a r a m e t e r values are given in the plot. The
larger N Ocorresponds to a transparency free carrier density of 1018 cm -3
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and an active material volume of 1 /xm 3, i.e., a microcavity completely
filled with active material. The smaller No value corresponds to an active
volume of 10 -3 /~m3. This is roughly the volume of a single q u a n t u m
well in a microcavity laser. The dashed line represents the conventional
definition, t h a t the gain equals the loss at threshold. It is clear t h a t the
remarkable reduction in threshold current with increasing fl has nothing
to do with our definition of threshold; almost everywhere the two definitions coincide to within a factor of 2. The only exception is when both
and fl are large. In this region we feel that the conventional definition
fails because it neglects spontaneous emission, which is important in this
regime.

5.3.3

Semiconductor

microcavity

lasers:

experiments

We have carried out experiments with three different types of microcavity
lasers, which exhibit a high spontaneous emission factor and ultralow
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threshold and allow comparison with the theoretical predictions for
threshold and/or spontaneous emission factor: First, unmodified planar
microcavities72; since the pumped spot size for this case is larger t h a n
the lasing mode diameter, several transverse modes contribute in the
threshold regime. In order to get single-mode operation, a three-dimensional structure was produced by etching the planar sample, which led
to a further threshold reduction. 73 A comparison of experimental data
with theoretical predictions gives a reasonable agreement. The third type
of microcavity uses a curved mirror (hemispherical cavity), 52 which is an
alternative structure for obtaining transversal confinement.

Planar Bragg mirror microcavity lasers
Two planar microcavity structures (A and B) were grown by metal-organic
vapor-phase epitaxy (MOVPE). The structure consists of a GaAs q u a n t u m
well as active medium, embedded between two distributed Bragg reflectors made from alternating layers of Alo.15Gao.s5As and AlAs, grown on
a GaAs substrate. Figure 5.28 shows the case of sample B, which has a
200-/k GaAs q u a n t u m well. The q u a n t u m well is located at the antinode

F i g u r e 5.28: Vertical structure of the planar and etched microlasers. Active
medium is a GaAs quantum well; the Alo.15Gao.s5As/A1As Bragg reflectors are
spaced by a Alo.3oGao.7oAs layer such that a one-wavelength cavity is formed.
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position of the standing-wave field, which ensures optimal coupling between the active medium and the laser mode. Structure A has a 70/~ quantum well but is otherwise identical. By a variation of the layer
thicknesses over the wafer (tapering), different wavelengths are resonant
at different positions; thus the cavity can be tuned easily to the quantum
well emission wavelength by translation of the sample. The optical characteristics of the samples were investigated by illuminating with white light
and observing the spectrum of the reflected light with a monochromator
(upper trace in Fig. 5.29 for the case of structure A). The Bragg mirrors
are highly reflective over a wavelength range of 80 nm (stop band of

Cavity reflectivity spectrum
and light emitted from sample
I

I

p_
bO

.q

70O
Figure

75O
8OO
Wavelength (nm)

85O

5.29: Upper trace: Spectrum obtained by reflection of white light from
sample A. Lower trace: Fluorescence spectrum obtained from sample A when
pumping with the Ti:sapphire laser. The small peak at 732 nm is the residual
reflected pump light. The curves are somewhat distorted by filtering effects of
the optical elements in the beam.
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the cavity transmission), centered at the cavity resonance (dip in the
reflectivity curve). The lower trace in Fig. 5.29 shows the fluorescence
from the q u a n t u m well, filtered by the cavity.
The lasing characteristics were investigated after placing the microcavity in a liquid helium dewar and cooling to 4 K, which substantially
reduced the fluorescence linewidth. This reduction was confirmed with
samples containing only a q u a n t u m well embedded in an A1GaAs layer:
For a bare 200-A q u a n t u m well, the linewidth could be reduced from 33
to 2 nm when cooling from room t e m p e r a t u r e to 4 K. In structure B,
the observed emission linewidth was 2.5 nm. The reduced fluorescence
linewidth allows a much better match with the cavity-resonance linewidth
and an improved coupling of the spontaneous emission to the lasing mode.
The narrower q u a n t u m well in structure A has a bigger inhomogeneous
broadening, which leads to a bigger linewidth of 5.3 nm. The samples are
pumped optically by a Ti:sapphire laser tuned to the point of maximum
cavity transmission (740 nm for sample B), thereby reducing reflection
losses to about 15%. The pump photon energy at this wavelength is below
the band-gap energy of the layers constituting the mirrors; therefore, no
serious absorption occurs. The pump light is chopped at 330 Hz with a
duty cycle of 1:17 in order to avoid the thermal problems observed at
higher powers. The incident beam is focused to a spot of 25-ttm diameter.
The focusing lens is also used for collimating the outgoing light, which is
then analyzed by a monochromator and detected by a CCD camera.
The results of input versus output power m e a s u r e m e n t s for the two
microcavity structures are shown in Fig. 5.30. The output power was
measured in an approximately 0.75-nm-wide band centered around the
lasing wavelength (786 and 811 nm for samples A and B, respectively).
The threshold in sample A occurs at an incident power of 55 mW or an
absorbed power of 330 ttW. Here we used as a threshold definition that
the average number of photons in the lasing mode is unity at threshold;
this definition corresponds to the initial bending point of the curves in
the figure. The height of the step as it appears in the logarithmic plot is
equal to the spontaneous emission factor of the cavity. This is so because
in the absence of nonradiative processes, the q u a n t u m efficiency above
threshold is close to unity, and below threshold, by the definition of the
spontaneous emission coefficient, it is equal to ft. For the actual determination of fi, we used the method of fitting the theoretical curve obtained by
solving the laser rate equations in the steady state to the experimental
data, with the threshold power and fi as fitting parameters. This method
o
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Figure 5 . 3 0 : Output power versus input power for the two planar structures. The solid lines are the theoretical curves. (a) Sample A (70-A quantum
well). (b) Sample B (200-A quantum well). The vertical scales are normalized
to the theoretical number of photons in the lasing mode, being unity at threshold.
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yields a fl of about 6 x 10 -3 for sample A. The estimation of the absorbed
threshold power took into account 15% reflection losses at the sample
surface and an absorption coefficient of 104 cm -1 at 4 K. 76 If the pump
light forms a standing wave inside the cavity, the absorption efficiency
may be altered; however, a model calculation showed t h a t this effect is
at most 50%.
The reduced inhomogeneous broadening due to the thicker q u a n t u m
well of sample B leads to a better match with the cavity resonance width
and therefore to a reduced absorbed threshold power of 85 ~W. Because
of the increased absorption, the incident power threshold is reduced by
an even bigger factor to 5 mW. The absorbed power density at threshold
is 18 W/cm 2. fl is about 10 -2, being slightly higher t h a n in sample A,
although the difference is within the m e a s u r e m e n t uncertainty. A higher
value is what one would expect because of the narrower fluorescence
linewidth.
The linewidth of the radiation emitted from sample B was measured
after replacing the monochromator with a plane-parallel scanning FabryPerot resonator with a mirror reflectivity of 97.5% and various mirror
spacings. The obtained values below threshold were additionally verified
using the monochromator. The result is shown in Fig. 5.31 (solid circles).
The linewidth of microcavity lasers is treated theoretically in refs. 47 and
77; a drop in linewidth by a factor of fi from the cold cavity value at
threshold is predicted 47 for the case of a linewidth enhancement factor
= 0. In order to allow a comparison, the experimental values must be
corrected by (1 + a 2) (open circles, for a typical value of a - 3). The height
of the step from the cold cavity bandwidth to the value above threshold
in Fig. 5.31 confirms a fl on the order of 10 -2.
It is desirable to check the estimate of the spontaneous emission
coupling factors presented in the preceding paragraphs by independent
measurements. Unfortunately, a direct m e a s u r e m e n t of fl is impossible
with the present sample because most of the spontaneous emission goes
into the absorbing substrate. However, the theory developed in ref. 78
allows us to estimate fl from the sample structure and the q u a n t u m well
fluorescence linewidth, given in the preceding paragraphs, and the cavity
resonance width.
Theory predicts that a perfect (and optimal) cavity made from the
given material composition would have a linewidth of 0.065 nm. This
theoretical minimum cavity decay rate implies mirror reflectivities of
99.91% and 99.94%. A slight imperfection in layer thickness or scattering
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F i g u r e 5.31: Laser linewidth of the planar structure versus pump power
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would inevitably lead to a shorter photon lifetime and broader linewidth.
This fact is confirmed by the direct measurement of the cold cavity linewidth A P F W H M 0 = 200 GHz, o r h~FWHM 0 -- 0.43 nm (Fig. 5.31, left-most
points). The optimal fl achievable with the structure of Fig. 5.28 can be
calculated 47 to be 0.05. However, since the cold cavity linewidth is smaller
than the fluorescence linewidth, the optimal match in the frequency regime is not realized, and the fi value is degraded approximately by the
ratio of the two linewidths, yielding J~the ~ 5 X 10 -3 and 9 • 10 -3 for
the two samples. A justification of this argument and a more rigorous
calculation can be found in ref. 78. These values are in quite good
agreement with the experimental observation.

Etched microcavity
In order to determine the number of transverse modes being simultaneously excited by the pump laser in the p | a n a r sample, the lasing mode
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diameter should be compared with the pump spot size. A measurement
of the divergence angle of the radiation below threshold yielded a 1/e 2
angle of 8 ~ corresponding to a lasing mode diameter of about 7 #m.
Comparing with the pump focus diameter of 25 ]~m, one sees that at
threshold several independent lasers can start to oscillate in the pumped
area, which is equivalent to multiple-transverse-mode operation. In order
to get a more well-defined situation, a three-dimensional structure was
produced by etching, which made single-transverse-mode operation possible and further reduced the threshold power by one order of magnitude.
An array of three-dimensional microlasers was made by chemical wet
etching of sample B, yielding circular mesa-like structures of various
diameters (Fig. 5.32). The etch depth was chosen such as to remove the
upper mirror, the active region, and half the lower mirror in the unmasked
parts. The resulting microlasers have a small top mirror diameter, which
acts like a pinhole for the cavity field, leading to increased losses for nonTEMoo modes and therefore encouraging single-mode operation. On the
other hand, the diameter at the quantum well is 4 to 5 ~m bigger; this
reduces losses due to carriers diffusing to the etched surface and recombining there. Although the etched lasers have a three-dimensional structure,
the larger lasers must still be considered planar microcavities, since the
diameters involved are larger than the planar cavity mode size and substantially larger than the wavelength. This means, for example, that
waveguide effects in these lasers are negligible.
The measurement setup was similar to the planar case, with a somewhat smaller pump focus diameter of 20 ~m. Aiming the focused pump
beam to a particular microlaser was done by shifting the sample while
observing the pumped spot with a TV imaging system.
The etched sample showed lasing at 805 nm. The result of the inputoutput measurements for a 3.4-ttm microlaser is shown in Fig. 5.33. In
terms of input power, threshold occurs at 13.5 mW, which is equivalent
to about 7 ttW absorbed power. The calculation of the absorbed power
takes into account that most of the incident light does not hit the top
mirror. The penetrating power is calculated geometrically from the ratio
of the mirror and pump spot areas; the part of the light actually absorbed
is then determined as in the planar case. The solid line in Fig. 5.33 is the
theoretical curve for the fi - 9 x 10 -3 estimated in the preceding section
with a fitted threshold. The absorbed threshold power observed corresponds to a threshold current of 4 ttA for the case of electrical pumping,
which, compared with the approximately 10 mA of commercial laser di-
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5 . 3 2 - Scanning electron microscopic picture of a family ofmicrolasers,
as obtained from the planar sample B by etching, and an enlarged view of the
3.4-ttm microlaser. The top surface acts as a pinhole, determining both the incident
light beam diameter and the transverse mode structure of the laser. The fact that
the quantum well diameter is bigger than the top mirror diameter reduces the
surface recombination.
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odes, indicates a three order of m a g n i t u d e threshold reduction. This is in
a g r e e m e n t with the t h r e e orders of m a g i t u d e increase from fl ~ 10 -5 for
a ordinary laser diode to fi ~ 10 -2 for the microlaser.
Table 5.3 shows the threshold values obtained for microlasers of different diameters, together with the d a t a of the p l a n a r sample B for comparison. The incident threshold power density is a p p r o x i m a t e l y the same
for all d i a m e t e r s except the smallest one; the increased p u m p power
t r a n s m i t t e d by the top m i r r o r for the bigger s t r u c t u r e s is a p p a r e n t l y
consumed by an increase in the n u m b e r of i n d e p e n d e n t oscillators. Conversely, the enhanced power density required for the 3.4-ttm laser confirms
t h a t this s t r u c t u r e actually lases single mode, as we could already conclude from the m e a s u r e d single-mode diameter.
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d

P

Pabs

Psing

3.4
8.6
13.8
19.1
24.3
25

4300
960
1150
1110
1750
1020

6.7
9.4
29.1
54.3
93.5
85

6.7
6.2
7.5
7.3
11.4
6.7

(W/am2),Pabs: absorbed
power (ttW), Psing: threshold power for the TEMoo mode, calculated using a 7-ttm TEMoo
mode diameter for the multimode cases (ttW).

Note: d: top mirror diameter (ttm), p: incident pump power density

Table

5 . 3 : Threshold data for different microlasers.

As mentioned earlier, a l a r g e - d i a m e t e r micropost cavity behaves in
most respects as a p l a n a r cavity. The theoretical spontaneous emission
coupling coefficient corresponding to the linewidth of 0.43 n m is calculated
above to be 9 x 10 -3. This is within a factor of 2 or 3 from the e x p e r i m e n t a l
data. Neglecting nonradiative decay, the threshold power can be w r i t t e n 47
as Pth -- h p/2flTph. I n s e r t i n g Tph ---- 0.8 ps as derived from the cold cavity
linewidth m e a s u r e m e n t , the threshold power is found to be about 18 #W,
a factor of 3 from the power e s t i m a t e d from the input versus o u t p u t power
measurement.
The collection of micropost cavities with v a r y i n g d i a m e t e r s enabled
us to i n d e p e n d e n t l y estimate the mode radius of the p l a n a r cavity. As
expected, the required p u m p power density r e m a i n e d relatively constant
with micropost d i a m e t e r as long as the post d i a m e t e r was larger or equal
to 8.6 #m. A best fit of the d a t a a s s u m i n g a mode d i a m e t e r of 7 ttm yielded
a single-mode threshold power of 6.7 ttW. This value is in very good
a g r e e m e n t with the value e s t i m a t e d from the input versus output power
m e a s u r e m e n t for the real single-mode case. However, considering the
discrepancy between the theoretical and e x p e r i m e n t a l values for fl and
Pth, we m u s t emphasize t h a t all n u m b e r s are not known b e t t e r t h a n to
within a factor of 2. W h a t is clear from Table 5.3 is t h a t the a s s u m p t i o n
of a well-defined mode radius in a p l a n a r s t r u c t u r e is valid.

Hemispheric cavities
In a p l a n a r microcavity, the mode d i a m e t e r increases, and consequently,
the radiation lobe width decreases, when the cavity Q is enhanced. There-
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fore, while the higher photon lifetime tends to decrease the lasing threshold, the spatial coupling efficiency of spontaneous emission to the lasing
mode is reduced, and no net threshold reduction can be gained by an
increased mirror reflectivity. This is different in a hemispheric microcavity, as illustrated schematically in Fig. 5.34. Here, the laser mode geometry
is defined by the planar and curved mirrors, and adding more layers to
the Bragg mirrors only increases the photon lifetime without changing
ft. Moreover, a big lobe angle collects a high percentage of the spontaneous
emission and thus gives rise to a high ft. Therefore, this cavity type has
the potential for a very low threshold.
For our experiments, an initially planar microcavity structure was
grown by MOVPE on top of a GaAs substrate, which consisted of a 29.5period GaAs/A1As Bragg reflector followed by an Alo.2Gao.sAs spacer layer,
the active medium, in this case a 100-/k Ino.2Gao.sAs single q u a n t u m well,
and another Alo.2Gao.sAs spacer layer. Resonators with InxGal_xAs as
active material are interesting because the operating wavelengths of 900
to 1000 nm are close to those of GaAs, yet GaAs is t r a n s p a r e n t and can

F i g u r e 5.34: Hemispherical cavity configuration. A thin quantum well is
sandwiched between the upper curved and the lower planar Bragg reflectors.
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be used in mirrors and substrates. Room-temperature lasing has been
reported previously in Ino.2Gao.sAs vertical cavities. 79-81
To fabricate the curved mirrors, a method previously used in the
fabrication of microlenses for light-emitting diodes was employed, s2'83
Arrays of photoresist disks were first deposited on the upper spacer layer.
The disks were subsequently melted at 300~ which resulted in a pattern
of half lentil shape [Fig. 5.35(a)]. The curvature and diameter of the
microlenses were controlled by varying the diameter and the thickness
of the resist disk, resulting in curvatures ranging from roughly 5 to 20
~m. The microlens shape was thereafter transferred to the semiconductor
by dry etching using an Ar + 02 (5%) ion beam [Fig. 5.35(b)]. The etch
rate and smoothness of the etched surface were controlled by the 02
concentration and by the incidence angle of the ion beam to the sample
(65~ Finally, to create a high-reflecting curved mirror, a i3.5-period SiO2/
TiO2 dielectric Bragg reflector was deposited on the hemispheres.
The investigated cavity had a length of approximately 2.5 # m and a
curvature around 15 +_ 5 #m. The cavity length was determined from the
white light reflectance characteristics of the cavity before deposition of
the dielectric mirror. However, the white light reflected over an area much
larger than the curved mirror does not give any direct information of the
cavity length at the location of the curved mirror. This we obtained by
adding to the inferred planar cavity length the height of the curved mirror
as estimated from test samples etched under similar conditions. The samples were grown with a tapered cavity length, and a point where a cavity
resonance through a curved mirror coincided with the emission wavelength was found experimentally by scanning the pump beam across the
sample.
Our experiments were made at 4 K by placing the samples in a helium
cold finger cryostat. This reduced the nonlinear (Auger) recombination
and resulted in a narrow gain medium emission linewidth, giving, as
explained before, a better atom-cavity coupling. The linewidth observed
by photoluminescence in cavity samples without the dielectric mirror was
roughly 40 nm at room temperature and was reduced to 7.9 nm at 4 K.
The sample was investigated by optical pumping from a Ti:sapphire laser
at 780 nm focused to a spotsize of 13 #m. The pump light was chopped
in order to get a lock-in signal. No effects of thermal heating were observed.
The emitted light was collected from the output side of the curved mirror
by the same lens used to focus the pump light, passed through a monochromator (0.4-nm resolution, to spectrally select only the emission of one
mode) and detected by a photomultiplier.
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Figure 5 . 3 5 - (a) The white-light reflection from the melted photoresist disks.
The Newton ring pattern indicates the thickness variations. (b) An SEM image
of an array of microlenses transferred to the semiconductor.
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In Fig. 5.36, the measured output power (at a wavelength o f - 930
nm) is shown as a function of incident optical pump power. In order to
ensure t h a t the lasing was a result of the optical feedback from the curved
mirror and not from the flat surface, the pump beam was scanned over
the sample. Only at the locations of the curved mirrors could strong
emitted light be observed. The threshold incident pump power, corresponding to the point of the "jump" in Fig. 5.36 is 14 mW (11 kW/cm 2
power density). By estimating that approximately 3% is absorbed in the
q u a n t u m well at this wavelength, 84 an absorbed threshold power density
of 0.32 kW/cm 2 results, corresponding to an absorbed pump power of
0.4 mW in the (large) pumped area of 1.3 • 10 2 /tin 2. The value of the
spontaneous emission factor can be estimated from the input-output
curve 47 to be about 10 -2. The solid line in Fig. 5.36 is a theoretical prediction of the input-output power characteristics calculated assuming a 15ttm mirror curvature, a 3% pump absorption, a carrier density required
for transparency N O = 0.1 • 10 24 m -3, and a bulk spontaneous lifetime
Tsp = 2 ns. However, we never succeeded in resolving the cavity linewidth
experimentally. Therefore, in the theoretical prediction, we assumed reasonable internal losses of 50 cm -1, which, together with the calculated
Bragg reflectances, gave a photon lifetime of 2.2 ps. The theoretical inputoutput characteristics are within order of magnitude agreement with the
experiment. When operating the sample at room temperature, we also
observed lasing, but the threshold was increased by about 1 order of
magnitude; this is consistent with the broadening of the emission linewidth by about 1 order of magnitude.
Figure 5.37 shows the experimentally measured polarization dependence below and above threshold. Curve A is for pump powers below
threshold. The output light was unpolarized (the residual modulation is
caused by the dielectric beamsplitters). Curve B is for a pump power
above threshold. The output power transmitted through the polarizer was
modulated more t h a n 95% when rotating the ~/2-plate, showing linearly
polarized output. Geometrically, there is no preferred polarization direction in surface-emitting lasers, but several studies have found the output
light above threshold to be linearly polarized, s5'86 In the present case the
polarization direction was the same as the crystal direction [011], and the
selection may perhaps be related to strain induced during the epitaxial
growth.
The input-output power characteristics as predicted from rate-equation analysis agreed well with the experimental results. However, the far-
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field exit angle in the threshold region, experimentally measured to be
about 2.5 ~, was substantially smaller than the theoretical estimate of farfield angle from the fundamental mode (of 0.7-ttm spot size) of about 20 ~
taking into account the lens effects of the curved mirror. We believe that
this could be due to the effective radius of curvature being larger t h a n
expected. If this is so, the theoretically estimated fl will be lower. But
this also makes the area of the lasing mode larger,7S implying that the
theoretically predicted threshold power density remains virtually the
same. The mode selection will be the subject of further experimental and
theoretical studies.
The 2.5-#m sample is not quite optimal for achieving a high fl because,
due to the long cavity, the resonance linewidth is small, and the match
with the fluorescence linewidth is deteriorated. Therefore, in order to
obtain a better coupling efficiency, we have made a second hemispheric
microcavity with a 2~ (0.5 #m) cavity spacing. The basic structure is
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the same as in the previous case [Fig. 5.36(a)], whereas the individual
p a r a m e t e r s are somewhat different. The gain medium here is a 100-A
Ino.lGao.9As q u a n t u m well having a fluorescence linewidth of 5.6 nm at
4 K. The upper mirror has a curvature of about 20 #m. Due to the different
q u a n t u m well material, the lasing wavelength is 828 nm at 4 K. The
measured input-output data are shown in Fig. 5.36(b). From the height
of the step, we can infer a fl value of roughly 0.05, a factor of 5 higher
t h a n in the case of the 2.5-ttm cavity. A m e a s u r e m e n t of the laser linewidth
above and below threshold, similar to the planar case, confirmed this
value. It is also in reasonable agreement with the theoretical prediction
of fi = 0.1. The theoretical prediction of the threshold power is 16 #W.
We could not yet directly verify this value because the pumped area is
much bigger t h a n the mode diameter.

5.4

Conclusion

Squeezing and control of spontaneous emission in semiconductor lasers
have been reviewed. A squeezed-vacuum-state generation by a semiconductor laser requires a phase-stabilized cancellation of a coherent amplitude excitation. An injection-locking technique turns out to be useful for
suppressing spurious side modes and obtaining more squeezing from a
semiconductor laser. A high-quantum-efficiency and low-threshold semiconductor laser would produce a phase-coherent-squeezed state with a
small coherent amplitide excitation. A surface-emitting microlaser is a
promising device in this direction. A monolithic device may improve the
stability of such a system.
A low-threshold semiconductor laser by control of spontaneous emission requires low-temperature operation at present. An improved microcavity configuration is needed to cope with a r a t h e r broad emission from
a room-temperature q u a n t u m well, and such efforts seem to be promising.
A microcavity semiconductor laser or light-emitting diode with a high
q u a n t u m efficiency and low noise would have many potential applications
including optical interconnects in VLSI.
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