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Abstract. The super-resolution near-ﬁeld structure (super-RENS) was ﬁrst proposed in 1998 in order to overcome several crucial issues in optical near-ﬁeld recording. Since the invention, a number of studies to understand the mechanism and
near-ﬁeld properties have been carried out. In this paper, the background of nearﬁeld optical recording methods proposed prior to super-RENS disks is reviewed and
possible future approaches and applications are described.

1 The Optical Near-Field and Its Application
for High-Density Data Storage
Since the invention of the scanning tunneling microscope, microscopy has
evolved with respect to tunneling-electron, atomic-force, shear-force and surface-potential detection. The near-ﬁeld scanning optical microscope (NSOM)
was invented in the early 1980s by Pohl’s laboratory in IBM Zurich [1].
Since this invention, a huge amount of papers have been published on the
near-ﬁeld observation of material surfaces and biochemical molecules, the detection of ﬂuorescence from semiconductor lasers, the improvement of the
resolution images and the challenge to optical data storage [2,3,4,5,6,7,8,9].
First, near-ﬁeld optical recording (NFO recording) was carried out by Betzig’s group at AT&T in the US, and a bit density as high as 45 Gbits/in2
was achieved [8]. Although the recording density was very high in comparison
with that in DVD discs and a 60-nm resolution was obtained, its scanning
speed and recording area were limited by the ability of piezo-actuators moving a magneto-optical (MO) recording ﬁlm sample. As shown in Fig. 1, the
scanning speed of the system based on piezo-electric actuators were typically
at most 100 µm, and the recording area was less than about 100×100 µm2 . In
order to overcome the crucial issues in NFO recording, ﬂying heads with several small optical apertures have been designed as hard-disk ﬂying sliders for
the last 5 years [10,11]. However, the input laser energy is mostly wasted as
reﬂected light, and at present only a few percent of energy is transferred into
the near-ﬁeld generation. Terris and his co-workers at IBM, alternatively,
tried to introduce a solid immersion lens (SIL) into NFO recording [9,12,13].
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Fig. 1a,b. Typical near-ﬁeld recording using an optical ﬁber probe with a nanometer-size aperture. The near-ﬁeld aperture scans over the MO recording ﬁlm and
the polarization of the MO Kerr rotation is detected as a signal

Although SIL cannot overcome the diﬀraction limit, the lens numerical aperture (NA) dramatically improves by 2.0, which depends on the refractive
index n of the lens material. Using a super-hemispherical lens for SIL recording, the resolution is further improved by n2 . Thanks to Mansfield and Kino,
NFO-recording research and development using SIL has rapidly expanded
worldwide since the 1990s (Fig. 2) [14,15]. In NFO recording using both
a small aperture or a SIL, it should be noticed that the most basic problems all result in the high-speed space control technique between a recording
medium and the ﬂying aperture or the bottom of the SIL. The fundamental
idea of the super-resolution near-ﬁeld structure (super-RENS) was certainly
based on removing the problem.

2

Basic Principle of the Near-Field Optical Readout

In order to understand the behavior of the NFO readout intuitively, let us
assume a system consisting of two diﬀerent screens in proximity and discuss
the optical interaction between the two screens by using Fourier optics [16].
Hence, one screen has a small hole and the second screen has two holes, as
shown in Fig. 3. First, we have to transform the shape of the step functions
(hole) as Fourier functions. The step functions of the holes are then expressed
as a function of sin(x)/x. The electromagnetic ﬁeld at the ﬁrst screen with
two slits is transformed into E1 :
E1 (kx , z = 0) = 4E0 cos kx d

sin kx L
.
kx

(1)
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Fig. 2a,b. Solid immersion lens (SIL) system and the ﬂying head with the SIL.
In SIL, the eﬀective NA can be increased up to the refractive index n of the SIL
material. Thus, NAeﬀect = NAobj · n. (here, NAobj is the objective lens NA). The
high spatial frequency beyond NA/λ becomes an evanescent wave at the bottom
surface of the SIL

Fig. 3. Two-screen model for the
Fourier treatment of near-ﬁeld
coupling

Hence, the second-screen position is taken as z = 0, and the distance between
the two slits and the slit diameter are 2d and 2l, respectively; E0 is the
incident electromagnetic ﬁeld. Here, the propagated light ﬁeld Ed (x, z = Z)
towards the z-direction is described by
 +∞
1
dkx exp(−kx x)E1 (kx , z = 0)
Ed (x, z = Z) =
2π −∞
1

× exp[−i(k 2 − kx2 ) 2 Z] .

(2)

In far-ﬁeld optics and optical microscope system, Z is far longer than the
optical wavelength and we need to consider only values of kx from −ω/c to
+ω/c because the exp[−i(k 2 − kx2 )1/2 Z] term beyond this range becomes real
and is rapidly eliminated; the optical near-ﬁeld is thus the contribution from
the outer integration region. Now, separating the second screen from the ﬁrst
one with a slit by a distance s(s < λ), the near-ﬁeld integration term becomes
large and is convoluted as the coupling ﬁeld. Finally, we derive the following
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equation:
Ed (x, z = Z) =

 ω/c
1

1
dkx exp(−kx x) exp[−i k 2 − kx2 2 (Z − s)]
2
(2π) −ω/c
 
 +∞
1 



 sin(kx l)
2
2 2
×
dkx 4E0 cos kx d
exp −i k − kx
s
kx
−∞
sin(kx − kx )l
×2 cos kx d
exp[i (kx − kx ) X] .
(3)
kx

Here, kx is the wave vector along the second screen. The light passing through
the ﬁrst screen produces the ﬁeld coupling and it is scattered by the secondscreen slits. In the second term, the spatial frequencies beyond kx give a contribution with a real exponential result which is rapidly reduced with increasing s; however, the contribution is now quite large because of small s
less than λ. As s gets smaller, the contribution from k > kx becomes large.
It means that as the near-ﬁeld aperture is close to the surface by SNOM or
other technical methods, the resolution is improved. This is the explanation
and basic principle of the resolution improvement by using near-ﬁeld optics
(Fig. 4).
The simple computer simulation based on this principle is now easily programmed by “Mathematica TM ” or other program software. The simulation
results are very simple but educative to understand the behavior of the nearﬁeld and its scattering.
In Figs. 5 to 8, two mark patterns are Fourier transformed and the second
screen with a slit moves behind the ﬁrst screen with a constant distance s.
In the case of s = 0 (two screens are in contact), mostly the same pattern of
the slit shape (or feature) are reproduced. As s increases, however, the edges
of each slit are vague and the two edges are no longer obtained.
By comparing Figs. 5 and 6, we can understand the resolution characteristics of near-ﬁeld readout. That is, the resolution mostly depends on the
observing aperture size and the space s. In Fig. 5, the resolution is obtained
as s ≈ 2λ, but as 1/2λ in Fig. 6. Following the simulations, then, the distance
of the slits in the ﬁrst screen is reduced to the ratio of 1:1. The simulated
results are more interesting (Figs. 7, 8). Now, the resolution of the two slits
is no longer obtained, even at 1/10 λ. In order to improve the resolution,
the slit size of the second screen has to be further reduced by 1/5, and the
result is shown in Fig. 8. Therefore, it is understood that at least the aperture
size should be a quarter or less in comparison with the slit size in near-ﬁeld
readout.
The Fourier analysis is very convenient and intuitively understandable,
but it is of scalar calculation. This means that the analysis cannot apply to
systems dealing with vector elements, for example, polarization and multiscattering. The results therefore do not give the exact analytical solutions.
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Fig. 4. Intuitive image of nearﬁeld coupling of two screens with
small slits or apertures. (a) s ≈ λ,
the near-ﬁeld cannot couple with
the slit of the second screen. (b)
s  λ, the near-ﬁeld is scattered
by the slit and propagated

3

Super-Resolution Near-Field Structure

In microscopy, a SIL lens is typically used to increase the resolution by ﬁlling
the space between the lens and the surface of an object with oil. Because
of the transparency of the oil, the near-ﬁeld passes through it and therefore
a higher-resolution image is obtained due to its high refractive index in comparison with air. “Why does nobody replace the air gap with a liquid or solid
thin ﬁlm for NFO recording?” This was the ﬁrst hint for the super-RENS
invention. Fortunately, a method of fabricating a small optical aperture in
optical data storage and improving the resolution was reported using an optical phase change ﬁlm (GeSbTe): this was called optical super-resolution
(SR) [17]. In a combination of both methods, it was shown that high-speed
NFO recording and readout would be possible by inserting a dielectric ﬁlm
between an optical recording layer and the mask layer. In super-RENS, an Sb
thin ﬁlm was adopted instead of GeSbTe because the near-ﬁeld signal might
be very weak and the background noise should be reduced as low as possible in comparison with the SR detection [18]. As-deposited ﬁlms of GeSbTe,
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Fig. 5. Fourier simulation of two-screen problems. Here, the ﬁrst screen has two
slits and the distance is taken to the ratio of 4:1 (aperture). The slit size of the
second screen is 1/5 of that of the ﬁrst screen’s aperture. The horizontal axis from
this ﬁgure to Fig. 8 means the numbers of the simulation cell units

in general, have an amorphous state; therefore, the ﬁlm has to be initially
crystallized by radiating a high-power laser beam, which produces crystalline
grains with random size. The grains might increase the background noise.
As-deposited Sb ﬁlms are, on the other hand, in a crystalline state; the grain
size is controlled uniquely over a 12 cm disk substrate by adjusting the depo-
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Fig. 6. Fourier simulation with a diﬀerent aperture size. Here, the slit size of the
second screen is expanded to the same size as the ﬁrst screen’s slit

sition conditions. The ﬁrst super-RENS disk was designed for noise reduction
(Fig. 9).
The control of the optical aperture in the Sb ﬁlm (thickness 15 nm) is
carried out by adjusting the power of a focused laser beam and the disk rotation speed. As the laser power increases, the light energy is absorbed in
the Sb ﬁlm and then the temperature increases close to the melting point.
Increasing the rotation speed, on the other hand, reduces the temperature
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Fig. 7. Fourier simulation with the slit duty ratio of 1:1. Hence, the slit size of the
second screen is the same as that of the ﬁrst screen

because the absorbed light energy density per time is reduced by the speed.
In the static condition, the Sb ﬁlm cannot sustain the ﬁlm condition and it
gets smeared out or diﬀused in the multilayers because of the heat accumulation. This is the trick of optical disk technology in super-resolution. The ﬁrst
experiment of super-RENS was carried out in March 1998. Typical data for
the resolution is shown in Figs. 10 and 11. Even using a 635-nm wavelength
and a lens NA of 0.6, the resolution reaches 60 nm:1/10 λ [19].
The behavior of the near-ﬁeld generated from an aperture in the Sb ﬁlm
is also conﬁrmed by using a more accurate computer-simulation called the
ﬁnite-diﬀerential time-domain (FDTD) method. Using the refractive indices
of the crystalline and amorphous states of the Sb thin ﬁlm: 3.36 + 5.55j and
4.51+3.66j, the electromagnetic ﬁeld in the TM-mode is evaluated and shown
in Fig. 12. As shown in Fig. 12, the Sb layer partially blocks the incident light
and the Gaussian proﬁle of the beam is sharper behind the aperture.
The resolution limit of the super-RENS is of scientiﬁc interest, but the
signal intensity is not high enough for engineering applications. In optical
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Fig. 8. Fourier simulation with the 1/5-size aperture of Fig. 7

data storage, a carrier-to-noise ratio (CNR) level of more than 40 dB is generally required to overcome laser noise, medium noise, detector sensitivity
and so on. In our group, then we gradually turned our direction to fabricating and designing a new super-RENS disk using local or surface plasmon
enhancement. According to a number of papers related to surface and local
plamsons, the plasmon eﬀect and enhancement has more potential than using
evanescent wave.
One of the easy ways of fabricating the new super-RENS disk was to replace the Sb layer with a silver layer. However, little enhanced signals were
observed except for a little super-ROM eﬀect, which was reported by a TDK
group, although this eﬀect was explained by surface plasmons generating
over several marks in a beam spot [21]. Fortunately, it was noticed that silver oxide (AgOx) decomposition might generate surface plasmons, according
to the author’s old memory of inorganic compact-disc recordable (CD-R) research [22,23]. AgOx thin ﬁlm is easily deposited by RF magnetron sputtering
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Fig. 9. The concept of super-resolution near-ﬁeld structure (super-RENS). A metal
coating over the NSOM ﬁber head is spread over the recording medium. Focusing
the laser beam on the metal coating, an optical aperture is generated and eliminated
by the laser power. The metal coating has to be thin and have optical nonlinear
characteristics. In super-RENS, Sb or silver oxide is used

with a gas mixture of Ar and oxygen, and the composition is well-controlled
by the gas ratio. Focusing a laser beam in the ﬁlm, AgOx is rapidly decomposed into Ag and oxygen to produce Ag clusters. If the cluster formation
occurs in the super-RENS disk, it may generate local plasmons and enhance
signals by the strong light scattering. The newly designed super-RENS disk
using the Ag2 O composition was fabricated and rotated on a DVD disk tester.
At more than 2.5 mW (3.5 mW for the case of the Sb ﬁlm), very strong scattered signals with more than 30 dB were detected at 200 nm mark patterns
(Fig. 13) [24,25].

4 Recording Mark Trains and Surface Plasmons
in Optical Data Storage
The new super-RENS disk characteristics are very interesting and helpful for
understanding the plamon properties. Figures 14 and 15 give us attractive
hints hidden in ultra-density optical data storage in future.
The super-RENS disk was specially designed for the studies of the plasmon interaction with the electromagnetic ﬁeld generated around the phase
change marks. In the disk, the second AgOx layer was deposited and the distance d from the recording ﬁlm was changed from 20, 30, 40, 80 to 100 nm [26].
For d greater than 80 nm, the scattered light intensities are almost constant.
The intensities of marks beyond the diﬀraction limit depend on d and increase, while those of marks in the far-ﬁeld detection do not. It clearly means
that smaller marks beyond the diﬀraction limit scatter more incident light
than the far-ﬁeld signals and this eﬀect results in some electromagnetic ﬁeld
interactions between the marks and the scattering center generated in the
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Fig. 10. Recorded small mark signals observed from the super-RENS disk using an
Sb thin ﬁlm. The disk was rotated on a DVD drive tester with 635 nm λ and NA 0.6
(the resolution limit is approximately 270 nm). (a) CNR of 100 nm marks (recording power: 6.0 mW, readout power: 3.1 mW), (b) CNR of 80 nm marks (recording
power: 5.0 mW, readout power: 3.2 mW), (c) CNR of 70 nm marks (recording power:
5.0 mW, readout power: 3.1 mW), and (d) CNR of 60 nm marks (recording power:
4.6 mW, readout power: 2.7 mW). The disk rotation speed for each recording was
adjusted to the best condition between 1.8 m/s and 3.0 m/s, and the readout was
carried out between 3.6 m/s and 6.0 m/s

AgOx ﬁlm. In turn, more energy is accumulated over the smaller marks in
the super-RENS disk. It is supposed that surface plasmons are generated
over the small marks in the focused laser spot, and the plasmons are scattered by the scattering center in the proximity. Thus, the marks in the phase
change ﬁlm may play the role of a grating for the surface plasmons [27,28].
Because of increasing wave vector kx along the mark trains by the gratingpitch eﬀect, the total wave vector k becomes imaginary [k = (kz2 − kx2 )1/2 and
kx > kz , where kz is the normal wave vector to the disk surface]. As the mark
size becomes smaller and smaller, and once the size is beyond the diﬀraction
limit, the reﬂected beams with higher-order diﬀraction no longer travel away
from the disk surface as far-ﬁeld light, but get trapped as surface plasmons
(Fig. 16). This is very interesting. The recorded marks in the super-RENS
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Fig. 11. Relationship between the signal intensity (CNR) and mark resolution by
super-RENS disk. X means the intermediate protection layer thickness between the
Sb and GeSbTe layers [20]

disk work as something like a photonic device accumulating surface plasmons.
If this suggestion is true, we can fabricate a “plasmon transistor” by using
two laser beams crossing the spots in the super-RENS disk [29]!

5

Local Plasmon Photonic Transistor and Scattering

The system conﬁguration of the plasmon transistor and the concept are
depicted in Figs. 17 and 18. Crossing two laser beams at a mark-pattern
recorded track, the ﬁrst laser beam is used to accumulate the surface plasmons over the marks and the second laser is used to generate the lightscattering center in the AgOx ﬁlm. The second laser may also generate the
surface plasmons. The power of the ﬁrst laser is modulated at frequencies
(around 15 to 20 MHz), which are detected by a photodetector installed in
the red laser pickup unit. Thus, the transmitted signal passing through the
disk is observed. Here, the second laser is not modulated but the power is
increased or decreased; therefore, the signal detected by the photodetector is
the purely transmitted signal through the disk (Fig. 18). In the actual experiment, a blue laser (405 nm) unit is used for the ﬁrst laser, and a red laser
(635 nm) unit for the second one. Figure 19 shows the relationship between
the signal gain and red laser power, when the mark size is varied. In the
cases of 300 nm and 500 nm marks, the signal gains change a little. However,
the gains for the smaller marks of 200 nm and 150 nm beyond the diﬀraction
limit are remarkable and the gain is more than 10 dB. Without recording
marks, the gain was mostly 0 dB. It clearly means that the power of the red
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Fig. 12. (a) The simulation model of the near-ﬁeld generation behind an aperture
in the Sb ﬁlm. The aperture size is 99 nm, (b) the electromagnetic ﬁeld of the TMmode and (c) the intensity proﬁles at diﬀerent positions behind the aperture [20]

Fig. 13. The resolution of a AgOx super-RENS disk. (a) The resolution curve
against the recorded marks and (b) the minimum readout power to generate the
super-RENS eﬀect against the AgOx deposition condition to the total gas-ﬂow ratio
(Ar+O2 ). The Ag-rich phase is produced with a ratio between 0.0 and 0.3, and the
Ag2 O-rich phase with around 0.4 to 0.6. Finally, the AgO-rich phase is at more
than 0.6

laser beam can control the blue transmitted light by the surface plasmons
accumulated over the marks.
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Fig. 14. Resolution dependence of new super-RENS disks using double-AgOx layers. (a) The structure of the double-AgOx super-RENS disk and (b) the resolution
limit of recorded marks depending on d. A: Far-ﬁeld readout from the original
super-RENS disk using the single layer, B: the near-ﬁeld readout of A, C: near-ﬁeld
readout from the double super-RENS disk with d = 30 nm distance, and D: the
disk with d = 20 nm. As the second AgOx layer moves closer to the recording layer,
the resolution is improved. Hence, the laser wavelength is 635 nm and the NA is 0.6

Fig. 15. The near-ﬁeld signal intensity dependence of the intermediate
layer thickness d. A: the mark size is
100 nm, B: 150 nm, C: 200 nm, and D:
400 nm. Hence, the laser wavelength
is 635 nm and the NA is 0.6
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Fig. 16. Schematic images of
surface plasmon generation over
small marks. Higher-order diﬀraction beams become surface plasmons by reducing the mark size
and pitch. On reducing the pitch a,
the wave vector along the mark
trains increases and then ﬁnally
the total wave vector becomes
imaginary

Fig. 17. The schematic picture of a plasmon transistor. Crossing two laser beams
at one mark recorded track, part of the incident light energy is accumulated as
surface plasmons, and then scattered by the light-scattering center generated in
the AgOx layer

It can be veriﬁed that high-order diﬀraction plays a role in the surface
plasmon generation. By displacing one of the laser beam spots forward and
backward relatively, the high-order diﬀracted signals can be detected in the
system (Fig. 18). When the position of the red laser beam spot was shifted
to that of the blue one along the disk grooves, the transmitted blue laser
intensity showed a Gaussian proﬁle and the shape was not changed by increasing the red laser power, generating the scattering center in the AgOx
layer (Fig. 20). When the red spot was shifted by jumping the tracks, the
same peak curve was obtained, too. Hence, the track width was 1.2 µm and
the groove depth was 60 nm. No mark was recorded in the disk. The red
laser pickup lens was placed above the disk surface at about 2.0 mm. The
results are very reasonable because of no diﬀraction points. After recording
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Fig. 18. Experimental setup for the plasmon transistor. The system consists of two
laser beam optical heads with 405 nm (NA 0.65) and 635 nm (NA 0.6) wavelengths.
The focused points are semi-automatically controlled by focus-servo and trackingservo systems. The transmitted light of blue laser from the super-RENS disk is
detected by a photodetector installed in the red optical pickup

marks with diﬀerent sizes, 300 nm, 200 nm and 150 nm in the phase-change
ﬁlm by the red laser, the transmitted blue intensities changed as in Fig. 21.
Interestingly, the intensity curves are separated with one peak to two, and
the intensity from the 150 nm mark-pattern recorded track is much higher
than in the other cases. In addition, on reducing the mark size, the separated
peaks gradually merged. According to the results, it is clear that the red
laser lens detected the high-order diﬀracted beams from the mark patterns
and much higher-order diﬀraction may propagate along the mark patterns
as surface plasmons. In conclusion, it was conﬁrmed that the device actually
works by the plasmons scattering between the surface plasmons accumulated
along the mark trains and the scattering center generated in the AgOx layer.
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Fig. 19. The signal gain of the plasmon transistor. (a) The relationship between
the signal gain and the red laser power and (b) the gain versus the recorded mark
size

Fig. 20. The blue laser signal intensity change versus the red laser position shift:
(a) the red laser was shifted along the groove, and (b) across the groove. Hence,
the blue laser was power-moduated at 14.8 MHz with the power between 0.5 and
0.7 mW. Open circles show the intensity at the red laser power of 1.0 mW and solid
circles at 2.0 mW, generating the scattering center

It could be understood that optical phase-change recorded marks in the
crystalline and amorphous states accumulate surface plasmons when the size
is less than the resolution limit: half the diﬀraction limit of the optical system, and the plasmons are scattered by the light-scattering center generated
in the AgOx ﬁlm. Then, what is going on when two light-scattering centers
are in close proximity? The same sort of structure as in Fig. 14a without the
recording layer was fabricated and the scattering from the two local plasmons
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Fig. 21. The blue laser intensity changes after recording marks: (a) recorded mark
pattern with 300 nm, (b) 200 nm and (c) 150 nm. The marks were recorded by the
red laser at 7.0 mW, and the readout conditions were the same as those in Fig. 20

was examined. Prior to the experiment, an FDTD computer simulation was
carried out and the results are shown in Fig. 22 and Fig. 23b. On decreasing the separation layer thickness d from 200 nm to 20 nm, the evanescent
intensity in the layer is increased. On the other hand, the propagating electromagnetic ﬁeld (Ex ) shows a single peak at 0.25 to 0.30 of the normalized
thickness to the wavelength (405 nm). Hence, the scattering disk (Ag) size is
assumed to be 120 nm. It means that the space may induce optical cavity resonance because the refractive index of the separation layer is 2.2: the actual
thickness is just half of the wavelength. The experimentally observed results

Fig. 22. The computer-simulated evanescent electromagnetic ﬁeld in super-RENS
disks with two light-scattering centers. Here, the third ZnS–SiO2 layer thickness d
is changed from 20 nm to 200 nm
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Fig. 23. (a) Experimentally observed signal intensity change for diﬀerent incident
powers 2.5 mW and 3.8 mW. (b) Integrated electromagnetic ﬁeld intensities of the
evanescent (Ez ) and propagated ﬁeld (Ex )

are more interesting. The ﬁrst signal enhancement occurred at more than
2.5 mW (red laser power) and the second enhancement was also observed at
more than 3.5 mW (Fig. 23a). The intensity curve obtained at 2.5 mW seems
to depend on the local plasmon coupling between two AgOx layers because
of no resonance cavity due to a standing wave condition for the wavelength
(405 nm) at normalized d = 0.25. On the other hand, the result observed at
3.8 mW seems to include the cavity eﬀect.
Therefore, it was concluded that the super-RENS disk can be used as
an optical switch by the control of the incident laser power, although the
plasmon switch rotates in order to release the heat accumulation (Fig. 24).

6

Potential of Super-RENS in Future

As describing the characteristics of the super-RENS disks, the super-RENS
seems to open a new research ﬁeld in local and surface plasmons besides
ultra-high density optical data storage. Very recently, our group members,
Büchel and Mihalcea, detected very strong surface-enhanced Raman signals
using sputtered AgOx ﬁlms on glass or Si substrates. The Raman signal
enhancement will be able to be applied to chemical or biochemical sensors in
future [30,31]. Also, the plasmon transistor will be demonstrated not in the
dynamic state like the rotating disk condition, but in a static state. We have
recently designed a Si substrate with 100-nm pit patterns for the experiment
(Fig. 25). The author very much looks forward to seeing such new devices
based on plasmon scattering in the near future.
Acknowledgements
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Fig. 24. Optical switching eﬀect by the super-RENS disk with two light-scattering
centers. The intermediate layer thickness is 20 nm, and the incident blue (405 nm)
laser power is power-modulated between 4.5 mW and 1.0 mW at 15 MHz. The
transmitted signal from the disk at the red laser power of 3.5 mW is 34.8 dB, and
26.2 dB at 1.5 mW. The left-hand photos of (a) and (b) show the transmitted signals (15 MHz) (top) and incident signals (bottom). The right-hand photos show the
transmitted signals detected by the spectrum analyzer

Fig. 25. SEM image of 100-nm pit patterns fabricated by the electron beam technique for the plasmon transistor
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Abstract. Super-resolution near-ﬁeld structures, glass/SiN(170 nm)/Sb(15 nm)
/SiN(20 nm) and glass/ZnS–SiO2 (20 nm)/AgOx (15 nm)/ZnS–SiO2 (20 nm), have
been studied by a tapping-mode tuning-fork near-ﬁeld scanning optical microscope
in transmission mode. Both propagating and evanescent ﬁeld intensities were found
at the focused spots of the surface of the super-resolution near-ﬁeld structure. Images of the near-ﬁeld intensity gradients at diﬀerent excited laser powers showed
that the area of the static evanescent intensity could be stably controlled. The enhancement of the near-ﬁeld intensity, and the reduction of the focused spot through
super-resolution near-ﬁeld structure, glass/SiN(170 nm)/Sb(15 nm)/SiN(20 nm) or
glass/ZnS–SiO2 (20 nm)/AgOx (15 nm)/ZnS–SiO2 (20 nm) have been directly observed in the near ﬁeld. The near-ﬁeld interactions of the 15 nm Sb and AgOx Layers
have been investigated, respectively, and the localized surface plasmons excited at
the focused laser spot were shown to be the key sources of the strong enhancement
in the near ﬁeld.

1

Introduction

Near-ﬁeld optical recording was ﬁrst proposed and demonstrated by Betzig
et al. [1] on multilayered Pt/Co magneto-optical thin ﬁlms using a near-ﬁeld
scanning optical microscope (NSOM). The most important advantage for
near-ﬁeld optical recording is the superior spatial resolution with no diﬀraction limit. To realize near-ﬁeld optical recording in practice, Terris et al. [2]
used a solid immersion lens (SIL) to reduce the mechanical damage caused
by the near-ﬁeld optical ﬁber probe and to achieve a higher recording speed.
However, in the past few years, the control of the near-ﬁeld distance between
the SIL recording head and the recording medium, and the near-ﬁeld aperture
size of the SIL, are the major hurdles for commercial applications. Recently,
Tominaga et al. [3,4,5,6] suggested and demonstrated that a 15 nm Sb thin
ﬁlm on the top of the phase-change (PC) recording layer (GeSbTe) within
the near-ﬁeld distance can produce similar results to a local near-ﬁeld SIL.
They have successfully shown that a multilayered structure of polycarbonate/SiN (170 nm)/Sb (15 nm)/SiN (20 nm)/GeSbTe (15 nm)/SiN (20 nm) on
a digital versatile disk (DVD) gives the estimated recorded marks of 90 nm at
a constant linear velocity of 2.0 m/s. The carrier-to-noise ratio (CNR) can be
more than 10 dB. They named this multilayered structure, SiN (170 nm)/Sb
J. Tominaga and D. P. Tsai (Eds.): Optical Nanotechnologies,
Topics Appl. Phys. 88, 23–34 (2003)
c Springer-Verlag Berlin Heidelberg 2003
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(15 nm)/SiN (20 nm), a super-resolution near-ﬁeld structure (super-RENS),
and considered the 15 nm Sb thin ﬁlm as a nonlinear optical layer which
controls the near-ﬁeld optical aperture. Because the near-ﬁeld distance can
be easily controlled by the ﬁxed spacing layer (20 nm SiN) between the nonlinear optical layer (15 nm Sb) and the recording layer (15 nm GeSbTe), the
super-RENS is considered a more feasible way of achieving near-ﬁeld optical recording with a simpler recording head design, less mechanical damage,
and higher recording speed. Most recently, Tominaga et al. [7,8] showed that
a new type of super-RENS using a 15 nm AgOx thin ﬁlm as the nonlinear
optical layer, has a much stronger near-ﬁeld intensity and better CNR. Their
results also showed the laser powers for the recording and readout are 1 mW
less than that used in the Sb type super-RENS.
The near-ﬁeld optical interaction of either the 15 nm Sb or AgOx thin ﬁlm
is obviously the key subject of the super-RENS. The working mechanism of
the super-RENS is deﬁnitely an important foundation for various potential
applications of the super-RENS. In particular, the function of the 15 nm Sb
or AgOx thin ﬁlm at the focused laser spot is a very interesting issue for
the super-RENS. Although Fukaya et al. [9] and Ho et al. [10] have studied
the optical switching property of a light-induced pinhole or scatter in the
Sb or AgOx thin ﬁlm, respectively, the measurement of either the Sb or the
AgOx type of super-RENS using a near-ﬁeld scanning optical microscope
(NSOM) is certainly a vital experiment for the understanding of their nearﬁeld optical properties [11,12,13,14]. In this paper, we report the study of the
focused laser spot through a super-RENS sample in the transmission mode
by using a tapping-mode NSOM. The direct near-ﬁeld optical imaging of
the transmitted laser spots through these nonlinear optical layers provides
important information, and reveals the working mechanism of the superRENS.

2 Tapping-Mode Tuning-Fork Near-Field Scanning
Optical Microscopy
A tapping-mode tuning-fork near-ﬁeld scanning optical microscope (TMTFNSOM) [15,16] was used in our direct measurements of the transmission properties of the super-RENS. A schematic of the experimental setup is shown
in Fig. 1. An inverted TMTF-NSOM was used to probe the near-ﬁeld intensity at the surface of the sample in the transmission mode. The wavelength
of the laser diode was 650 nm. The input laser power to the 40× objective
was attenuated to 6 µW to prevent damage to the sample. The height of the
near-ﬁeld ﬁber probe was modulated at the tapping frequency (15–33 kHz) of
the TMTF-NSOM. The feedback control of the near-ﬁeld optical ﬁber probe
was provided by the internal lock-in ampliﬁer of a commercial electronic
control unit of an atomic force microscope (AFM) [17], which is described
elsewhere [15,18]. Optical radiation coupled to the tapered ﬁber tip operat-
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Fig. 1. Experimental setup of the tapping-mode tuning-fork near-ﬁeld scanning
optical microscope (TMTF-NSOM) in the transmission mode

ing in the near ﬁeld was detected by a photomultiplier tube. The measured
signal was fed to two external lock-in ampliﬁers which acquired signals at the
modulation frequency ω and at 2ω and provided their ratio I(2ω)/I(ω). The
imaging of the measurements of the ratio of I(2ω)/I(ω) gives the image of
the local near-ﬁeld intensity gradients [18]. Images of the near-ﬁeld intensity,
the topographic AFM image, and the near-ﬁeld intensity gradients can be
measured simultaneously.
The information obtained from the imaging of ratio measurements of
I(2ω)/I(ω) can be understood by considering that the transmitting intensity I through the substrate/sample/air may contain at least two terms. One
is a propagating intensity term which is a constant Ic , and the other is an
evanescent intensity term Ie = I0 e−2qz , i.e.
I = Ic + Ie = Ic + I0 e−2qz .

(1)

The gradient along the vertical z direction is dI/dz, and (1) leads to
dI/dz = −2qI0 e−2qz = −2qIe .

(2)

Equations (1) and (2) show that for the transmitting intensity I including
two terms (Ic +Ie ), the gradient of intensity is −2qIe , which gives the contrast
of q, which is the decay coeﬃcient of the local evanescent ﬁeld. The direct
imaging contrast of the I(2 ω)/I(ω) ratio in our experiments is equivalent to
the measured q contrast in (1) and (2) [18,19].
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3 Near-Field Imaging of the Sb-Type Super-Resolution
Near-Field Structure
Figure 2 shows the schematic of the near-ﬁeld measurement in the transmission mode of our TMTF-NSOM. The lower left image is the optical micrograph of the tuning-fork with the near-ﬁeld optical ﬁber probe under the
focused sample. Figure 3a–c is the 10 µm × 10 µm images of AFM topography, transmitted near-ﬁeld intensity, and near-ﬁeld intensity gradients of
a clean cover glass slip, respectively. The AFM image (Fig. 3a) shows the
topographic features on the cover-glass surface. In Fig. 3b, the near-ﬁeld intensity distribution of the focusing spot at the exiting surface of the glass slip
shows an 860 nm full-width at half maximum (FWHM) spot size. The image
of the near-ﬁeld intensity gradients shown in Fig. 3c displays no feature at
the same detecting sensitivity, because the transmitting intensity along the
propagating axis (z) is a constant Ic , and the near-ﬁeld intensity gradients
(dIc /dz) are zero over all the measured area. For the super-RENS sample of
cover-glass/SiN(170 nm)/Sb(15 nm)/SiN(20 nm), the images of AFM topography, transmitted near-ﬁeld intensity, and near-ﬁeld intensity gradients are
shown in Fig. 3d–f, respectively.
The AFM image (Fig. 3d) shows the topography of the surface of the
SiN (20 nm) thin ﬁlm. In Fig. 3e, the near-ﬁeld intensity distribution of the
focusing spot at the exiting surface of the glass/SiN (170 nm)/Sb (15 nm)
/SiN (20 nm) shows a 780 nm FWHM spot size. The reduction of the spot
size resulted from the higher index of refraction of SiN/Sb/SiN. The image of

Fig. 2. Schemes of probing near-ﬁeld distributions of the Sb-type super-RENS sample in the transmission mode
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Fig. 3. (a)–(c) are images of AFM topography, transmitted near-ﬁeld intensity, and
near-ﬁeld intensity gradients of a cover-glass slip, respectively. (d)–(f) are images of
AFM topography, transmitted near-ﬁeld intensity, and near-ﬁeld intensity gradients
of a Sb-type super-RENS sample, respectively

the near-ﬁeld intensity gradients shown in Fig. 3f displays an 850 nm spot size
with a measured negative ratio of I(2ω)/I(ω) inside the spot, and relatively
large and ﬂuctuating positive values around the edge of the spot. This is
important experimental evidence that the transmitted intensity I through
the glass/SiN (170 nm)/Sb (15 nm)/SiN (20 nm) sample contains at least two
terms. We believe that the evanescent ﬁeld intensity shown in this case is due
to the excitation of localized surface plasmons [20,21,22] by the focused laser
beam at the Sb/SiN interfaces. The decay constant q can be regarded as the
wave vector of the localized surface plasmons perpendicular to the interface
of Sb/SiN. This can be further understood by the analysis of the measured
near-ﬁeld intensity proﬁles. Figure 4 shows the measured transmission nearﬁeld intensity proﬁles at a ﬁxed incident laser power for the clean coverglass slip and the super-RENS sample displayed in Fig. 3. Two calculated
proﬁles are also shown in Fig. 4; one is the calculated near-ﬁeld transmission
intensity proﬁle of the super-RENS sample, which is based on the near-ﬁeld
transmission proﬁle of the clean glass slip, and the optical attenuation of
the 15 nm Sb thin ﬁlm; the other proﬁle is the previously calculated proﬁle
multiplied by 2.25. The results of Fig. 4 clearly show that an enhancement
of the near-ﬁeld intensity proﬁle has happened, and the enhancement in the
center of the focused spot is stronger. The magnitude of this enhancement
agrees with the enhancement of the surface plasmon eﬀect [20,21,22].
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Fig. 4. Two measured near-ﬁeld intensity proﬁles of the focused spot at the surfaces
of the clean glass slip and Sb-type super-RENS sample are shown. A calculated
transmission proﬁle of the focused spot at the surface of the super-RENS sample,
and its proﬁle multiplied by 2.25, are also shown

Figure 5 shows the transmission images of the near-ﬁeld intensity (upper
row) and intensity gradients (lower row) at diﬀerent incident laser intensities (0.42–2.43 µW). The results show that a focused laser can excite the
super-RENS structure glass/SiN (170 nm)/Sb (15 nm)/SiN (20 nm) locally.
The localized excitation area can be smaller than the laser-focused area. The
area of the static evanescent intensity can be established in a very stable
manner, and can be controlled by the focused laser power. The laser-excited
area had large positive ﬂuctuations locally, and they occurred around the
edge of the static evanescent intensity area. We believe the formation of this
evanescent intensity zone resulted from an ensemble of the localized surface
plasmons that were excited and controlled by the focused laser, and the surface plasmon enhanced local evanescent ﬁeld acts as the near-ﬁeld “aperture”
described by Tominaga et al. [3,4,5,6]. The near-ﬁeld recording and reading
of the super-RENS are the local photo-thermal interactions between this excited evanescent area and the 15 nm GeSbTe recording layer. One problematic
issue shown in the near-ﬁeld gradient images of Fig. 5 is the large positive
ﬂuctuations around the edge of the static evanescent intensity zone. This
may be caused by the imperfection of the localized excitation at the SiN/Sb
interface. The accuracy and perfection of the near-ﬁeld recording marks in-
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Fig. 5. 10 µm × 10 µm scanning images of the near-ﬁeld intensity (upper row ) and
near-ﬁeld intensity gradients (lower row ) at the surface of the super-RENS sample,
glass/SiN (170 nm)/ Sb (15 nm)/SiN (20 nm). The images were detected at the
incident laser powers of 0.42, 1.18, 1.78, and 2.43 µW, respectively

duced by the super-RENS may be limited by this imperfect edge. The CNR
of the super-RENS near-ﬁeld optical disk may be signiﬁcantly aﬀected by
this aperture-edge issue.

4 Near-Field Imaging of the AgOx -Type
Super-Resolution Near-Field Structure
Direct near-ﬁeld imaging measurements of the transmission of a focused
spot on the AgOx -type super-RENS sample, glass/ZnS–SiO2 (20 nm)/AgOx
(15 nm)/ZnS–SiO2 (20 nm), were performed using a TMTF-NSOM in a similar manner to that described in previous sections. The nonlinear optical
properties and near-ﬁeld interactions of the AgOx layer certainly can provide
interesting and vital information about the working mechanism of the 15 nm
AgOx thin ﬁlm.
The AgOx super-RENS sample, cover-glass/ZnS–SiO2 (20 nm)/AgOx
(15 nm)/ZnS–SiO2 (20 nm), was fabricated by the reactive RF magnetron
sputtering method. The dielectric layer, ZnS–SiO2 , has an index of refraction of about 2.25 + 0.01j, and the AgOx has a refractive index of about
2.8 + 0.08j. Figure 6 is the TEM micrograph of the AgOx -type super-RENS.
Nano-composites of the AgOx layer are clearly shown.
Figure 7 shows the near-ﬁeld images of the intensity (upper row) and
intensity gradients (lower row) of the glass/ZnS–SiO2 (20 nm)/AgOx (15 nm)
/ZnS–SiO2 (20 nm) sample at diﬀerent incident laser powers. The wavelength

30

Din Ping Tsai

Fig. 6. TEM micrograph of the cross-section of the AgOx -type super-RENS sample.
The center layer consists of ZnS–SiO2 (20 nm)/AgOx (15 nm) /ZnS–SiO2 (20 nm)

Fig. 7. Near-ﬁeld images of the intensity (upper row ) and intensity gradients
(lower row ) of the AgOx super-RENS sample, glass/ZnS–SiO2 (20 nm)/AgOx
(15 nm)/ZnS–SiO2 (20 nm), at diﬀerent incident laser powers

of the non-polarized laser source used in the experiments was 650 nm, and
the input laser power was attenuated to 6 µW before the focusing objective
shown in Fig. 1 to prevent the damage to the sample.
The near-ﬁeld intensity distribution of the focusing spot of the glass/ZnS–
SiO2 (20 nm)/AgOx (15 nm)/ZnS–SiO2 (20 nm) sample showed a 780 nm
FWHM spot size. The slightly reduction of the spot size resulted from the
high eﬀective index of refraction of the ZnS–SiO2 /AgOx /ZnS–SiO2 structure. The transmission images of the intensity gradients at diﬀerent incident
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laser intensities (134–429 nW) show that a focused laser can locally excite
the the glass/ZnS–SiO2 (20 nm)/AgOx (15 nm) /ZnS–SiO2 (20 nm) sample,
and the excited area can be smaller than the laser-focused area. The area
of the static evanescent intensity can be established in a very stable manner, and can be controlled by the focused laser power as well. The situation
is quite similar to that of the Sb-type super-RENS sample. However, the
transmission images of the intensity gradients shown in Fig. 7 are diﬀerent
from that of Fig. 5. The laser-excited area of the AgOx sample has a very
strong evanescent ﬁeld locally in comparison with that of the Sb-type sample. Large positive ﬂuctuations occurred locally around the edge as well. This
may be due to the strong scattering of the silver nano-clusters decomposed
from the AgOx . The localized surface plasmon can be excited by the focused
laser spot, and can generate strongly scattered light in both propagating and
evanescent modes [23,24]. Liu et al. [13] have demonstrated that strong nearﬁeld interactions can occur in both the rough interfaces and the existence
of the embedded silver particles in the AgOx thin ﬁlm. The results of their
ﬁnite-diﬀerence time-domain (FDTD) simulations show that the formation
of the evanescent intensity zone resulted from an ensemble of the localized
surface plasmons excited and controlled by the focused laser. The collective
eﬀect of this local strong scattering may be regarded as the near-ﬁeld optical
“aperture” mentioned by Tominaga et al. [3,4,5,6,7,8,9].
Measurements of the transmission near-ﬁeld intensity proﬁles of the AgOx
sample also indicate the strong surface plasmon eﬀect. Figure 8 shows the
measured transmission near-ﬁeld intensity proﬁles at a ﬁxed incident laser
power for a clean cover glass slip and a glass/ZnS–SiO2 (20 nm)/AgOx
(15 nm)/ZnS–SiO2 (20 nm) sample. The peak intensity of the transmission
near-ﬁeld proﬁle of the AgOx sample is strongly enhanced. The magnitude
of the ampliﬁcation is around two. The enhanced local electromagnetic ﬁeld
is due to localized surface plasmons of the decomposed Ag clusters, which is

Fig. 8. Near-ﬁeld intensity proﬁles of a cover-glass slip and a AgOx super-RENS
sample glass/ZnS–SiO2 (20 nm)/AgOx (15 nm)/ZnS–SiO2 (20 nm)
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not propagating but evanescent at the local metal–dielectric boundary. The
amplitude of the locally enhanced ﬁeld decays exponentially away from the
interface, so the strong enhancement happened in the near-ﬁeld region only.
This is the main reason that the AgOx -type super-RENS has better performance in near-ﬁeld recording, and less laser power is needed for the readout
and recording. The TEM micrograph shown in Fig. 6 also clearly indicates
that the nano-composites of AgOx play an important role in the uniform
15 nm thin ﬁlm of AgOx .

5

Summary

In summary, the near-ﬁeld optical nonlinear properties of the SiN/Sb/SiN or
ZnS–SiO2 /AgOx/ZnS–SiO2 thin ﬁlms of the super-RENS have been observed
experimentally using a TMTF-NSOM. Direct imaging of the near-ﬁeld intensity and intensity gradients revealed that the intensity of the focused spot
through the glass/SiN (170 nm)/Sb (15 nm)/SiN (20 nm) or glass/ZnS–SiO2
(20 nm)/AgOx (15 nm)/ZnS–SiO2 (20 nm) sample has both propagating and
evanescent terms. The near-ﬁeld imaging results of the focused spot sizes of
the static evanescent ﬁeld intensity and their changes controlled by the excited laser power have successfully demonstrated the working mechanism of
both types of the super-RENS. The ensemble of the localized surface plasmons and their photo-thermal energy transfer are the key factors of the nearﬁeld recording of the super-RENS. The strong enhancement that resulted
from the localized surface plasmon excitation are a novel property of the
super-RENS. The utilization of the local ampliﬁcation of the near-ﬁeld intensity may create many novel applications such as nano-photonic transistor
and nano-optical computing devices. We believe that the development of the
super-RENS opens up a brand new territory for nano-photonic research, and
the applications of the nano-photonics of the localized surface plasmons have
a great potential and a fascinating future.
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Abstract. The super-RENS system has been studied with phase change recording
materials such as GeSbTe and AgInSbTe, and surface-plasmon near-ﬁeld signals
have been analyzed by the reﬂectivity diﬀerence caused by the phase change. In
this paper, we introduce alternative recording systems in the super-RENS. At ﬁrst,
it was investigated whether magneto-optical signals also keep their Kerr polarization
feature in the surface plasmon near-ﬁeld, and can be applied to the super-RENS
system. As another topic, the reactive diﬀusion recording mechanism and its superRENS application is described in order to improve the resolution limit and thermal
stability of the media.

1 Super-RENS with a Magneto-Optical
Recording System
Using a silver oxide thin ﬁlm of a nonmagnetic mask layer, the magnetooptical (MO) recording signals were enhanced by surface plasmons. A resolution of less than 170 nm was achieved by the near-ﬁeld coupling between
a light-scattering center generated in the AgOx ﬁlm and the light polarization of MO marks. The electrical ﬁeld intensity was conﬁrmed by a ﬁnitediﬀerential time-domain (FDTD) computer-simulation. The optimization of
the disk structure and materials, and the eﬀects of readout power were also
investigated.
1.1

Introduction

Near-ﬁeld optical data storage is an attractive research ﬁeld for achieving
high-density recording beyond the optical diﬀraction limit. Methods using
a solid immersion lens (SIL) and a scanning near-ﬁeld optical microscope
(SNOM) have been studied for retrieving magneto-optical (MO) signals by
near-ﬁeld coupling [1,2,3,4,5,6,7,8]. On the other hand, a super-resolution
near-ﬁeld structure (super-RENS) has now been developed in phase change
(PC) recording [9,10]. It is thought that a SIL together with the super-RENS
J. Tominaga and D. P. Tsai (Eds.): Optical Nanotechnologies,
Topics Appl. Phys. 88, 35–49 (2003)
c Springer-Verlag Berlin Heidelberg 2003
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could be a more promising technique at present for near-ﬁeld applications
compared to other techniques. In MO disks, magnetic super-resolution (MSR)
and magnetic amplifying magneto-optical system (MAMMOS) techniques
have been proposed with special readout and recording magnetic layers consisting of GdFeCo and DyFeCo [11,12]. However, research using nonmagnetic
mask layers to enhance magnetic signal intensities has not been carried out
for near-ﬁeld recording. As reported recently [13], a transparent aperture
(Sb)-type super-RENS MO disk hardly enhances the signal intensity but the
light-scatter-center-type (AgOx ) super-RENS MO disk, on the other hand,
overcomes the theoretical resolution limit and can achieve readout signals up
to 150 nm mark length. A carrier-to-noise ratio (CNR) at a mark length of
300 nm, which is below the resolution limit, is more than 20 dB, compared to
0 dB in conventional disks. This means that the Ag particles or their clusters
generated in AgOx ﬁlm can enhance MO signals by approximately 100 times
of those of the conventional MO disks, and a nonmagnetic light-scatteringcenter can conserve the polarized MO signals. In this work, we attempted to
optimize the structure and the material used for the near-ﬁeld super-RENS
MO disk.
1.2

Preparation

To identify the optimized recording conditions, disk structure and materials,
we prepared several super-RENS MO disks using a silver oxide (AgOx) mask
layer. This optical mask layer is nonmagnetic, but has optically nonlinear
characteristics. For the experiments, we prepared sample disks with diﬀerent
intermediate layer thicknesses from 10 to 200 nm and using diﬀerent dielectric layer species such as SiNx of 60–100 nm thickness. The basic structure of
a typical AgOx super-RENS disk in this work is depicted in Fig. 1. All ﬁlms
were deposited by RF magnetron sputtering with composite targets except
for the AgOx ﬁlm. The AgOx ﬁlm was produced by RF-reactive magnetron
sputtering using a pure Ag target and a gas mixture of O2 and Ar. In the
case of the AgOx ﬁlm, the ratio of the O2 gas ﬂow to the total gas ﬂow
was about 0.5, and the k value of the refractive index was about 1.5. To
evaluate the recording and readout characteristics of the disks, a Nakamichi
OMS-2000 MO disk-drive tester was used which had a laser wavelength of
680 or 780 nm and a lens numerical aperture of 0.55 or 0.53, whose resolution limit is about 310 or 370 nm, respectively. The measuring conditions of
the sample disks were a linear velocity of 6.0 m/s, a magnetic intensity of
200 Oe, and a bandwidth of 30 kHz. The characteristics of the readout signal intensities were measured using diﬀerent laser wavelengths, intermediate
layer thicknesses and dielectric layer species.
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Fig. 1. Sample MO-structure and ﬁlm thickness for light-intensity modulation
(LIM) recording

1.3

Results and Discussion

To obtain the super-RENS eﬀect in MO disks, we determined the characteristics of the super-RENS MO disk with a AgOx mask ﬁlm at diﬀerent readout
powers. As shown in Fig. 2, signal enhancement was obtained up to 170 nm
mark length at a high readout power of 3.0 mW. In contrast, the same disk
did not show any signal enhancement at a low readout power of 1.0 mW. This
suggests that the AgOx layer changes partially to heat-generated Ag by the
strong laser heat, as reported previously [14]. Although the MAMMOS technique can amplify crescent-shaped domains of 100 nm breadth, MO signals
from circular magnetic domains with a size of 300 nm cannot be enhanced
by applying MAMMOS [15]. However, it was determined in this work that
the circular domains can be detected by near-ﬁeld coupling up to less than
170 nm using an optically nonlinear AgOx mask layer. The circular shape
could be conﬁrmed using a magnetic-force microscope (MFM). In MAMMOS,
the length of the crescent-shaped magnetic domains in the radial direction
is usually about 5 times more than that of the breadth. It is diﬃcult to increase the radial recording density. On the other hand, the marks recorded
in this work are circular and the area density is much larger than that in
MAMMOS. To examine the wavelength eﬀect, we measured the signal intensities of one sample disk using two diﬀerent disk drives with a wavelength of
680 nm (NA 0.55) or 780 nm (NA 0.53). As shown in Fig. 3, in the case of
a 680 nm wavelength, we could readout up to 170 nm mark length. In the case
of a 780 nm wavelength, on the other hand, the resolution was up to 200 nm
mark length. On the basis of this result, a shorter wavelength retrieves much
smaller marks. We also recognized that the conservation ability of polarized
MO signals in the AgOx light-scattering type is much higher than that of the
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Fig. 2. CNR and mark length
characteristics of light-scattering
center (LSC)-type super-RENS
MO disk

Fig. 3. Eﬀect of optical system
(wavelength and NA) and masklayer type

Sb transparent aperture type super-RENS MO disks from comparison of the
CNR.
To reveal signal enhancement by the light-scattering center in superRENS disks, the electric ﬁeld intensity was estimated using Sb and AgOx
as the mask-layer by computer simulation with the ﬁnite-diﬀerential timedomain (FDTD) method. The light-scattering center and transparent aperture were assumed as a Ag particle and as an Sb amorphous aperture. The size
of the aperture and scattering center were ﬁxed at 200 nm in this simulation.
As shown in Fig. 4, the z-component of the electric ﬁeld of the light-scattering
center is about 20 times stronger than that of the transparent aperture underneath the mask layers. This result agrees well with the experimental results,
although the polarization components of the MO layer were not considered
in this simulation. Since we developed the super-RENS disk using AgOx, we
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Fig. 4. Electric ﬁeld of z-components beneath mask layers calculated by FDTD.
(a) Near-ﬁeld distribution scattered in the x–y plane of super-RENS using Sb ﬁlm
and (b) ﬁeld intensity. (c) Near-ﬁeld distribution scattered in the x–y plane of
super-RENS using Sb ﬁlm and (d) ﬁeld intensity. Ep is the direction of the incident
light polarization

have looked for evidence of surface plasmon or local plasmon enhancement.
As is well known, surface plasmons only appear under certain conditions at
the interface between a metal and a dielectric material. In order to generate
the surface plasmons eﬀectively we have to use a total reﬂection method or
use gratings or rough surfaces in general [16]. Shalaev has shown that aggregated Ag particles or their clusters with a size range of ∼ 100 nm may
also generate plasmons, resulting in huge local-ﬁeld enhancements [17,18].
The strong electrical ﬁeld enhancement, in some cases, can be up to 1010 ,
which is four orders of magnitude larger than the average for the unique ﬁlm.
The enhancement eﬀect was actually observed as surface-enhanced Raman
images by NSOM. On the other hand, according to the refractive-index evaluation of AgOx in our recent work, the refractive index was shifted from its
initial AgOx (mostly Ag2 O) state with a value of 2.5 + 1.5j to a more Ag-rich
state with a value of 0.7 + 3.7j by increasing the readout power, generating
a light-scattering center. The Ag-rich local phase may be compatible with the
localized states of Ag mentioned by Shalaev. Moreover, as the mark distance
recorded on a recording ﬁlm (MO or PC) gets closer to the near-ﬁeld region,
a portion of the incident light may be in the mark train. This eﬀect occurs
along the train because the electric ﬁeld is prohibited from transmitting the
ﬁlm by diﬀraction theory, but the ﬁeld perpendicular to the train can transmit the ﬁlm. The absorbed or trapped ﬁeld is thus transferred into a local
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Fig. 5. Eﬀect of interlayer thickness between mask and recording
layers

plasmon, which is scattered to the far ﬁeld by the strong local ﬁeld of the
aggregated Ag particles. It should be noted that the electric ﬁeld reﬂected
or transmitted from super-RENS disks is partly polarized. This eﬀect plays
an important role for signal deviation in the super-RENS MO, although the
details are not clear at the moment. Figure 5 shows the eﬀect of the interlayer
thickness, which is the layer thickness between the mask and the recording
layer. In the case of a 430 nm mark-length signal in the far ﬁeld, the maximum
appears at approximately 100 nm thickness. This is caused by the reﬂectivity
change due to the interference of the multilayer structure. The signal characteristic of a 250 nm mark length in the near ﬁeld decreases almost linearly,
which means an exponential decrease of the near-ﬁeld signal.
We conﬁrmed that the MO signal could be retrieved by the near-ﬁeld
super-RENS eﬀect with a light-scattering center (AgOx ) and it was found
that the nonmagnetic layer could conserve the Kerr polarization. The results
indicate the possibility of enhancing the resolution of MO circular signals
further up to less than 100 nm mark length by optimizing the structure and
the materials.

2 Super-RENS with Reactive Diﬀusion
Recording System
Reactive recording was achieved with typical rare-earth transition metals
(RE-TM) for magneto-optical (MO) recording. Almost the same carrier-tonoise ratio (CNR) and much higher modulation were obtained by the reactive recording, compared with conventional phase change (PC) recording.
By applying this recording material to a super-resolution near-ﬁeld structure
for terabyte recording, the CNR below 100 nm mark-length signal, readout
durability and power margin were greatly improved. To identify the record-
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Table 1. Sample structure and ﬁlm thickness
Layers
Substrate
Dielectric 1
Mask
Dielectric 2
Recording
Dielectric 3
Reﬂective

Structure I
(nm)
glass
ZnS–SiO2 /Si3 N4 (100)
–
–
TbFeCo/GeSbTe (20)
ZnS–SiO2 /Si3 N4 (50)
–

Structure II
disk, (nm)
polycarbonate
ZnS–SiO2 /Si3 N4 (170)
–
–
TbFeCo/GeSbTe (20)
ZnS–SiO2 /Si3 N4 (65)
–

Structure III
disk, (nm)
polycarbonate
ZnS–SiO2 (85)
AgOx (15)
ZnS–SiO2 (70)
TbFeCo/GeSbTe (20)
ZnS–SiO2 (65)
Ag (50)

ing mechanism, we examined the magnetic and thermo-optical properties,
ﬁnding that the ﬁlm properties of amorphous RE-TM are sharply changed at
approximately 773 K by crystallization and thermal-activated reaction with
dielectric layers.
2.1

Introduction

The recording mechanism of magneto-optical (MO) data storage is magnetization reversal by an external magnetic ﬁeld and laser heating (thermomagnetic recording), which results in magnetic Kerr and Faraday rotation
of the incident light [19]. In contrast, phase change (PC) recording uses
the transformation from the amorphous to the crystalline phase by external laser heating, which results in a reﬂectivity change [20]. In this work, by
using reactive recording with a rare-earth transition metal (RE-TM), which
is a typical MO recording material, we tried to record and retrieve signals in
both MO and PC drives with the same disk. Recently, to achieve terabytecapacity data storage, a super-resolution near-ﬁeld structure (super-RENS)
has been proposed and succeeded in retrieving signals with less than 100 nm
mark length using a AgOx (light-scattering center type) or Sb (transparentaperture type) mask layer [21,22,23]. However, the super-RENS disk needs
further improvements; higher CNR below 100 nm mark-length signal, better
durability of readout cycles and larger readout power margin. To improve the
above characteristics, a double-mask layer structure, blue-laser drive system,
and silver (Ag) or oxygen (O2 ) doped GeSbTe materials have been introduced [24,25,26]. But suﬃciently good results have not been obtained yet. In
the following sections we describe how we carried out reactive recording by
applying RE-TM for making the above improvements and report on the reaction process and mechanism. To elucidate the mechanism, we also examined
the optical constants and the magnetic and thermo-optical properties.
2.2

Preparation

We prepared samples deposited by rf magnetron sputtering with composite
targets except for the AgOx ﬁlm, which was produced by rf reactive mag-
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Fig. 6. (a) Transmittance change of the samples as a function of temperature
(structure I): A, ZnS–SiO2 /MO/ZnS–SiO2 ; B, Si3 N4 /MO/Si3 N4 . Inset: Kissinger’s
plot for activation energy of transition. (b) Magnetic hysteresis curves of asdeposited (C) and 873 K-heated (A, B) samples

netron sputtering with a pure Ag target and a gas mixture of O2 and Ar on
the polycarbonate substrate (Table 1). To examine the recording and readout characteristics, a Pulstec DDU-1000 PC drive tester (laser wavelength,
λ = 635 nm and lens numerical aperture, NA = 0.6) and a Nakamichi OMS2000 MO drive tester (λ = 780 nm, NA = 0.53) were used. Sample disks were
rotated at a constant linear velocity of 3.0 m/s. The CNRs of the readout
signals were measured with a bandwidth of 30 kHz. The magnetic intensity
for recording and erasing the MO signals was 200 Oe. Magnetic and thermooptical properties and the optical constants were estimated with a vibrating
sample magnetometer (VSM, Oxford Instrument, MagLab-VSM-12 V), an
ellipsometer (Mizojiri Optical Co., DHA-OLX/S4M), a multi-channel photodetector (Hamamatsu Photonics, PMA-11) and a spectrophotometer (Shimadzu, UV-2500 PC).
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Results and Discussion

We designed the structure by considering the crystallization of the RE-TM
and the reaction between the RE-TM and the dielectric layers (Table 1).
To reveal the reaction process and mechanism, we investigated the thermooptical property of the samples having a three-layer-structure I (Fig. 6a). In
Fig. 6a, curve A represents the transmittance change versus the temperature
increase of the sample sandwiched between the ZnS–SiO2 dielectric layers. It
was found that there was no change up to around 573 K. Following a relatively
slow increase from 573 K to 763 K (Step II), a steep increase of transmittance
occurred from 763 K to 783 K (Step I). The transmittance of the as-deposited
and 783 K-heated samples greatly changed from 400 to 1300 arbitrary units;
the diﬀerence was about 900. This behavior is similar to a completely oxidized RE-TM single-layer sample. In the case of the PC sample, the diﬀerence
was 150. Comparing the as-deposited sample to the 873 K-heated sample, the
optical constants of the RE-TM ﬁlm at 633- nm wavelength, n, k (refractive
index: n, extinction coeﬃcient: k), were changed from 3.3, 4.0 (as-deposited)
to 2.2, 0.3 (873 K-heated), respectively. This means that the sample becomes
almost transparent. It is thought that the above change is related to the crystallization and reaction of the RE-TM. It was reported that RE-TM is ﬁrst
crystallized to α-TM and α-RE and is then followed by the crystallization of
the intermetallic compound of RE-TM in the amorphous RE-TM ﬁlm [27]. It
is supposed that the reaction includes both the sulfuration and oxidation of
RE-TM (mainly sulfuration). It has been reported that sulfur in ZnS–SiO2 is
easily released and diﬀuses into a PC (GeSbTe) recording layer under external
heating; this signiﬁcantly changes the optical constants and readout cyclability [28,29]. The oxidation of amorphous RE-TM has also been mentioned
by several researchers: the preferential oxidation of Tb atoms (strong aﬃnity
for oxygen) and the oxidation reaction with the SiO2 dielectric layers of RETM [30,31,32]. It is thought that the crystallization of the amorphous RE-TM
ﬁlm occurs dominantly during the range of the ﬁrst step (573 K–763 K) from
the observation of a slow increase of the transmittance. In the region of the
second step (763 K–783 K), the thermal-activated reaction of the ﬁlm seems
to occur dominantly. We also tried to obtain the activation energy for the
transition from the Kissinger formula ln(A/T2t )=Ea /Kb Tt + C), where A is
the heating rate, Tt is the transition temperature at heating rate A and KB
is the Boltzmann constant (inset of Fig. 6a) [33]. The activation energy for
the transition of the sample was about 2.31 eV, which was similar to the
value of 2.51 eV for GeSbTe phase-change material [34]. As shown in Fig. 6a,
curve B, we could not ﬁnd a large increase of transmittance in a RE-TM ﬁlm
sandwiched with Si3 N4 dielectric layers with increasing temperature. This
means that free sulfur and non-bridging oxygen (NBO) within rf-sputtered
ZnS–SiO2 dielectric layers plays an important role in the reactive recording of
a RE-TM ﬁlm [35]. Examining the photograph taken by transmission electron
microscope (TEM), it was found that the RE-TM thin ﬁlm was crystallized
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Fig. 7. Conventional disk characteristics: (a) frequency response of the sample disk
(structure III) in MO and PC drives; (b) modulation of diﬀerent sample disks with
the three-layer structure II; (c) optical microscope photograph (transmission mode)
of diﬀerent mark-length signals; (d) AFM image of the modulation-measure sample

and reacted, the layer diﬀused into the ZnS–SiO2 dielectric layers, and volume expansion occurred in the 783 K-heated sample. We also investigated
the magnetic properties of the samples to conﬁrm the reacted-state of the
RE-TM ﬁlm. The magnetic properties (coercivity: Hc , magnetization: Bs ) of
the heated sample (873 K) sandwiched with ZnS–SiO2 dielectric layers was
the same as that of completely oxidized RE-TM ﬁlm, as shown in the hysteresis curve of Fig. 6b, curve A. The heated sample (873 K) sandwiched with
Si3 N4 dielectric layers, however, kept its magnetic properties (lower Hc and
larger Bs than those of the as-deposited sample; see curve C) as shown in the
hysteresis curve of Fig. 6b, curve B.
Next, we applied this reactive material to a data storage disk structure.
The frequency response in the PC and MO drives of the sample disk is
shown in Fig. 7a. The structure consisted of the recording, dielectric, mask
and reﬂective layers (structure III) with the same thickness, except for the
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polycarbonate substrate thickness (0.6 mm for PC drive, 1.2 mm for MO
drive). The disks showed almost the same CNR versus mark-length characteristics, considering the drive characteristics, in which the resolution limits
(λ/4 × NA) are 270 nm and 370 nm for the PC and MO drive, respectively.
The readout laser power was 1.0–1.5 mW and the recording laser power was
5.0–6.0 mW. This means that the disk for the PC and MO drives can be identiﬁed with the same disk having the above structure. Figure 7b represents
the modulation characteristics, which means the signal reﬂection diﬀerence
(voltages) between the recorded and unrecorded marks in the PC drive tester.
The structure consists of RE-TM (MO, TbFeCo) or PC (GeSbTe) recording
layers sandwiched by dielectric layers: ZnS–SiO2 or Si3 N4 (three-layer, structure II). As shown in Fig. 7b, the RE-TM layer sandwiched by ZnS–SiO2 had
a very large modulation (more than 75 %) in comparison with that of threelayer-PC-structure (approximately 20 %). The RE-TM layer sandwiched by
Si3 N4 , on the other hand, had a small modulation of less than 10 %. According to these results, it is conﬁrmed that the reaction between the RE-TM and
ZnS–SiO2 layers produces the large contrast marks in reﬂection. Figure 7c
shows the marks recorded by the reactive recording with a transmission-mode
optical microscope. It is well recognized that the recorded marks are transparent. Examining the surface with an atomic force microscope (AFM), it
was also found that the recorded marks have a convex shape, which supports
a volume expansion by the reaction (Fig. 7d).
We applied the RE-TM recording layer to a super-resolution near-ﬁeld
structure (super-RENS) disk and compared it with a PC super-RENS disk
with a AgOx mask layer. As shown in Fig. 8a, the CNR (24 dB) of the sample
disk by RE-TM (MO) reactive recording was twice as high as that (12 dB)
of the PC super-RENS disk for 100 nm mark-length signals. Examining the
spectrophotometer results, it was found that the samples of three-layerstructure I have a similar large reﬂectivity change (20 %) in the blue-laser
region (405 nm), compared with 23 % in the red-laser region (635 nm) between as-deposited and 873 K-heated samples. Therefore, we believe that we
can apply the sample disks to the blue-laser drive system as well as the
red-drive system and should expect to have better CNRs in both cases.
Figure 8b shows the readout durability of the sample disk and PC superRENS disk. The crystallization temperature of the PC material (GeSbTe)
is around 453 K [36], and the temperature is close to the AgOx decomposition temperature (around 433 K), which corresponds to the super-RENS
readout power (approximately 3.0 mW) [37,38]. In the high-power readout
process, the non-recorded area is gradually degraded from the amorphous
(non-recorded) to the crystalline (recorded) state, which results in the CNR
drop. Therefore, the super-RENS disk needs recording materials with a much
higher transition temperature. As the reaction temperature of the RE-TM
recording layer is above 573 K (Fig. 6a), the sample disk indicates excellent
readout durability. The readout power margin is also improved (Fig. 8c). In
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Fig. 8. Super-resolution near-ﬁeld structure disk characteristics: (a) frequency response; (b) readout durability; (c) readout power margin for the sample disk
(150 nm signals) and PC super-RENS disk (200 nm signals)

the case of a PC super-RENS disk, by increasing the power beyond the AgOx
decomposition temperature, the transition to the crystalline phase is accelerated; the CNR is, in turn, sharply reduced. The RE-TM reactive sample disk,
however, provides a better power margin in the region higher than 3.3 mW.
It is thought that this also depends on the high transition temperature of the
reactive recording material: RE-TM.
Reactive recording with RE-TM was successfully achieved and applied
to optical data storage. It was found that the CNR, readout durability and
power margin were greatly improved by the reactive recording method. It
is supposed that the recording mechanism is due to the crystallization and
thermal-activated reaction of RE-TM to generate the large change of transmittance and volume. However, the details are not clear at the moment and
we need further work to elucidate the process. The results in this work may
indicate the potential of reactive recording between recording and dielectric
layers. We expect to ﬁnd other materials that react with dielectric layers, to
enable other recording mechanisms.
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Abstract. Various kinds of metal (Co, Pd, Pt and Au) were doped into Ag2 O
and AgO sputtered ﬁlms to study its eﬀect on the thermal decomposition process.
The oxygen composition ratio was evaluated by the X-ray ﬂuorescence spectroscopy
method after annealing up to 260 ◦ C. The optical transmittance change was measured during heating of the ﬁlm to 600 ◦ C. Noble metal doping was found to modify
the AgO decomposition process, and the oxygen content decreased gradually compared to the undoped case. Super-RENS disks with a metal-doped AgO mask were
prepared, and the laser power necessary for super-resolutional readout was evaluated. It slightly shifted to the higher-power side when the noble metal was doped,
and this agrees with the modiﬁcation of the decomposition process.

1

Introduction

The use of a super-resolution near-ﬁeld structure (super-RENS) in optical
disks has made possible the readout of small marks beyond the optical diﬀraction limit [1]. Silver oxide (Ag–O) ﬁlm, recently used as a mask layer, decomposes into Ag clusters and oxygen by irradiation with a focused laser beam.
Localized surface plasmons generated in these clusters are considered to provide the super-resolutional readout by interaction with small marks that have
been recorded on a phase change storage layer [2]. Reducing the laser power
for the decomposition is quite important in super-RENS disks, in order not
to inﬂuence the closely spaced recording-layer characteristics. In addition to
super-RENS applications, Ag–O layers have recently become attractive due
to eﬀects concerning surface-enhanced Raman spectroscopy [3] and intrinsic
intermittent ﬂuorescence [4]. Activation of the Ag–O ﬁlm through its decomposition is essential in all these applications. It is thus important to study
carefully the decomposition process, and also to search for a method to control it.
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Silver Oxide Film

In this chapter, the thermal decomposition process of undoped and metaldoped Ag–O ﬁlms is studied by composition analysis and optical transmittance measurements. Various kinds of metals (Co, Pd, Pt and Au) were doped
into Ag–O ﬁlm to examine on modiﬁcation of the process. Super-RENS disks
with a metal-doped mask layer were prepared, and the eﬀect of the layer on
the super-resolutional readout was evaluated.
2.1

Film Preparation

Silver oxide (Ag–O) ﬁlms were prepared by the rf-magnetron reactive sputtering method. A 4 N–Ag target with a diameter of 76 mm was used, and the
oxygen gas ﬂow ratio was varied in the range from 0 to 0.75. The sputtering
power and pressure were ﬁxed at 200 W and 0.5 Pa, respectively, and the total gas ﬂow of Ar and oxygen was maintained at 10 sccm. Further details of
the preparation can be found elsewhere [2,5]. Films were deposited on glass,
fused silica and Si substrates at room temperature. The ﬁlm thickness was
deﬁned by a surface-texture measuring system, and it was about 100 nm for
the samples used in the optical and thermal decomposition studies.
The composition ratio and optical properties of Ag–O ﬁlm depend
strongly on the oxygen gas ﬂow ratio used for the ﬁlm preparation. Figure 1
shows the result of the composition ratio variation, which was estimated using an X-ray ﬂuorescence (XRF) spectrometer. The oxygen content gradually
increased as a higher ﬂow ratio was used, and it became nearly 50 at.% at the
ﬂow ratio of 0.75. It should be noted that there is some content variation that
is less than ≈ 3 at.%. Figure 2 shows the refractive indices at a wavelength of
630 nm, which was obtained by a spectroscopic ellipsometry method. Similar
and more detailed results are presented in [2,5]. The extinction coeﬃcient k
decreased as the ﬂow ratio was increased, and the ﬁlm became almost transparent when the ratio reached 0.5. Schmidt et al. have previously shown that

Fig. 1. Composition ratio of a Ag–O ﬁlm
as a function of the oxygen gas ﬂow ratio
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Fig. 2. Refractive indices of a Ag–O ﬁlm
as a function of the oxygen gas ﬂow ratio

the refractive index of Ag2 O is n = 2.5 and k = 0.11 at 680 nm [6]. The
transparent ﬁlm obtained should thus reﬂect the formation of Ag2 O, though
the XRF result indicated rather a higher oxygen content than expected. Further increase of the ﬂow ratio to 0.75 raised the extinction coeﬃcient k to
about 1.5, and the ﬁlm became opaque. Büchel et al. have previously identiﬁed from a Raman scattering spectroscopy study that such an opaque ﬁlm
contains AgO [5], and this is supported by the XRF result in Fig. 1.
2.2

Thermal Decomposition Process

The thermal decomposition process of Ag–O ﬁlms was ﬁrst studied by evaluating the composition ratio change after annealing. Figure 3 shows the result
for both Ag2 O and AgO ﬁlms prepared at the ﬂow ratio of 0.5 and 0.75,
respectively. Annealing was performed in air for 5 min using an oven that can
heat up to 260 ◦ C. For AgO ﬁlm, the composition ratio changed drastically
at around 130 ◦ C, and became fairly similar to that of the Ag2 O ﬁlm. This
change derives from the thermal decomposition of AgO, and the ﬁlm transformed to Ag2 O as an intermediate stage [5,7,8]. Above 130 ◦ C, both Ag2 O
and AgO ﬁlms showed a slight decrease of the oxygen content, and this might
indicate the partial decomposition of Ag2 O to Ag.
The process was also studied by measuring the transmitted light intensity change when heating the ﬁlm sample. Figure 4 shows the result when
the temperature was raised to 600 ◦C at a rate of 30 ◦ C/min, and the transmittance was monitored at a wavelength of 635 nm. The AgO ﬁlm showed an
abrupt intensity increase at around 160 ◦C, and this corresponds to the transformation from opaque AgO to transparent Ag2 O. Above 160 ◦C, both the
Ag2 O and AgO ﬁlms showed a similar intensity variation, which decreased
gradually until it turned to an increase at around 430 ◦C.
Figure 5 shows the optical transmittance spectra of the AgO ﬁlm after
heating at various temperatures. The sample was heated and cooled at a rate
of 30 ◦ C/min, and was kept for no time at the temperature reached. One
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Fig. 3. Composition ratio of Ag–O ﬁlms as
a function of annealing temperature. Open
marks: Ag2 O and closed marks: AgO

Fig. 4. Transmitted light intensity change
of Ag–O ﬁlms during heating. Dashed line:
Ag2 O and solid line: AgO

can ﬁrst conﬁrm that the transmittance after heating at 160 ◦C in the visible wavelength region increased compared to as-deposited AgO, and became
fairly close to that of as-deposited Ag2 O. A similar transmittance and spectrum shape can also be found after heating at 400 ◦C, and this suggests that
the ﬁlm still contained Ag2 O. Heating up to 600 ◦C made the spectrum shape
diﬀerent from that of Ag2 O or AgO, and the spectrum was less dependent
on the wavelength. A small drop at 410 nm probably relates to the surface
plasmon resonance absorption of silver particles [9], and this is evidence of
Ag2 O decomposition to Ag.
A transmitted light intensity minimum at 430 ◦ C in Fig. 4 is thus expected
to relate closely to the Ag2 O decomposition process [7,8]. Particle formation
can be recognized in the optical microscope image, and the spacing between
the particles is probably the origin of the light intensity increase above 430 ◦ C.
Taking into account on the XRF result above 130 ◦ C, the decrease of the light
intensity found between 160 ◦ C and 430 ◦ C may correlate with the existence
of Ag in Ag2 O. However, the evidence is still not clear at the moment, and
a higher temperature was necessary to ﬁnd a trace of Ag that corresponds to
the total decomposition.
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Fig. 5. Optical transmittance spectra of
AgO ﬁlm after heating at 160 ◦ C, 400 ◦ C,
and 600 ◦ C. Dashed line: as-deposited
Ag2 O ﬁlm

3

Metal-Doped Silver Oxide Film

Table 1 summarizes the kinds of metal doped into Ag–O ﬁlm and its concentration estimated from XRF analysis. Doping was performed by attaching
small metal chips (size: 5 × 5 mm2 , purity: 3 N) on the Ag target, and they
were simultaneously sputtered during the Ag–O ﬁlm preparation.
3.1

Film Preparation

In this study, no precise control of the concentration was attemted, and the
number of metal chips was ﬁxed to two in all metal cases. The other preparation condition is identical to that for the undoped ﬁlm in Sect. 2. The results
showed that the doping was successfully made by this method with a concentration of the order of 0.1–1.0 at.%. In addition to the listed metals, Pd
was also used as a doping metal; however, its concentration has not been well
detected and identiﬁed at this moment.
3.2

Thermal Decomposition Process

The thermal decomposition process for metal-doped Ag–O ﬁlm was ﬁrst studied by measuring the transmitted light intensity change. This was because the
method can easily be done and was found to trace well on the decomposition
process of Ag–O ﬁlm, as described in Sect. 2. The measurement conditions
are identical to those used for the undoped ﬁlms. Figure 6 shows the result
Table 1. Doped metals and their concentration in at.%
Doped metal
Co
Pt
Au

in Ag2 O
0.2
1.1
1.6

in AgO
0.3
1.3
1.8
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Fig. 6. Transmitted light intensity change
of metal-doped AgO ﬁlms during heating

for metal-doped AgO ﬁlm in the temperature range of 60–310 ◦C. The curve
labeled undoped is a duplicate of the one shown in Fig. 4.
The temperature at which the light intensity ﬁrst reaches a maximum
(Tlm ) was found to be dependent on the doping, which was about 160 ◦ C for
undoped ﬁlm. When Pt, Pd and Au are doped, Tlm shifted higher by about
30 ◦ C, 40 ◦ C and 50 ◦ C, respectively. On the contrary, Tlm shifted lower for
Co doping by about 30 ◦ C. The intensity curve shapes became like a plateau
after the intensity reached its ﬁrst maximum, and started to decrease at about
230 ◦ C for Co and at about 300 ◦ C for the noble metals. The process was also
examined for the metal-doped Ag2 O ﬁlm; however, no distinct diﬀerence in
the intensity curve was recognized when compared to undoped Ag2 O in Fig. 4.
For the AgO case and also the Ag2 O case, another intensity turning point
at around 430 ◦ C for the undoped ﬁlm did not show any temperature shift
due to the doping. This suggests that the method is not applicable at the
moment for controlling the total decomposition temperature of Ag2 O to Ag.
To study in detail the modiﬁcation of the transmitted intensity curves
in Fig. 6, an XRF study was performed for the two doped cases in which
Tlm shifted to lower and higher temperatures. The annealing conditions were
identical to those described in Sect. 2. Figure 7 shows the oxygen composition ratio of Co-doped and Pt-doped AgO ﬁlms when annealed. The result
labeled undoped is a duplicate of the one shown in Fig. 3. For both doped
cases, the ratio did not drop at around 130 ◦ C and decreased gradually as
the annealing temperature increased. This continuous decrease resulted in
the plateau-like curve-shapes, since the Ag–O ﬁlm is transparent over a certain oxygen content range [2,5]. This range includes at least 41–44 at.%, as
described in Figs. 1 and 2. By Co doping, a decrease of the ratio was already
noticeable at 110 ◦ C, and this probably correlates with the lower temperature
shift of Tlm in Fig. 6. By Pt doping, the ﬁlm became more stable with respect
to heating, and a higher temperature was necessary for oxygen removal. This
shifted Tlm to the higher temperature side, and this is supposed to be also
the case for other noble metals. The reason for the modiﬁcation is still under investigation. A further study of Pt doping has recently been made, and
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Fig. 7. Oxygen composition ratio of metaldoped AgO ﬁlms as a function of annealing
temperature

found that the oxygen ratio loss is strongly suppressed by increasing the Pt
concentration to 2–5 at.% [10]. This is explained partly by that the decomposition property tends to be governed by it of Pt–O, which its decomposition is
expected at higher temperature than Ag–O [11]. The Co-doping eﬀect should
be carefully studied to understand what starts the decomposition process at
low temperature. However, the result in Fig. 7 also suggests that the modiﬁcation itself was not remarkable, at least with the doping conditions used. It
may still be necessary to examine whether there is any other doping material
that is more eﬃcient for achieving low-temperature decomposition.

4

As a Mask Layer in the Super-RENS Disk

Figure 8 shows the super-RENS disk structure prepared in this study. Details of its structure design and super-resolutional readout mechanism can
be found in [1,2]. Both Ag2 O and AgO were used as a mask layer, and the
metal doping was performed under the conditions described in Sect. 3. Since
the refractive index of Ag–O ﬁlm is slightly changed by the metal doping,
the ﬁlm thickness of the ﬁrst dielectric layer was designed to keep the reﬂectivity of the disk nearly constant at a speciﬁc laser wavelength. Recording
and retrieving of the mark signals was carried out using a disk-drive tester

Fig. 8. Super-RENS disk structure
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Fig. 9. Relationship between readout laser
power and CNR for super-RENS disks with
a metal-doped AgO mask layer

with a wavelength (λ) of 635 nm and a numerical aperture (NA) of 0.6. Mark
trains with dimension of 200 nm, that is smaller than the resolution limit of
265 nm (=λ/4 NA), were ﬁrst recorded at 8 mW and 11 mW (=Pwrite ) for
a AgO mask and a Ag2 O mask, respectively. Marks were then retrieved by
varying the laser power in the range of 1.5–3.9 mW.
Figure 9 shows the carrier-to-noise ratio (CNR) property of the superRENS disk with a AgO mask. Super-resolutional readout is also achieved
for the metal-doped cases, and roughly the same CNR at the maximum of
≈ 30 dB was obtained. The minimum laser power necessary for signal retrieval (Pmin ) was 1.5 mW or lower for the undoped case, and it tended to
shift slightly towards higher values when Pd, Pt and Au are doped. This
indicates that higher laser power (i.e. higher temperature) was necessary
for AgO decomposition to achieve super-resolutional readout. The result is
in good correspondence with previous optical and XRF studies, though they
did not show direct evidence of Ag cluster formation but Ag2 O intermediate.
Co doping did not cause a laser power shift, and this shows that its eﬀect on
the decomposition was quite small, as is shown in Fig. 7.
Figure 10 shows the CNR property of super-RENS disks with a Ag2 O
mask. Probably since the mask is nearly transparent and does not absorb
the laser light eﬃciently, Pmin became higher compared to that for the AgO
mask cases. No distinct shift of Pmin was recognized, and this indicates that
the doping was less eﬀective for control of the Ag2 O decomposition process.
It is also shown in the ﬁgure that the CNR increased dramatically when the
noble metals were doped. The increase of 10–15 dB at 200 nm mark size is
attractive for its practical use, and the metal doping eﬀect should also be
studied from that point of view.

5

Summary

AgO sputtered ﬁlm thermally decomposed to Ag2 O at 130–160 ◦C, and to
Ag at ≈ 430 ◦C. Slight noble metal doping (≈ 1 at.%) modiﬁed the AgO
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Fig. 10. Relationship between readout
laser power and CNR for super-RENS
disks with a metal-doped Ag2 O mask layer

ﬁlm to be thermally stable, and a higher temperature (roughly 200–300 ◦C)
was necessary for the decomposition to Ag2 O. The process showed a close
correlation with the laser power necessary for super-resolutional readout in
super-RENS disks.
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Abstract. A super-resolution near-ﬁeld structure (super-RENS) has an additional
mask layer in the usual phase-change optical disk. A thin layer of antimony (Sb)
ﬁlm or a silver oxide (AgOx) layer is used as a mask layer. By focusing a laser beam,
a transparent aperture in the Sb layer and a light-scattering center in the AgOx
layer are formed transitionally, whose diameters are smaller than that of the laser
beam spot. The changed portion can generate an intense optical near ﬁeld and can
be used to record and retrieve small marks beyond the diﬀraction limit.
The nonlinear optical properties of Sb and AgOx ﬁlms with protective layers were examined using a pulse laser. Optical switching, their time response and
transient spectroscopic change were investigated. The light scattering property and
surface-enhanced Raman scattering property of AgOx ﬁlms were also examined.
A repeated optical switching action can only be realized if the illuminating spot
size is conﬁned to very small areas. The time response of the Sb ﬁlm shows ﬁrst
a rise and then a slow exponential decay. The time response of the AgOx ﬁlm shows
a more complicated decay than the Sb ﬁlm. Transmittance spectra just after pump
irradiation become ﬂat over a wide spectral range in both the Sb and AgOx layers.
Rayleigh scattering and Raman scattering light are extremely enhanced by increasing the input light power, but the ﬂuctuation of the Rayleigh-scattering light
intensity does not synchronize with that of the Raman-scattering light intensity.

1

Introduction

Optical data storage systems are a main target for low-cost data media, and
many studies have been done on magneto-optical (MO) and phase-change
(PC) media. Eﬀorts to increase the recording density in diﬀerent types of
optical data storage systems have been made in many ways. A recording
density of more than 100 GB is actually expected in optical disks in the near
future; however, it is hard to realize such disks, even using a high numerical aperture lens and a short wavelength laser diode (LD)[1] because of the
diﬀraction limit.
The ultimate optical data storage will use optical near-ﬁeld recording with
the potential of increasing the data storage density up to the terabyte level.
Betzig et al. [2] proposed the use of a near-ﬁeld scanning optical microscope
and recorded 60 nm marks on MO ﬁlm. A metal-coated ﬁber probe, sharpened
J. Tominaga and D. P. Tsai (Eds.): Optical Nanotechnologies,
Topics Appl. Phys. 88, 59–78 (2003)
c Springer-Verlag Berlin Heidelberg 2003
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to less than the LD wavelength, is used as the recording pickup. The nearﬁeld radiated from the ﬁber tip is eﬀective only in a short region of about
50 nm in size and decays exponentially. The energy transfer rate through the
ﬁber from the LD output to the near-ﬁeld emission is usually very low, so the
distance between the ﬁber tip and the material surface must be controlled to
less than 10 nm with subnanometer accuracy. Therefore, the recording speed
and area are limited to a few 10 µm/ s and ∼ 104 µm2 . This technique cannot
be applied to actual optical data storage systems because of its low data
transfer rate.
Tominaga et al. [3] proposed a method of optical near-ﬁeld recording to
overcome the above diﬃculties. A thin layer of antimony (Sb) ﬁlm is used
as a nonlinear optical material and inserted in the usual PC optical disk
structure. The optical functional material with this new structure, called
a super-resolution near-ﬁeld structure (super-RENS), is the key to this new
technique. The transmittance of the Sb ﬁlm changes drastically with the
increase of the input light intensity. When a laser beam is focused on the
Sb ﬁlm, a pinhole with a diameter smaller than that of the laser beam spot
is formed transitionally. The size of the light-induced pinhole has not been
measured yet directly, but the hole should have a size of the same order as
the marks recorded on the PC layer. For instance, PC marks of 60 nm are
recorded using 635 nm LD light [4]. An intermediate layer is placed between
the Sb and PC layers, and the uniform thickness of this layer sustains the
stable condition of near-ﬁeld interaction between the pinhole and PC layer.
As a result, optical near-ﬁeld recording and readout through this pinhole have
been conﬁrmed under high-speed disk rotation in a basic experiment.
We called the super-RENS system using a transparent aperture with Sb
ﬁlm a TA-super-RENS. On the other hand, by using a silver oxide (AgOx)
layer instead of a Sb layer, another type of super-RENS was discovered [5].
The AgOx ﬁlms with various mixtures of silver and oxygen can be produced
by reactive RF magnetron sputtering. The transmittance of the AgOx ﬁlm
in the case of Ag2 O ﬁlm, which is fairly transparent in the as-deposited
state, changes drastically with increasing input light intensity. When a laser
beam is focused on the Ag2 O ﬁlm, an opaque spot with a diameter smaller
than that of the laser beam spot is formed transitionally. This spot acts as
a light-scattering center and produces a very huge near-ﬁeld interaction [6].
The index change is irreversible by itself in general, but becomes reversible
through conﬁning the ﬁlm between protection layers. The sandwich structure
used in the super-RENS has two important roles: the ﬁrst is to sustain a constant distance between the probe and the PC material, and the second is to
prevent the mask component from evaporation. Using the near-ﬁeld interaction eﬀect though the protective layer, PC marks of less than 100 nm were
recorded and retrieved using 635 nm LD light. We called the super-RENS
system using a light-scattering center with AgOx ﬁlm an LSC-super-RENS.
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On the other hand, Büchel et al. [7] proposed applications of reactively
sputtered AgOx thin ﬁlms as a substrate material for surface-enhanced Raman scattering (SERS). The advantage of these ﬁlms comes from the highly
reproducible and simple fabrication process. The deposited layers developed
an increasingly strong SERS activity upon photoactivation at 488 nm. A benzoic acid/2-propanol solution was used to demonstrate that the bonding of
molecules to SERS active sites at the surface could be followed by investigating the temporal changes of the corresponding Raman intensities. Furthermore, the laser-induced structural changes in the AgOx layer lead to
a ﬂuctuating SERS activity at high laser intensities, which also aﬀects the
spectral features of amorphous carbon impurities.
Our objective in this paper is to study the transient optical properties
of the Sb and the AgOx ﬁlms, especially optical switching, its time response
and spectral changes, and the light-scattering property of the AgOx ﬁlm, in
a stationary state using a nanosecond pulsed laser arrangement. It is also to
study the relationship between the Rayleigh scattering and Raman scattering
from the deoxidized silver clusters. And ﬁnally it is to get answers to the
question, “What happens inside the mask layer?”.

2

Experimental

The Sb and AgOx layers were produced by reactive RF magnetron sputtering.
To deposit the Sb layer, a pure Sb target was bombarded with Ar gas in the
RF plasma. To deposit the AgOx layer, reactive sputtering in an oxygencontaining atmosphere was performed. On increasing the O2 gas ratio, the
ﬁlm color gradually changes from metallic to dark brown. Samples prepared
in this work had a complex refractive index (n + k i) of n = 2.8 and k = 0.08
at 632.8 nm. The index change due to the sputtering gas ratio was referred
to in [5]. As protection layers, we used mainly ZnS–SiO2 (85:15 in at.%),
which is widely used as a protection layer for erasable digital versatile disks
(DVD-RAM). The refractive index of ZnS–SiO2 was about 2.25 + 0.01i.
The layers were deposited by RF magnetron sputtering with a composite target. The Sb ﬁlm samples were multilayers of Zn–SiO2 (20 nm)/Sb
(15 nm)/ZnS–SiO2 (20 nm) deposited on a quartz or a glass substrate. In
some cases, we used SiO2 as a protection layer for the Sb samples. The AgOx
ﬁlm samples were multilayers of ZnS–SiO2 (20 nm)/Ag2 O (15 nm)/ZnS–SiO2
(20 nm) deposited on a quartz or a glass substrate. These multilayers have the
same structures as mask layers for super-RENS applications. For the SERS
measurement, the samples were a single layer of AgO (10 s of nm) deposited
on a glass substrate.
As a nanosecond pulsed laser, a fundamental 1064 nm light beam and
a second-harmonic generated (SHG) 532 nm light beam from a Nd:YAG laser
were used at a pulse repetition rate of 10 Hz.
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2.1 Transmittance and Reflectance Versus Input Light Power
Measurement of Sb Thin Films in a Microscopic Area
The transmittance and reﬂectance in a microscopic region as a function of
input light power were measured by using a single laser beam and a simple
method of pumping and probing by itself. Two objective lenses of the Nikon
long working distance series were placed face-to-face in a confocal conﬁguration in the optical path. A SHG 532 nm light beam from a Nd:YAG laser
was used. The transmitted and reﬂected light intensities were detected by
a Hamamatsu S2281-01 silicon photodiode with a C2719 ampliﬁer. The peak
voltages of the detected pulse signals were monitored using an SRS SR250
gated integrator. The total input power at the sample surface was measured
using a Sanwa SLP-3000 optical power meter. A Z-scan technique was used to
search for moderate conditions of input light intensity to realize a switching
action and for the determination of the best focus point.
Figure 1a,b plots the transmittance and reﬂectance versus the input intensity for each pulse measured at the focal point. Clear switching action
can be observed. If the input intensity increases to over about 4.5 nJ/pulse,
using the same scale as in Fig. 1, the creation of permanent holes becomes
apparent [8,9].

Fig. 1. (a) Transmittance versus input intensity. (b) Reﬂectance versus input intensity

2.2

Time Response Properties of Sb Films and AgOx Films

The time response property of the nanometer scale optical switch formed
by the Sb ﬁlm or the AgOx ﬁlm was examined by using a so-called pump–
probe method. For this purpose, a 532 nm nanosecond pulse laser was used
as a pump beam. A 442 nm He–Cd laser light was modulated to provide microsecond pulses using a Hoya–Schott acousto-optical modulator and used
to probe the samples. The timing and delay of the pump and probe lights
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were adjusted using two Iwatsu PG-230 pulse generators. The pulse repetition rate of the pump and probe lights was 10 pulses per second, and a pair
of pump and probe pulses was selected by using a mechanical shutter and
focused on the sample using a microscope. The transmitted light was collected by a counter-facing microscope. The reﬂected light returned through
the objective lens was intercepted by using a beamsplitting cube prism. Two
pairs of dispersion prisms and monochromators were used to separate the
pump and probe lights in bringing them to the sensors; the transmitted and
reﬂected pump lights were completely blocked. Hamamatsu C5658 avalanche
photodiodes with an ampliﬁer module were used as fast and high-sensitive
photodetectors and a Sony-Tektronix TDS-3054 digital phosphor oscilloscope
was used for recording the time traces of the detected signals. The total input power was evaluated by a Hamamatsu S2281-01 silicon photodiode with
a C2719 ampliﬁer, whose sensitivity was compensated using a Gentic ED100A joule meter with an EDX-1 ampliﬁer as a reference. Figure 2 shows the
optical arrangement prepared for the objectives. Without pump irradiation,
the clear rectangular signal of the probe light can be observed. With pump
irradiation, transitions show a fast changing and slow decaying behavior for
both the transmitted and reﬂected light measurements.
The single-shot-pulse response of Sb ﬁlm was measured. Figure 3a,b shows
traces of the transmitted signal and reﬂected signal. Without pump irradiation, the clear rectangular signal of the probe light can be observed. The
time proﬁle of the initial probe without pump irradiation was obtained by
averaging 64 data points. With pump irradiation, transitions with a fast rise
and slow decay were observed both in the transmitted light and in the reﬂected light. With pump irradiation, the reﬂectance quickly decreased in the
rise time of the pump light and slowly recovered. The time proﬁle of the nonlinear characteristics needs to be monitored with a single-shot pump pulse,
because the samples are often damaged by pump irradiation. The ﬂuctuations

Fig. 2. Schematic diagram of pump–probe measurement system
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Fig. 3. Single-shot-pulse response of Sb ﬁlm of (a) transmitted signal and (b)
reﬂected signal with various pump intensities

Fig. 4. Single-shot-pulse response of AgOx ﬁlm of (a) transmitted signal and (b)
reﬂected signal for various pump intensities

of the recorded signals can be reduced by a numerical ﬁltering technique using
a fast Fourier transformation.
The single-shot-pulse response of AgOx ﬁlm was measured. Figure 4a,b
shows examples of these results. The AgOx ﬁlm shows various responses according to the total input light power of the pump pulse beam. There is some
threshold of about 0.8 nJ. When the input power is lower than the threshold,
any change is hardly recognizable. First irradiation and repeated irradiations
have diﬀerent responses. A sharp pulse response, which appears in ﬁrst irradiation, disappears stepwise during the second and third irradiations.
2.3

Spectral Changes of Sb Film and AgOx Film

As shown in the measurements of the time response properties of the Sb
ﬁlm and the AgOx ﬁlm, transitions caused by the pump irradiation show
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quick changes in the rise time of the pump light and slow decaying behavior
for both the transmitted and reﬂected light measurements. Spectral changes
during the slow decaying period just after the excitation was measured by
using white light from a ﬂash lamp (FL) as a probe. The duration time of
the FL light was measured to be 600 ns. A fundamental 1064 nm wavelength
light beam from a Nd:YAG 10 ns pulsed laser was used to pump the sample.
The optical setup of this measurement is shown in Fig. 5.
Because the incoherent white light could not be focused to a small spot,
a tapered hole in an aluminum block and a 70 µm diameter pinhole were
used to decrease the illumination area. Thus, uniform irradiation for both the
pump and probe beams could be achieved and suﬃcient white light power
to analyze the spectrum could be obtained. The total FL light power was
weak enough to prevent any irradiation eﬀect from the probe beam. The FL
light probe pulse should arrive at the sample just after the pump pulse. The
timing and delay of the two lights were adjusted using two Iwatsu PG-230
pulse generators so that the FL light probe pulse arrived about 50 ns after
the pump light arrived at the sample. The pulse repetition rate of the pump
and probe lights was ten pulses per second, and a pair of pump and probe
pulses was selected by using a mechanical shutter. Using a reﬂective mirror
for 1064 nm wavelength light, the pump beam was excluded from reaching
a multi-channel analyzer. A Hamamatsu PMA-11 multi-channel analyzer was
successfully used to detect the whole spectrum with one-shot irradiation.
Figure 6 shows the FL light spectrum and its transmitted light spectrum
through the two 1064 nm reﬂective mirrors. The 1064 nm reﬂective mirror
also has an opaque region between 380 nm to 430 nm. Using the transmittance spectrum of a quartz base glass as a reference spectrum, we calculate
the transmittance spectrum of the samples with and without a pump pulse.
Figure 7 shows the transmittance change with and without pump pulse ir-

Fig. 5. Optical setup for spectral change measurement
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Fig. 6. FL light spectrum through the two 1064 nm reﬂective mirrors

radiation for the Sb ﬁlm sample. The Sb ﬁlm sample has low transmittance,
especially at long wavelengths. After the pump irradiation, the transmittance
of the Sb sample increases and becomes a ﬂat transmittance spectrum over
the whole wavelength range. The pump irradiation area of the Sb sample
seemed to be a cavity or a gas vapor. If we increase the pump power more
and more, the transmittance will reach almost 100%. Figure 8 shows the
transmittance change with and without pump pulse irradiation for the AgOx
ﬁlm sample. The AgOx ﬁlm sample has a very high transmittance. After
the pump irradiation, the transmittance of the AgOx sample decreases and
becomes monotonous but lower at low wavelengths. This spectrum does not
provide direct evidence of the formation of Ag particles, but is still consistent with that hypothesis. The large downward peak at 532 nm is due to
contamination from the SHG light of the pump light.
2.4

Light Scattering Properties of AgOx Films

In the LSC-super-RENS, the light-scattering center acts as an excellent optical near-ﬁeld probe. AgOx is considered to decompose to silver and oxygen
by a photochemical or a thermo-chemical reaction. Illuminating the AgOx
ﬁlm with a focused beam, the illuminated spot becomes bright and brilliant.
Scattered light from the illuminated spot is apparently observable by the
naked eye if the incident light intensity exceeds some threshold value. Thus
the relation between the input light intensity and the scattered light intensity should show some nonlinearity. To study the light scattering property
of the AgOx ﬁlm, the sample was illuminated perpendicularly and the scattered light was monitored under an angle of 45 degrees. Figure 9 shows the
schematic of the optical setup for this measurement.
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Fig. 7. Transmittance spectrum change by pump pulse irradiation for Sb ﬁlm

Fig. 8. Transmittance spectrum change by pump pulse irradiation for AgOx ﬁlm

A SHG 532 nm wavelength light from a Nd:YAG 10 ns pulsed laser is used.
The scattered light and total input power were evaluated by two Hamamatsu
S2281-01 silicon photodiodes with C2719 ampliﬁers, whose sensitivity was
compensated using a Gentic ED-100 A joule meter with an EDX-1 ampliﬁer as
a reference. The peak voltages of the output pulse signals were measured using
a Stanford Research Systems SR250 gated integrator. All data were stored for
each pulse and the ratio of scattered to incident light intensities individually
calculated by use of a computer. The illuminated area was monitored by
using a CCD camera and the diameter of the area was estimated to be about
10 µm. Figure 10 shows the plot of the light-scattering eﬃciency against the
total input light power. During measurements, the mean light power was
gradually increased by rotating the polarizer of an attenuator. Unfortunately,
the switch-on and switch-oﬀ positions were not clear, probably because of the
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instability of the laser power and the large illuminated area. But nevertheless,
an extremely high and a very low scattering state can be observed.
2.5

Relation between Rayleigh and Raman Scattering

SERS light considered to be caused by the intereference between surface
plasmons and Raman-active molecules which occured on the silver cluster
surface. The surface plasmons are also considered to play a very important
role in super-RENS for recording and retrieving marks. To get a feel for the
generation of surface plasmons, a good way would be to monitor the SERS
light versus the Rayleigh scattering light. When the AgOx layer developed
an increasingly strong SERS activity upon photoactivation at 488 nm, the
laser-induced structural changes in the AgOx layer led to the blinking of the
Rayleigh scattering and, at the same time, ﬂuctuating SERS activity at high
laser intensities.
Figure 11 shows the setup for investigating temporal changes of
the Rayleigh scattering intensity and the corresponding SERS intensity.
A backscattering geometry was used. To achieve a rapid measurement, we
used a Hamamatsu PMA-11 multi-channel analyzer with a repetition rate
of 1 Hz and light from two CW lasers. One is 488 nm wavelength light from
a Ar laser for developing SERS activity and exciting Raman scattering. The
other is 633 nm wavelength light from a He-Ne laser for monitoring Rayleigh
scattering.
A benzoic acid/2-propanol solution was used as a Raman-active material.
To block the fundamental 488 nm pump light, a hologram-type notch ﬁlter
was used. Figure 12a shows an example of the measured obtained spectrum.
Figure 12b shows an ordinal Raman spectrum recorded with a Renishaw Ramanscope at a wavelength of 488 nm in the backscattering geometry, and in

Fig. 9. Optical setup for scattered light measurement
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Fig. 10. Light-scattering eﬃciency versus light power

Fig. 11. Setup for simultaneous
measurement of surface-enhanced
Raman and Rayleigh scattering

this case silver-coated glass was used as a base plate. To monitor the Rayleigh
scattering activity, 633 nm wavelength light was guided near the sample surface using an optical ﬁber. Large luminescence in a range of 580–640 nm of
Fig. 12a might be ﬂuorescence from the base glass, but not clear at this
moment.
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Fig. 12. (a) An example of the measured spectrum. (b) An ordinal Raman spectrum

Fig. 13. Time variation plots of the 488 nm stray light, the 633 nm Rayleigh scattering light, the Raman light at 533 nm, the SH Raman light at 573 nm and the
ﬂuorescence light at 584 nm
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Figure 13 shows time variation plots of the 488 nm wavelength stray light,
the 633 nm Rayleigh scattering light, the Raman light at 533 nm, the SH Raman light at 573 nm and the ﬂuorescence light at 584 nm. The 488 nm input
light was kept constant and so the 488 nm stray light was almost constant.
The 633 nm Rayleigh scattering light increased rapidly and stayed constant
as an accumulated average. If we observed it from a limited direction, it
was blinking. As the Raman light at 533 nm, the SH Raman light at 573 nm
and the ﬂuorescence light at 584 nm were gradually increased, they suddenly
began to ﬂuctuate. The ﬂuorescence light showed strange behavior and ﬂuctuated simultaneously with the Raman lights. In any case, the ﬂuctuation of
the SERS light intensity has no relation with the blinking of the Rayleigh
scattering.

3

Discussion

Tominaga et al. [10] found that sputtered Sb thin ﬁlms with a thickness of
more than 10 nm are usually crystalline. An as-deposited 15.0 nm thick Sb
ﬁlm in a sandwiched structure between protective layers of SiN or SiO2 , etc.,
is in an intermediate state consisting of amorphous and partly crystalline
islands. After half a day at room temperature or after annealing, the ﬁlm
completely changes to the crystalline form. The real and imaginary parts of
the refractive index of the crystalline Sb 15.0 nm ﬁlm at 632.8 nm were measured to be 3.11 and 5.66, respectively and those of amorphous 7.5 nm ﬁlms
were found to be 4.51 and 3.66, respectively. Heating by laser illumination
causes a phase transition between the crystalline and amorphous states and
this change occurs reversibly by itself through heat diﬀusion. Jiang et al. [11]
found that these reversible transitions occur on a timescale of less than 1 µs.
A large diﬀerence in the refractive index, especially in the imaginary part,
causes a large change in the transmittance. These properties might be applied
to explain the optical switching behavior in the Sb mask layer.
As a matter of fact, the transmittance and reﬂectance in the microscopic
region as a function of the input light power show clear switching action and
the existence of two states, as shown in Fig. 1a,b. But, as will be shown later
in Fig. 14, the changes in transmittance and reﬂectance were monotonous
and their variation range was larger than the coverage of the phase-change
assumption. As previously described [8,9], if the input intensity exceeds some
threshold, the creation of permanent holes becomes apparent. The vanishing
of Sb through some crevice in the protection layers may produce a permanent
hole. Figure 14 might be a trace of an expansion process of a permanent hole.
It is mentioned that melting and further vaporization also seem to happen
around the range of 4.5 nJ/pulse in Fig. 1.
From the time response measurement of Sb ﬁlm, the time response of the
reﬂected probe signal shows a fast decaying time component of about 150 ns,
although it is very small and not clear in the transmitted probe signal. The
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Fig. 14. Variation ratios for transmitted and reﬂected signals of Sb ﬁlm plotted
against pump light intensity

main decay time is as slow as about 2 µs. It is conjectured that heat from
laser illumination causes a large change in the transmitted and reﬂected light
intensities and reversible changes occur by themselves due to heat diﬀusion.
Fast decay times are possibly due to a pure heat diﬀusion process, and slow
decay times indicate a reordering process in the material phase. From the slow
decay of the switching action, it is considered that heat from laser illumination
causes a large change in the transmittance and the reversible change occurs
by itself with heat diﬀusion.
From the time response measurement of the AgOx ﬁlm, the time response
of the reﬂected probe signal showed a fast decay-time component of 165 ns,
although it is small in the transmitted probe signal. The main decay-time
was estimated to be around 1025 ns if we use a fresh sample within a few
days after fabrication, as shown in Fig. 4 of [12]. When we measured the
same sample after a few months, the fast decay-time component was almost
the same, but the main decay-time became three times lager than that of the
fresh sample, as shown in Fig. 4.
To compare the result obtained from the time response measurements
with the result shown in Fig. 3, we deﬁned a variation ratio as follows;
r = (I0 + Id )/I0 , where I0 is the initial probe signal intensity and Id is
the variation in the probe signal induced by the pump light irradiation. Figure 14 shows plots of the variation ratio against pump light intensity and
both the transmitted and reﬂected probe signals are calculated. Changes in
the reﬂected light intensity become recognizable above 0.26 nJ/pulse, but
cannot be observed in the transmittance measurements below 0.30 nJ/pulse.
This fact was checked by repeated measurements in this range. This is explainable, because the reﬂectance is quite sensitive to the Sb surface state
but changes throughout the Sb ﬁlm are needed for the transmittance change.
Above about 0.8 nJ/pulse, the variations seem to be saturated. More details
will appear elsewhere [13].
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Fig. 15. Variation ratios for transmitted and reﬂected signals of AgOx ﬁlm plotted
against pump light intensity

Figure 15 shows plots of both the transmitted and reﬂected probe signals
against pump light intensity for the AgOx ﬁlm. The changes in the transmitted light intensity start at above 0.80 nJ/pulse: ﬁrst it increases and then
it decreases. In the reﬂectance measurements, on the other hand, the change
cannot be observed below 0.85 nJ/pulse. The reﬂectance decreases monotonically. At about 1.0 nJ/pulse, the variation of the reﬂected probe light seems to
be saturated. At more than 1.5 nJ/pulse, sample bleaching may occur and the
transmittance and reﬂectance approach the values of quartz glass at around
3.0 nJ/pulse. Reciprocal switching characteristics should be obtained only if
the total input intensity is in the range between 0.8 to 1.0 nJ/pulse.
When the sample was a super-RENS with a phase-change (PC) layer,
glass substrate/ZnS–SiO2(20 nm)/GeSbTe (20 nm)/Zn–SiO2 (40 nm)/Ag2 O
(15 nm)/Zn–SiO2 (130 nm), the threshold values in the transmitted and reﬂected light intensity decreased at around 0.15 nJ/pulse. The PC layer has
a large absorbance and high reﬂectance. Heat generated from absorbed light
in the PC layer and reﬂected light at the PC surface promotes the reaction
of the Ag2 O layer. A pulse energy of more than 1.0 nJ/pulse is needed to
change the phase of the PC layer in case of the pump-probe measurement of
sandwiched PC layers. Under 1.0 nJ/pulse, recorded marks can be read out
without changing the phase state of the marks, although the super-RENS
eﬀect starts above 0.15 nJ/pulse. More details are reported elsewhere [12].
As for the spectral change measurement, a measurement over a wider
wavelength range, especially in the shorter wavelength region below 430 nm,
would be required for discussion about the formation of the Ag particles.
To enable the measurement of shorter wavelengths, replacement of the two
reﬂective mirrors for 1064 nm light from the optics should be considered.
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Spectral change within the fast decay-time component would be also interesting. Thus, further investigation using a picosecond pulsed laser is going
forward.
Compared with the Sb ﬁlm, the AgOx ﬁlm is more variable with respect
to the light illumination. Not only under pulse irradiation, but also under
weak light illumination, the AgOx ﬁlm changes step by step. Even if the
AgOx ﬁlm was only weakly illuminated by an Ar-gas CW laser, the scattered
light from the AgOx surface gradually increased. Same gradual increasing
can also be seen in the low input light region of Fig. 8 before the switching
occurred. But to get a large relative intensity of the scattered light, such as
after switching, an adequate amount of light power is needed. However, it is
diﬃcult to ﬁnd a clear threshold for switching using ﬂuctuating laser pulses.
Büchel et al. [14] measured the transmission transition of various AgOx
layers obtained at a speciﬁed oxygen/argon ratio as a function of the sample
temperature. The AgO, (Ag2 O+AgO) and Ag2 O layers show large transmission changes between 100 and 150 ◦C. Figure 16 shows the energy relationship
between Ag, Ag2 O and AgO in diagrammatic form. Ag2 O is most stable and
AgO is considered to be gradually decomposed into O2 and Ag2 O. Ag2 O is
decomposed into Ag and O2 at over 160 ◦C by light irradiation and the rise in
heat. Photo-thermally decomposed Ag and O2 might be recombined to make
Ag2 O if they are conﬁned between protective layers.
It is very natural to think that the Rayleigh scattering light is enhanced
by the progress of deoxidation of AgOx and the growth of silver clusters. The
blinking of the Rayleigh scattering light is thought to be the eﬀect of random interference speckle, and a small change in the internal phase condition
of silver clusters will cause constructive or destructive interference change.
Actually, we can observe the moving speckle pattern on the room wall concurrently with the start of blinking at 488 nm input light wavelength. The
photoactivation to develop an increasingly strong SERS activity and the generation of a surface plasmon should have quite diﬀerent processes compared
to the Rayleigh scattering.
To understand or to get a feel of a surface plasmon, a ﬁnite diﬀerence
time domain (FDTD) calculation was done. A plane wave light source at the
top segment line was assumed with a Y -polarizing direction. To avoid an

Fig. 16. Energy diagram of various silver oxides
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Fig. 17. FDTD simulation of the near-ﬁeld intensity at the silver particle edge

initial irregular response, the amplitude was set to be gradually increasing
and then become constant. We divided the area into 1000 × 1000 segments,
each segment being 1 nm2 . A silver particle with a diameter of 30 nm in the
2-propanol solution was assumed.
The displayed area in Fig. 17 is 100 segments square and it is interesting
that surface plasmons appear around the silver particle and have greater
amplitude at the cratering surface. This silver particle has a rough surface
because of segmentation. It looks like a rock and waves at the sea coast. From
this image, the “hot spot” might be explainable. The name of “hot spot”
refers to a special spot on the silver surface and SERS is strongly active at
this spot. In some cratering, where the surface bends inside, the surface will
be rich in positively charged ions and Raman-active molecules with negatively
charged ions will be absorbed. Also, cratering acts as a plasmon-active site.

4

Conclusion

In conclusion, we have conﬁrmed the formation of a nanometer-scale optical
switch in sandwiched Sb ﬁlm using 10 ns pulsed laser light irradiation. It is
important to note that repeated optical switching action can only be achieved
if the illuminating spot size is conﬁned to very small areas. When larger
areas are illuminated, the sandwiched layers are destroyed and the switching
properties disappear. Melting and furthermore vaporization will happen inside the Sb layer. The decay mechanism is related to heat diﬀusion inside
the ﬁlms. If heat can quickly be transported out of the illuminated region,
the ﬁlms recover before being destroyed, possibly due to diﬀerent thermal
expansion coeﬃcients or gas bubble formation.
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The AgOx layers are made from various mixtures of AgOx and O2 . According to the energy diagram of Fig. 16, silver and AgOx tend to change
toward Ag2 O. The AgOx layer as-deposited state is uncertain and very sensitive to light and heat exposure. If we consider that the AgOx layer consists
of Ag2 O, optical switching action will come from a thermo-chemical reaction:
deoxidation to Ag and O2 . To realize a reciprocal switching, photo-thermally
decomposed Ag and O2 should be recombined to make Ag2 O and, of course,
they are conﬁned between protective layers. Clearly repeated optical switching action is hardly realized and there remains some hysteresis, especially in
the initial stage.
The time response of Sb ﬁlm shows ﬁrst a rise and then a slow monotonous
decay. As for the AgOx ﬁlm, its sensitivity is lower than that of Sb ﬁlm. But
in the case of the super-RENS structure, in which AgOx is used with a phasechange material such as a GeSbTe, it has a very low threshold around 0.35 nJ.
The chemical reaction of AgOx associated with light irradiation seems milder
than that of the Sb bubbling. The AgOx layer used with the PC layer shows
higher sensitivity and is more stable than the Sb layer. In this case, light
is mainly absorbed at the PC layer and heat from the PC layer causes the
thermo-chemical reaction of AgOx. The AgOx ﬁlm might be less useful than
the Sb ﬁlm as a micro-optical switch. But, we consider that the LSC-superRENS is more promising than the TA-super-RENS.
As the laser-scattering center, the silver cluster itself scatters a high percentage of the input light and produces random interference speckle. Some
surface plasmon eﬀect occurring on the silver cluster surface should increase
this Rayleigh scattering light. Basic aspect about the generation of surface
plasmon was obtained by FDTD calculation. But many important factors,
which are necessary to reveal the mechanism and the inﬂuence of the surface
plasmon in super-RENS for recording and retrieving marks, remain unclear.
These are, for example, the relations between the surface plasmon and the
Rayleigh scattering, the size and shape of the silver clusters and their movements, etc.
Since the purpose of the super-RENS is to record and retrieve marks
with dimensions below the diﬀraction limit, the protective layered structure
seems to be an ideal arrangement in this respect. Third-order nonlinear optical materials usually show intensity-dependent refractive indices, and the
relationship between transmittance and input light power is almost linear.
The optical nonlinearity of the sandwiched Sb ﬁlm and AgOx ﬁlm diﬀers
from that of ordinary nonlinear optical materials, and the thermally induced
phase change or photo-chemical reaction in the layer turns the structure into
an excellent optical near-ﬁeld generating element. Without the protective layers, the mask layers do not show repeated switching properties. Therefore,
the layered structure is the key element of the super-RENS technique and
further improvements have to address the mask layer materials and also the
protective layer materials and their arrangement.
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Abstract. We propose a new lithography technique called “thermal lithography”
for patterning ﬁne structures far beyond the diﬀraction limit. A focused laser spot
was used to produce a spatially conﬁned hot area in a photoresist ﬁlm. This technique enabled us to succeed in fabricating lines and dots with 100 nm dimensions in
the photoresist ﬁlm. The dimensions of the produced patterns correspond to about
one ﬁfth of the diﬀraction limit of 530 nm deﬁned by our optical setup. We will
apply this technique to the mastering process for optical ROM disks as a low-cost
lithography technique.

1

Introduction

In the optical ROM data-storage mastering process [1], a lithography technique for producing 100 nm dimension pits will be necessary for ultrahigh
density recording in the future. It is well known that for lithography techniques, shorter wavelengths [2,3,4] or electron beams [5,6,7] have been strong
candidates and have been studied at several laboratories. However, shortening the wavelength faces the diﬃculty of developing improved light sources as
well as optical components, while the electron beam technique needs vacuum
installations and high-voltage power supplies for handling the electron beam,
thus requiring large-scale equipment. These problems turn these techniques
into high-cost processes for the optical ROM disk mastering process.
Recently, we demonstrated that a super-resolution near-ﬁeld structure
(super-RENS) [8] technique can be used to produce narrow grooves of 100 nm
dimension in a photoresist ﬁlm by a simple process unsing the optical nearﬁeld [9,10,11]. The Technique was also successful for fabricating such narrow grooves at a high speed of about 105 times that of the conventional
J. Tominaga and D. P. Tsai (Eds.): Optical Nanotechnologies,
Topics Appl. Phys. 88, 79–87 (2003)
c Springer-Verlag Berlin Heidelberg 2003


80

Masashi Kuwahara et al.

scanning near-ﬁeld optical microscope (SNOM) fabrication technique. The
super-RENS technique is a practical possibility as a low-cost technique for
sub-wavelength fabrication because it permits the use of visible light sources
and conventional optics. Nevertheless, we found that the photoresist ﬁlm was
damaged by the laser heating and remained on the sample surface after the
development process.

2

Technique

In this paper, we propose a new lithography technique called the “thermal
lithography” technique because it uses laser heating. In this technique, we
heat conﬁned areas of a reversible photoresist far beyond the diﬀraction limit.
That is, adjusting the applied laser power and the disk rotation speed, the
heated region in the photoresist ﬁlm can be conﬁned to an area with dimensions far beyond the diﬀraction limit. A reversible photoresist, which
is intended for image-reversal patterning through an annealing and a lightexposure process, was selected for this purpose. A conventional phase-change
material was also selected to act as a light-absorption layer and to generate
the minute heated area. Thermal cross-linking occurs in the heated photoresist portion only in the highest-temperature region inside the focused laser
beam and small structures are formed. A semiconductor laser source was also
used for heating the photoresist ﬁlm as in the super-RENS technique; however, only one light source is required for lithography in the new technique. It
is shown below that this “thermal lithography” technique has large potential
for the low-cost production of pits in disk mastering.
Figure 1 shows the distribution of the light intensity and the temperature inside a focused laser spot. The light intensity distribution inside the
focused laser spot has a nearly Gaussian cross-sectional proﬁle. This distribution is able to generate the eﬀective temperature area at the focused spot
center. Here, the eﬀective temperature area means the temperature in the
area is enough or more for inducing the thermal cross-linking. Moreover, adjusting the laser irradiation time and power allows control of the extent of
the heated area inside the illuminated material. Therefore, it is possible to
conﬁne a chemical or physical reaction inside this heated area. Indeed, it is
possible to make minute recorded marks with dimensions of less than 100 nm
at the phase-change recording layer [8]. In this study we made the chemical
reaction known as the thermal cross-linking reaction occur in the reversible
photoresist ﬁlm inside the minute area. The reacted portion of the photoresist appears on the sample surface after the development process and forms
convex structures with a sub-wavelength scale.
Figure 2 shows the process for the production of ﬁne structure on a substrate. First, the spin-coated photoresist ﬁlm, which is of the image-reversal
type, is ﬂood-exposed with blue light from a mercury lamp (λ = 365 nm),
creating acid. After that, a red laser beam is irradiated onto an absorption
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Fig. 1. Light intensity and temperature distribution inside a focused laser spot

Fig. 2. Process for production of ﬁne structure at thermal lithography

layer and transformed into heat at the layer. Then the generated heat propagates to the photoresist ﬁlm and causes a cross-linking reaction in it. Here
the created acid works as a catalyst through the cross-linking reaction. The
cross-linked photoresist portion is no longer soluble in the development solution. Consequently, convex ﬁne structures are formed on the sample surface
after development.
The cross-sectional structure of our sample is shown in Fig. 3. The substrates were commercial optical disks made of polycarbonate with lands
and grooves with 1.2 µm pitch width. A ZnS–SiO2 (top layer)/Ge2Sb2 Te5
(GST)/ZnS–SiO2 (bottom layer) multilayer structure was deposited on the
disk substrate by RF-magnetron sputtering. The thicknesses were 20 nm,
15 nm and 200 nm, respectively. The GST ﬁlm is in general use as a material for recording layers and works as a laser-light absorber and generates
heat in this study. The ZnS–SiO2 ﬁlms are protection layers for the polycarbonate and the GST ﬁlm against heat damage and oxidation. After the
depositions, an hexa-methyl-disilazane (HMDS) treatment was carried out
by a N2 bubbling method so as to improve the adhesion of the photoresist
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Fig. 3. Cross-sectional view of sample disk

ﬁlm and avoid exfoliation of the ﬁlm during the development process. The
photoresist (AZ5214E, image-reversal patterning photoresist, Clariant Co.)
was spin-coated on the ZnS–SiO2 top layer after diluting it with a commercial
thinner solution, and its thickness was about 70 nm. After coating, all sample
disks were prebaked for one minute at 90 ◦ C and ﬂood-exposed by blue light
(mercury lamp, λ = 365 nm). A semiconductor laser with 635 nm wavelength
was used as the light source for generating the heat because the combination
of that light wavelength and the GST ﬁlm is a typical setup for phase-change
recording and enables the generation of a minute hot area.

3

Experiment

Figure 4 shows the experimental setup. The sample disk was set on an optical disk drive tester (DDU-1000, Pulstec Industrial Co., LTD.). The disk was
rotated at a constant linear velocity (CLV) of 6.0 m/ s throughout our experiments. A semiconductor laser irradiated the disk from the polycarbonate
substrate side and was automatically focused on the GST ﬁlm through an
objective lens with a numerical aperture of 0.6. The diameter of the laser spot
and the diﬀraction limit for our optics were about λ/(NA) = 1.06 µm and
λ/(2NA) = 530 nm, respectively. Continuous and pulse modes of the laser
were used for the formation of lines and dots respectively. The laser power
in the continuous mode was changed from 2.0 mW to 5.0 mW at 0.5 mW intervals. The power in the pulse mode was changed from 8.0 mW to 15.0 mW
at 1.0 mW intervals. All experiments were carried out only on land areas of
the disk because it is easy to obtain topographies on the lands rather than
on the grooves when using an atomic force microscope (AFM). The samples
were developed with an organic alkali solution (NMD-W, Tokyo Ohka Kogyo
Co., LTD.) for 30 s and then rinsed in pure water for 30 s, both processes at
room temperature. After that, post-baking was carried out at 110 ◦C for 60 s.
AFM was used in the tapping mode for observation of the topographies and
the determination of the dimensions of the fabricated structures.
Figure 5 shows the topography of a convex line observed on a land. The
laser in continuous mode was irradiated for 10 s, corresponding to about 400
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Fig. 4. Experimental setup. The sample disk is mounted onto a disk drive tester
with an auto-focusing system

Fig. 5. Topography of a narrow line with
110 nm width produced by continuous
laser illumination

disk rotations, and the laser power was 4.0 mW. The linewidth was approximately 110 nm and far narrower than the laser spot size (d = 1.06 µm) and
also the diﬀraction limit (d = 530 nm). The height was about 35 nm and
about half of the thickness of the spin-coated photoresist ﬁlm. Our technique
can conﬁne the extension of the thermal cross-linking reaction within dimensions of 110 nm width and 35 nm height. On the other hand, no line structures
could be observed for powers of less than 3.5 mW and more than 4.5 mW on
the land area. It is clear that the temperature inside the photoresist ﬁlm at
less than 3.5 mW of the laser power is not suﬃcient for stimulating the crosslinking reaction. At more than 4.5 mW, it is thought that the photoresist
was evaporated or removed from the land areas because residual photoresist
annealed by laser light was observed on the edge of lands or grooves in the
AFM images.
Figure 6 shows an AFM image of a dot structure fabricated by pulsed laser
irradiation on a land area during one disk rotation. Typical dot dimensions
were 105 nm in diameter and 20 nm in height. The pulse conditions were
6 MHz frequency, 30% pulse duty ratio and a power of 14 mW, respectively.
The laser-spot running length (l) on the disk surface was calculated from the
pulse frequency (f ), the duty ratio (α) and the disk rotation speed (υ) to be
l = αυ/f = 300 nm. However, the obtained dot size is far smaller than this
distance. Obviously, at the beginning of the power-on cycle, the generated
temperature in the photoresist ﬁlm is not suﬃcient to stimulate the crosslinking reaction. The heat accumulates gradually inside the photoresist ﬁlm
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Fig. 6. Dot image produced by pulse laser
illumination with a frequency 6 MHz and
a duty ratio of 30%

as the laser spot continues to heat the surface. The threshold temperature
level to induce the cross-linking reaction is expected to be located at the end
of the exposed area. Consequently, dot sizes were achieved with a diameter
of 105 nm, which is one ﬁfth of the diﬀraction limit.
Another experiment was carried out for the production of smaller dots
than those shown in Fig. 6. For this purpose, we changed the duty ratio
from 30% to 20%, while the pulse frequency and the power were ﬁxed at
6 MHz and 14 mW. The laser running distance was l = αυ/f = 200 nm in
this experiment. Figure 7 shows the AFM topography of the dot structures
generated under these conditions. The obtained dot dimensions were typically
80 nm in diameter and 15 nm in height. This diameter corresponds to less than
one sixth of the the diﬀraction limit of the experimental optics. However,
the ratio of the dot diameters between those in Fig. 6 and Fig. 7 was not
proportional to the reduction of duty ratio or the laser-spot running distance.
Nevertheless, changing the duty ratio seems to control the dot dimensions
under these conditions.
Figure 8 also shows an AFM topography image of dot structures generated
under the conditions of 9 MHz (frequency), 20% (duty ratio) and 15 mW
(laser power). Typical dot dimensions were 150 nm in diameter and 20 nm in
height. This size was larger than that of the previous experimental results for
6 MHz, although the calculated laser-spot running length was 130 nm, which
was shorter than that of the previous experiments. Here the cool-down time

Fig. 7. Dot image produced by pulsed
laser illumination with a frequency 6 MHz
and a duty ratio of 20%
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Fig. 8. Dot image produed by pulsed laser
illumination with a frequency 9 MHz and
a duty ratio of 20%

between the pulses seems to be too short to produce individual spots with
smaller dimensions. Further investigations are needed to clarify the relation
between pulse frequency, duty ratio and applied laser power to control the
dot size and interval spaces between the dots for the fabrication of various
pits and to elucidate the dot-formation mechanism.
We also have tried to produce lines or dots on ﬂat disk substrates made
of fused silica without lands and grooves, because pit production on a ﬂat
substrate is necessary for the optical ROM mastering process. Nevertheless, we could not produce any ﬁne structure with sub-wavelength dimensions by either continuous or pulsed laser mode on silica substrates. The
heat inside the photoresist ﬁlm cannot be conﬁned in the sub-wavelength
area because the thermal conductivity of the fused silica with the value of
1.4 W/( m · K) [12] is seven times that of the polycarbonate with the value
of 0.19–0.15 W/( m · K) [13,14]. That is, the generated heat on the silica substrate can diﬀuse more easily than that on the polycarbonate substrate, and
conﬁning the heat inside the minute area is therefore more diﬃcult. Computer
simulation is thought to be a powerful tool for the thermal analysis in each
material and for considering the conﬁguration and shape of the substrates.
We have demonstrated the fabrication of lines and dots with 100 nm dimensions far beyond the diﬀraction limit of the optical system used by applying a “thermal lithography” technique. We have found that the line formation
was very sensitive to the laser power and that the dot dimensions could be
controlled by the duty ratio of the laser pulses. We believe that this technique
has large potential as a low-cost technology for the disk mastering process in
ultrahigh-density optical ROM technology.
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Abstract. The removable and rewritable high-density phase-change optical disk is
attractive for high-deﬁnition television (HDTV), digital TV and internet downloading. Super-resolution near-ﬁeld technology is one of the most promising technologies for achieving ultra-high density recording and is considered a more feasible way
of near-ﬁeld optical recording with simpler recording-head design, less mechanical
damage, no contamination and higher recording speed. Developing new structures
and searching for new mask materials are two important issues.

1

Introduction

Removable and rewritable high-density and low-cost media are attractive
for high-deﬁnition television (HDTV), digital movies TV and internet download. Phase-change (PC) media [1,2,3,4] and magneto-optical (MO) [5,6,7,8]
are the two most promising technologies. But both of the optical-recording
technologies employ a laser beam. The laser-beam spot size is limited by
the diﬀraction limit, which is dependent on the wavelength λ and the numerical aperture (NA) of the objective lens. For example, a digital versatile
disk (DVD) system that can store 4.7 GB data uses a laser diode (LD) with
a wavelength of 635–650 nm and a 0.6 NA, which restrict the spot size to
about 0.8 µm [9]. An easier way to reduce the spot size and increase the data
density is to utilize a short-wavelength LD and a higher-NA objective lens.
Philips invented the digital video recording (DVR) system which allows
the storage of 22.5 GB on a single-layer 12 cm disk by utilizing a blue laser
(405 nm) and a dual-objective lens with NA = 0.85 [10]. Matsushita proposed
a dual-layered disk to double the capacity [11]. Recently Matsushita demonstrated a 50 GB dual-layer phase-change DVR with a transmittance-balanced
structure [12].
For MO recording, useful technologies are super-resolution techniques
such as MSR (magnetic super-resolution), PSR (premastered super-resolution), MAMMOS (magnetic amplifying magneto-optical system), and CoSR
(Co-super-resolution). All of these technologies have been developed to generate a small aperture in high-density optical disks [13,14,15,16,17,18,19].
J. Tominaga and D. P. Tsai (Eds.): Optical Nanotechnologies,
Topics Appl. Phys. 88, 87–108 (2003)
c Springer-Verlag Berlin Heidelberg 2003
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However, these techniques use far-ﬁeld light passing through the small aperture.
Another attractive method to increase optical data-storage density is to
utilize optical near-ﬁeld recording. This technology has the potential to increase storage density, even up to the terabyte level. Optical near-ﬁeld recording was ﬁrst proposed by Betzig et al. [20]. In their work, a near ﬁeld is formed
from a small aperture opened up at the tip of the metal-coated ﬁber. The
distance between the aperture and the surface is less than 10 nm, which is
controlled by the shear force. Thus, the recorded mark size is normally determined by the aperture size. Until now, much eﬀort has been put into
producing a smaller aperture and increasing the transmittance [21,22]. Nevertheless, the data transfer rate at present is too slow to apply the technique
to real data-storage devices. On the other hand, space control by the shear
force is not applicable, especially for rotating a disk at a high speed as for
compact disks (CD) or DVDs. The main obstacle is the tip crush. In order to
apply near-ﬁeld optical recording to practical applications, Terris et al. [23]
developed a technology that employs a solid immersion lens (SIL) to decrease
the mechanical damage caused by the near-ﬁeld optical ﬁber probe, and to
achieve higher recording speed. However, in the past few years, the control
of the near-ﬁeld distance between the SIL recording head and the recording
medium, contamination, and the near-ﬁeld aperture size of the SIL have been
the major hurdles for commercial applications.
Recently, Tominaga et al. proposed the new approach of the super-resolution near-ﬁeld structure [24,25,26,27]. They named this structure superRENS. In such a structure, a mask layer of Sb is deposited very close to the
phase-change recording layer within the range of the near ﬁeld. During the
recording and readout processes, a small aperture that functions as a local
near-ﬁeld SIL is formed in the mask layer. Since the near-ﬁeld distance is
well controlled by a spacing layer between the mask layer and the recording layer, unlike the previous near-ﬁeld storage techniques, the diﬃculties of
the feedback control of the near-ﬁeld distance and the degradation of the
near-ﬁeld probe can be overcome. Super-RENS is considered a more feasible
way of near-ﬁeld optical recording with simpler recording head design, less
mechanical damage, no contamination and higher recording speed.
More recently, Tominaga et al. [28,29] demonstrated that a AgOx -type
super-RENS with an AgOx layer as a mask layer has a much stronger nearﬁeld intensity and better carrier-to-noise ratio (CNR). The metallic probe
was produced in an AgOx mask layer. Small marks of less than 100 nm in
length could be recorded and reproduced at a linear velocity of 6 m/ s by the
optimized AgOx layer. However, the overwriting cycle is a big challenge for
this type of super-RENS.
So far, the working mechanism of the super-RENS has not been well understood. Fukaya et al. [30] studied the optical switching property of a lightinduced pinhole in the Sb thin ﬁlm. Tsai et al. and Liu et al. investigated
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the focused spot size of Sb and AgOx for understanding the working mechanism of the super-RENS in the transmission mode using a tapping-mode
near-ﬁeld scanning optical microscope (NSOM) [31,32,33,34,35,36]. The direct near-ﬁeld optical imaging provided important information involved in
super-RENS. Tsai et al. proposed the local surface plasmon (LSP) model to
explain the working mechanism of the super-RENS [34].
Recent research has focused on searching for new mask materials, such
as Zn and Sb2 Te3 , and new structures [37,38,39], understanding the working
principle, improving the recording performance of the super-RENS such as
the CNR and thermal stability.

2 Description of the Reading and Recording Process
for the Super-RENS and the Requirements
for the Mask-Layer Material and the Super-RENS
There are two main types of super-RENS. One is the Sb type (or melting
type) and another is the AgOx type (or scattering type). Figure 1 shows the
Sb super-RENS disk structure.
2.1 Description of the Reading and Recording Process
for the Super-RENS
For the Sb-type super-RENS, the ﬁlm changes from the crystalline state
to the liquid state when the temperature of the mask layer rises above the
melting point during the recording process. A small hole is then formed. The
hole can be considered as a small lens. Since the reﬂectivity of the material
in the liquid state is much lower than that of the solid crystalline state, the
rear portion of the laser spot is masked by the mask layer.
Tominaga et al. experimentally conﬁrmed the formation of a temporarily
light-induced pinhole in an Sb ﬁlm by irradiation with a 10 ns pulsed laser
beam. Pinhole formation seemed to be very rapid and started within the
duration of the laser pulse and probably on a subnanosecond scale. With the

Fig. 1. Sb-type super-RENS disk
structure
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increase in input light intensity the transmittance of the Sb ﬁlm changed
drastically. When a laser beam was focused on the Sb ﬁlm, a pinhole with
a diameter smaller than that of the laser-beam spot was formed temporarily.
As a result, optical near-ﬁeld recording and readout through this pinhole have
been conﬁrmed.
Figure 2 shows the AgOx super-RENS disk structure. In this structure,
the AgOx layer is used to produce the metallic probe. The AgOx rapidly
decomposes into Ag and oxygen in a small area heated above the threshold
temperature by a focused laser beam. After the laser beam is removed, the
Ag and oxygen form the AgOx compound again. The decomposed Ag aggregates and produces a metallic area. The Ag area is not transparent and
can be seen as a scattering center. Therefore, the near-ﬁeld light is generated
around it. This near-ﬁeld light interacts with a recorded mark in the recording layer and scatters there, because the distance between the readout layer
and the recording layer is within the range of the near-ﬁeld light. Then, part
of the scattered light is reﬂected back to the pickup. Thus, small marks can
be recorded and reproduced through the near-ﬁeld light around the Ag area.
Hence, the decomposed Ag functions as a metallic probe for near-ﬁeld recording and readout. On the other hand, part of the incident far-ﬁeld light passes
through the recording and readout layers because of low reﬂectivity, and the
rest of the incident far-ﬁeld light is absorbed to increase the readout layer
temperature and is reﬂected back to the pickup in order to focus and track
the laser beam.
It should be pointed out that from the chemistry point of view if the
reaction speed is faster in one direction, the reaction speed in the opposite
direction will be slower. This means that if the AgOx decomposition speed is
faster, the re-composition from Ag and O to form AgOx will be slower. This
is contrary to the experimental observations. Until now this phenomenon has
not been well understood.

Fig. 2. AgOx super-RENS disk structure
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Requirements for the Mask Layer

In order to realize the super-RENS eﬀect, several requirements for the mask
layers must be met. Since a mask layer is used not only for recording but also
for reading, it must have a fast reaction speed. This fast reaction is required
for both the leading part and trailing part. If the leading part reaction is
not fast, the distribution of the laser-beam intensity proﬁle will be aﬀected
and in turn the recording and reading quality. Trailing-part reaction speed
also aﬀects the quality of the recording and reading signal. Compared to the
trailing part, the leading-part reaction speed is more important.
Thermal stability is a critical issue for the super-RENS because the distance between the mask layer and the recording layer is very short. The
change in the mask layer should not inﬂuence the state of the recording
layer.
Compared to the conventional phase-change optical disk, the reading
power for the super-RENS is higher. Therefore, the overwriting and overreading cycle become important issues.

3

New Mask Material

The resolution of the super-RENS is very sensitive to the dielectric layer
sandwiched between the mask and phase-change layers. With a Sb mask
layer, the dielectric layer of SiN can achieve marks of 60 nm dimension, while
ZnS–SiO2 cannot. GeSbTe is conventionally used as a recording material
and ZnS–SiO2 is used as a dielectric material for phase-change disks. The
invention of ZnS–SiO2 as a dielectric layer was one of the most signiﬁcant
factors for achieving cycling times of millions of cycles [40].
It is well known that the GeSbTe system can be seen as pseudobinary
GeTe and Sb2 Te3 alloys with diﬀerent combinations, such as Ge2 Sb2 Te5 ↔
(GeTe)2 (Sb2 Te3 ), Ge1 Sb2 Te4 ↔ (GeTe)(Sb2 Te3 ), and Ge1 Sb4 Te7 ↔ (GeTe)
(Sb2 Te3 )2 (Fig. 3). This fact suggests to us the use of Sb2 Te3 as a mask
layer. Sb2 Te3 has a rhombohedral lattice of the tetradymite (Bi2 Te2 S) type

Fig. 3. Formation diagram of the GeSbTe
system
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(space group R3m) in the hexagonal conﬁguration with the lattice parameters: a = 0.4264 nm and c = 3.0453 nm [41]. The hexagonal unit cell contains
three ﬁve-layer packs (N = 15). The atomic layers are alternated in the
Te1 SbTe2 SbTe1 sequence perpendicular to the c axis. The ﬁve-layer packets
are bonded to each other by weak van der Waals forces. The other promising
characteristics of Sb2 Te3 include its higher crystallization speed and lower
crystallization temperature compared with those of Sb material [42,43]. Figure 4 shows the diﬀerential scanning calorimetry (DSC) curve of as-deposited
Sb2 Te3 . From Fig. 4 it can be seen that as-deposited Sb2 Te3 is in the crystalline state.

Fig. 4. DSC curve of as-deposited Sb2 Te3

4

New Structures

Figures 5 and 6 show two new structures of the super-RENS. Figure 5 shows
the plasmon-coupling layer between the mask layer and the recording layer,
and Fig. 6 shows the plasmon-coupling layer in front of the mask layer.
GeSbTe was used as the phase-change material and Sb2 Te3 as the masklayer material. ZnS–SiO2 was used as dielectric material. For the plasmoncoupling layer, a highly conductive material was used. The main purpose of
the new additional layers is to improve the thermal stability of the superRENS. Moreover, it can also be used to induce localized surface-plasmon
coupling.

5

Theoretical Simulation

Optical simulation was performed to evaluate the eﬀect of the super-RENS.
The modulation transfer function (MTF) can be derived from scanning microscope theory [44,45].
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Fig. 5. New structure 1, with localized surface-plasmon coupling layer
(LSPCL) between the mask layer and
the recording layer

Fig. 6. New structure 2 with localized surface-plasmon coupling layer
(LSPCL) in front of the mask layer

5.1
5.1.1

Optical Simulation
Modeling and Equations Used for Optical Simulation

The point-spread function is given by
  ∞
P (x, y) exp [2πi(ux + vy)] dxdy ,
h(u, v) =

(1)

−∞

where P (x, y) is the pupil function of the objective lens and is given by

  2

y2
x
exp − W
if (x + y)2 ≤ 1
2 + W2
x
y
P (x, y) =
(2)
0
elsewhere .
Wx and Wy are the parameters that determine the amplitude distribution
of the laser beam at the entrance aperture of the objective lens. Here Wx
and Wy are assumed to be equal to each other and are chosen such that the
intensity of the laser beam at the edge of the objective lens is 25% of that at
the lens center. The amplitude distribution of the light leaving the disk can
be given by
Ad (u, v, us , vs ) = h(u, v) f (u, v) t(u − us , v − vs ) ,

(3)
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where (us , vs ) is the displacement of the disk and t(u − us , v − vs ) is the
transmittance of the disk. The complex amplitude of the light diﬀracted
backward to the point (x, y) on the pupil can be written as

A(x, y, us , vs ) =

∞

−∞

h(u, v) f (u, v) t(u − us , v − vs )

× exp[−2πi(xu + yv)]dudv
 ∞
P (x − m, y − n) ⊗ F (x − m, y − n) × T (m, n)
=
−∞

× exp[−2πi(us m + vs n)] dmdn ,

(4)

Where the symbol ⊗ denotes the convolution operation and T (m, n) and
F (mf , nf ), which are the Fourier transform of t and f , are given by

T (m, n) =

∞

−∞

and



F (mf , nf ) =

t(u, v) exp[−2πi(um + vn)] dudv

(5)

∞

−∞

f (u, v) exp[−2πi(umf + vnf )] dudv ,

(6)

where m and mf are the spatial frequencies in the x-direction and n and nf
are the spatial frequencies in the y-direction.
If introducing a new parameter, called the extended pupil function, the
meaning of (4) becomes clearer to represent the convolution function in (4),
i.e.,
Pex (x − m, y − n) = P (x − m, y − n) ⊗ F (x − m, y − n) .

(7)

The total light diﬀracted back to the pupil can be obtained as
 ∞
∗
C(m, n, m , n ) T (m, n) Tm
(m , n )
I(us , vs ) =
−∞

× exp {[−2πi(m − m )us + (n − n ) vs ]} dmdndm dn ,
where
C(m, n, m , n ) =

(8)


Pex (x − m, y
lens aperture
∗
Pex
(x − m , y − n ) dxdy .

− n)

(9)

The MTF in a given direction can be written as
MTF = |C(m, 0, 0, 0)|
 



∗
= 
Pex (x − m, y) Pex
(x, y) dxdy  .
lens aperture

(10)
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Optical Simulation Results

The simulation results show that the optical disk exhibits the maximum
response when almost half the laser spot is covered by the mask. It can hardly
be achieved with the conventional single-beam readout technique. However, it
is possible to realize the faster response with the super-RENS by optimizing
the disk structure and reading power to match a certain speed. This will be
shown in the thermal simulation results.
5.2

Thermal Simulation

The cross-section of the super-RENS is shown in Fig. 1. In this structure there
is a mask layer. Between the mask layer and the phase-change layer there is
another dielectric layer. It can be seen that there are two heat-generation
layers. Therefore, the thermal performance is quite diﬀerent from that of
conventional optical disks.
5.2.1

Modeling and Equations Used For Thermal Simulation

The fundamental equation based on linear transient thermal conduction is
expressed as follows:
∇2 T (r, t) +

1 ∂T (r, t)
1
g(r, t) =
,
k
α ∂t

(11)

where α = k/ρCp = thermal diﬀusivity, T is the temperature, k is the thermal
conductivity coeﬃcient. The term g(r, t) gives the amount of heat energy per
unit time and volume generated in the layer. The procedure for calculating
g(r, t) is expressed as follows. The laser beam intensity distribution is assumed
to be Gaussian:
 2
r
I = I0 exp − 2 ,
(12)
r0
where I0 is the incident light intensity at the center of the laser beam, I0 =
P/(πr2 ), P is the laser power and r0 is the beam radius.
Taking into consideration the heating eﬀects due to both the incident and
reﬂected laser light, the term g(r,t) can be divided into two terms written
as follows (see Fig. 7 for the coordinates of the multilayer structure of the
super-RENS):

(x − vt)2 + y 2
(13)
I1 (r, t) = A1 I0 βmask s(t) exp −
r02
× exp[−βmask (z − z2 )] ,

(x − vt)2 + y 2
I2 (r, t) = A2 I0 βmask s(t) exp −
(14)
r02
× exp[−βmask (z3 − z)] ,

96

Lu Ping Shi and Tow Chong Chong

Fig. 7. Coordinates of the multilayer structure of the super-RENS


(x − vt)2 + y 2
I3 (r, t) = A3 I0 βPC s(t) exp −
r02

(x − vt)2 + y 2
I4 (r, t) = A4 I0 βPC s(t) exp −
r02
I1 + I2
gmask (r, t) =
,
πr02
I3 + I4
,
gPC (r, t) =
πr02

exp[−βPC (z − z4 )] , (15)
exp[−βPC (z5 − z)] , (16)
(17)
(18)

where I1 and I2 represent the contributions from the propagating and reﬂection light in the mask layer, respectively, and I3 and I4 represent the
contributions from the propagating and reﬂection light in the phase-change
layer, respectively. A1 , A2 , A3 , and A4 are the attenuation factors, which can
be calculated by the optical method.
In the super-RENS structure, a mask layer and other dielectric layers are
added. Therefore, both the mask layer and the phase-change layer will absorb
laser energy. As a result the thermal performance is quite diﬀerent from that
of conventional optical disks. The thermal characteristics of the super-RENS
structure can be described as follows:
1. There are two layers of heat sources. One is the mask layer and the other
is the phase-change layer.
2. Before the mask layer reaches its melting point, the laser beam intensity
distribution is Gaussian.
3. When the temperature of the mask layer reaches its melting point, an
optical aperture is formed. The laser beam intensity distribution will then
be changed. The focus beam can generate smaller marks in the phasechange layer.
5.2.2

Thermal Simulation Results

If the thickness of the dielectric layer sandwiched by the mask layer and phase
change layers is too thin for the disks with the structures of Figs. 1 and 2,
the temperature of the phase-change layer can be much higher than the crystallization temperature when the reading power heats the mask layer to the
melting state. The simulation results show this behavior.
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Fig. 8. Temperature distribution in new super-RENS structure 1

Temperature Distribution
Figure 8 shows the temperature distribution produced by the simulation. It
can be seen that as the temperature reaches the melting point, the temperature in the phase-change layer becomes higher than the crystallization
temperature. This means that the recorded marks can be erased. This simulation result has been proved by the experiments.
Figure 9 shows the temperature distribution in the new super-RENS
structure 1. From these ﬁgures it can be seen that the temperature is much
lower than that of the conventional super-RENS shown in Fig. 1.
Figure 10 shows the heat ﬂow proﬁle for the structures shown in Fig. 1 and
Fig. 11 shows the heat ﬂow proﬁle for the new structure 2. In this simulation

Fig. 9. Temperature distribution in a conventional super-RENS
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Fig. 10. Heat ﬂow proﬁle for structures shown in Fig. 1

Fig. 11. Heat ﬂow proﬁle for new structure 2 shown in Fig. 6

it was assumed that the heat is only generated in the mask layer, so that
we can clearly see the eﬀect of the new thermal sink layer. Figure 10 shows
that the heat ﬂow rate is almost symmetrical in the conventional structure,
whereas in Fig. 11 the heat generated in mask layer is mainly absorbed by the
thermal sink layer. The main reason for this improvement is that the thermal
sink layer is a good thermal conductor and the distance between the mask
layer and the thermal sink layer is much smaller than that between the mask
and the phase-change layer. In the reading process the heat will ﬂow to the
thermal sink layer. The simulation results demonstrated that the thinner is
the thickness of the dielectric layer sandwiched by the mask layer, the more
the heat ﬂows to the thermal sink layer. The thicker is the thermal sink layer,
the more the heat ﬂows to the thermal sink layer.
Reading Optical Distribution at Diﬀerent Conditions
Optical simulation shows that the optical disk exhibits the maximum response when almost half the laser spot is covered by the mask. This means
that the super-RENS eﬀect is related to the position between the laser beam
and the hole melted in the mask layer. Figures 12, 13, 14, 15, 16 show the
overlap of the contour line of the laser beam and the small hole. From the
ﬁgures it can be seen that the overlap is related to the power and the speed
of the disks. If the power and speed do not match, the hole will be very small,
as shown in Fig. 16, or even cannot form. The higher is the power, the larger
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Fig. 12. Overlap of the contour line of the laser
beam and the small hole at a reading power of
3.5 mW and velocity of 2 m/ s

Fig. 13. Overlap of the contour line of the laser
beam and the small hole at a reading power of
4.5 mW and velocity of 2 m/ s

Fig. 14. Overlap of the contour line of the laser
beam and the small hole at a reading power of
3.5 mW and velocity of 4 m/ s

Fig. 15. Overlap of the contour line of the laser
beam and the small hole at a reading power of
4.5 mW and velocity of 4 m/ s

Fig. 16. Overlap of the contour line of the laser
beam and the small hole at a reading power of
3.5 mW and velocity of 8 m/ s
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is the hole. The faster the disk rotates, the smaller is the hole. On the other
hand, this means that the overlap of the contour line of the laser beam and
the small hole is also related to the disk structure and materials. It is clear
that by optimizing the structure a faster response with the super-RENS can
be achieved, as shown previously.

6

Fabrication of the Disk

The ﬁlms were deposited on 0.6 mm thick polycarbonate substrates with
a track pitch of 0.74 µm using the Balzer–Cube sputtering system. The PC
recording layer, mask layer and plasmon-coupling layer were deposited by DC
magnetron sputtering. The dielectric layers were deposited by RF sputtering.
The background vacuum was at the level of 1.2 × 10−7 mbar. The working
pressure was 4.5–5.5 × 10−3 mbar, with Ar as the processing gas at 15 sccm.
After sputtering, the substrate with a multilayer stack was bonded to a blank
substrate. The thickness was varied so as to observe the diﬀerence. Following
three structures were fabricated:
1. Conventional structure:
polycarbonate/ZnS–SiO2(100 nm)/Sb2 Te3 (10 nm)/ZnS–SiO2 (50 nm)/
GeSbTe (15 nm)/ZnS–SiO2 (20 nm);
2. New structure 1:
polycarbonate/ZnS–SiO2(100 nm)/Sb2 Te3 (10 nm)/ZnS–SiO2 (10 nm)/
plasmon-coupling layer (10 nm)/ZnS–SiO2 (40 nm)/GeSbTe (15 nm)/
ZnS–SiO2 (20 nm);
3. New structure 2:
polycarbonate/ZnS–SiO2(100 nm)/plasmon-coupling layer (10 nm)/
ZnS–SiO2 (10 nm)/Sb2 Te3 (10 nm)/ZnS–SiO2 (50 nm)/GeSbTe (10 nm)/
ZnS–SiO2 (20 nm).

7

Measurement Results

The dynamic properties were measured using a ShibaSoku LM330 A tester.
The wavelength of the laser beam was 650 nm. The numerical aperture of
the objective lens was 0.6. The writing speed ranged from 0.6 to 6 m/ s, the
reading power from 1 to 7.0 mW and the writing peak power from 8.0 to
18.0 mW.
7.1

Thermal Stability

Figure 17 shows the reﬂectivity versus time using a 2 mW reading power,
where the thickness was 25 nm. In phase-change recording, the background is
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Fig. 17. Reﬂectivity versus time using
a 2 mW reading power, where the thickness
is 25 nm

Fig. 18. Normalized jitter change with time
for a disk with a 50 nm thick additional dielectric layer

Fig. 19. Normalized jitter change with
time for the new structure disk shown
in Fig. 3 with a multilayer structure of
130/8/10/5/35/16/130 nm

in the crystalline state and the marks are in the amorphous state. The change
of reﬂectivity reveals that the marks in the recording layer were erased in the
reading process.
Figure 18 shows the normalized jitter change with time for the disk
of Fig. 1 with a 50 nm additional dielectric layer sandwiched by the mask
layer and the phase-change layer. Figure 19 shows the normalized jitter
change with time for the new structure 1 with the multilayer structure of
130/8/10/5/35/16/130 nm. Comparing Fig. 18 with Fig. 19 it can clearly be
seen that the thermal stability is signiﬁcantly improved.
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Fig. 20. CNR versus reading power at different mark lengths for the disks with the
conventional super-RENS structure

Fig. 21. CNR versus reading power at different mark lengths for the new structure 1
of the super-RENS disk

Fig. 22. CNR versus reading power at different mark lengths for the new structure 2
of the super-RENS disk

7.2

Super-RENS Eﬀect

Figures 20, 21, 22 show CNR (Carrier Noise Ratio) versus reading power
at diﬀerent mark lengths for the disks with the above three structures. Figures 20, 21, 22 were obtained from the disks with the structures shown in
Figs. 1, 5 and 6, respectively. For the conventional structure disk, the smallest
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mask size that can be observed is 56 nm and for the new structure disk, the
smallest mask size that can be observed is 31 nm, which is roughly equal to
the level of λ/20. The above results can be repeated, as each experiment was
carried out at least three times including both disk fabrication and characterization.
It should be noted that the results were obtained by using red light. If we
use blue light of 400 nm wavelength, the smallest achievable mark size would
be expected to be about 20 nm.

8

Possible Mechanism of the Super-RENS

Until now, the most successful model to explain the working mechanism of the
super-RENS has been the local surface-plasmon model of Tsai et al., although
there are some issues that need to be further studied [34,35]. They used
a tapping-mode tuning-fork near-ﬁeld scanning optical microscope (TMTFNSOM) to directly measure the images of the near-ﬁeld intensity and the
intensity gradients at diﬀerent incident laser intensities in the Sb-type superRENS. Their results showed that a focused laser could locally excite the
super-RENS structure. The localized excitation area can be smaller than the
laser-focused area. The area of the static evanescent intensity can be established in a very stable manner, and could be controlled by the focused laser
power. The laser-excited area had large positive ﬂuctuations locally, which
occurred around the edge of the static evanescent intensity area. These results
indicated that the formation of this evanescent intensity zone resulted from an
ensemble of the localized surface plasmons, which were excited and controlled
by the focused laser. The surface-plasmon enhanced local evanescent ﬁeld acts
as the near-ﬁeld “aperture” described by Tominaga et al. [24,25,26,27]. The
near-ﬁeld recording and reading of the super-RENS are due to the local photothermal interactions between this excited evanescent area and the phasechange recording layer. The enhanced evanescent intensity may result from
the localized surface plasmons excited at the mask and the dielectric layer
interface. An ensemble of the localized surface plasmons and their photothermal energy transfer are believed to be the major factors of the super-RENS
on the near-ﬁeld optical storage.
Lie et al. [35] studied the transmission of the near-ﬁeld intensity of a focused spot at the super-RENS sample, cover glass/ZnS–SiO2 (20 nm)/AgOx
(15 nm)/ZnS–SiO2 (20 nm), using a tapping-mode near-ﬁeld scanning optical
microscope.
The nonlinear optical properties and surface plasmon eﬀect of the AgOx type super-RENS have been observed experimentally using a TMTF-NSOM.
The TEM picture of the AgOx -type super-RENS reveals that the AgOx
layer is heterogeneous. Numerical simulations indicate polarization dependence and strong localized peaks at the rough surfaces, which imply the
existence of localized surface plasmons. The enhanced evanescent intensity
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may result from the localized surface plasmons excited at the interface. The
complicated material structure further enhances the surface-plasmon eﬀect
and introduces nonlinear optical properties. The collective eﬀects of the localized surface plasmons and the complicated material structure are suggested
to be the working mechanism of the super-RENS for the near-ﬁeld optical
storage.
In both Sb- and Ag-type super-RENS, LSP plays an important role, yet
only the mask layer functions as an LSP source to get small marks beyond the
diﬀraction limit. If we introduce another LSP source into the conventional
structure within the near-ﬁeld distance, the two LSP sources may couple with
each other. This coupled localized surface plasmon (CLSP) can be stronger
than the LSP in the case of a single mask-layer, as shown in Fig. 1. As
a result the smallest masks observed from the structures of Figs. 5 and 6
should be smaller than that observed from the structures of Fig. 1. This was
conﬁrmed by the much smaller mark observed in the new structures 1 and 2,
when compared to the conventional structure. This CLSP may be the major
reason for the observation of the small mark size.
It is notable that LSPs may also be formed in the crystalline state of the
phase-change layer. Therefore, there are three LSP interactions for the structures in Figs. 5 and 6. The interactions of the three LSP sources and their
photothermal energy transfer are related to the distance and the arrangement of the three LSP sources. This may result in the diﬀerence observed
from Figs. 21 and 22. It should be pointed out that the interactions of the
three LSPs are very complicated in the cases of Figs. 5 and 6. The mechanism of the coupling and control of the CLSPs are still important issues.
The interactions of LSPs and their relationship with the materials and thickness of the mask layer, thermal-coupling layer, dielectric layer and recording
layer need to be further studied. At least the above results provide indirect evidence to support Tsai’s LSP model. Research on the small mark is
based on this CLSP concept. Recently, Tominaga et al. [46] reported on the
experimental observation of the local plasmon coupling eﬀect between two
mask layers in which there was a phase-change layer. A super-RENS disk
with a second light-scattering center below the recording layer was designed.
The second scattering center was also separated by inserting a ZnS–SiO2
layer with a thickness in the range of the near-ﬁeld interaction distance. The
formation of the scattering centers in the two AgOx layers was mainly due
to heat propagation from the phase-change recording layer. Thus far, they
have applied only a single AgOx layer in LSC-super-RENS disks; however,
by placing a second AgOx layer on the opposite side, the layer may also generate a scattering center if the heat propagates uniquely in a narrow region
of about 50 nm. In their experiment, the coupling phenomenon happened between three local surface plasmon sources, which is quite similar to the CLSP
in the new structures 1 and 2.

New Super-Rens Disk Structures and Mask-Layer Material

105

Tsai et al. observed the large positive ﬂuctuations around the edge of the
static evanescent intensity zone. This may be caused by the imperfection of
the localized excitation at the interface of the mask layer and the dielectric
layer. The accuracy and perfection of the near-ﬁeld recording marks induced
by the super-RENS may be limited by this imperfect edge. The CNR of the
super-RENS optical disk may also be signiﬁcantly aﬀected by the aperture
edge problem. In order to investigate the imperfect edge, we measured the
mask periphery by using TEM, as shown in Fig. 23. In some photos, the
imperfect edge is similar to that shown in Fig. 23. This results is a direct
observation of the imperfect edge that supports Tsai’s indirect observation
and his model. The imperfection of the edge of the excited spot or the evanescent intensity zone is one of the important limitations aﬀecting the recording
accuracy and density of the super-RENS. This mark edge irregularity is related to the grain size and the crystallization behavior. The imperfect edge
in the mask layer can also be attributed to these two reasons. In fact, the
large positive ﬂuctuations around the edge of the static evanescent intensity
zone observed by Tsai could be caused by the combination of the imperfect
edges in the mask and phase-change layers.

Fig. 23. TEM image of imperfect mark edge

9

Conclusions

The structure of a super-resolution near-ﬁeld phase-change optical disk with
localized surface plasmon coupling eﬀect is proposed. A localized surfaceplasmon coupling layer (LSPCL) was introduced to form a coupled localized
surface plasmon (CLSP) with the mask layer. A new mask layer of Sb2 Te3
was adopted. Recording marks as small as 31 and 36 nm were observed in two
structures, which were both much smaller than the smallest mark of 56 nm
observed in the conventional one without LSPCL. CLSP not only can reduce
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the mark size but it can also improve the carrier-to-noise ratio (CNR) of the
recording marks. The local surface-plasmon coupling mechanism based on
Tsai’s LSP model was introduced to explain this phenomenon. The imperfect
mark edge was observed by TEM. The thermal stability of the disk was also
studied. Two new structures with a thermal shield layer that can signiﬁcantly
improve the thermal stability were proposed. The thermal stability of the new
structures with a plasmon-coupling layer was much superior to that of the
conventional structure.
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Abstract. We describe the optical properties of the readout signal from lightscattering-center super-resolution near-ﬁeld structure disks and super-resolution
ROM disks by a numerical simulation using a three-dimensional ﬁnite-diﬀerence
time-domain method. The calculated signals show a large polarization dependence.
These results suggest the readout principle of small pits strongly related to the
near-ﬁeld optical phenomena including the local plasmons. We propose new optical
pickup system designs using polarization dependence for the development of these
high-density disks.

1

Introduction

Near-ﬁeld optics has been applied to optical data storage achieving high
recording densities beyond the diﬀraction limit. In this case, small apertures,
scattering points or a solid immersion lens (SIL) have been used for recording or retrieving small marks beyond the diﬀraction limit. Betzig et al. ﬁrst
used a small aperture to record and retrieve small marks on magneto-optical
media [1]. Martin et al. adapted an oscillating aperture-less probe for high
frequency operation for high-speed readout [2]. Planar aperture ﬂying heads
have also been developed [3,4,5]. Terris et al. also applied SIL for magnetooptical recording [6]. Milster et al. analyzed SIL systems using numerical simulation and static experiments [7]. However, all the above systems have many
problems. The diﬃculty of applying near-ﬁeld optics to optical data storage
is caused by the narrow space (< 100 nm) between the near-ﬁeld probe and
the recording medium.
In order to overcome this issue, we proposed another near-ﬁeld optical
technique called the “super-resolution near-ﬁeld structure” (super-RENS).
In this technique, a near-ﬁeld probe similar to a small aperture or a light
scattering center is generated in a mask layer, which is placed close to the
recording layer [8,9]. We have succeeded in retrieving small marks beyond
J. Tominaga and D. P. Tsai (Eds.): Optical Nanotechnologies,
Topics Appl. Phys. 88, 109–119 (2003)
c Springer-Verlag Berlin Heidelberg 2003


110

Takashi Nakano et al.

the diﬀraction limit by a conventional optical disk drive tester. In superRENS disks, the transmitted signals can also be detected at the opposite
disk side [10]. This is strong evidence of near-ﬁeld scattering in super-RENS
disks, and the diﬀerence between the super-RENS disks and the conventional
optical disks with a far-ﬁeld super-resolution.
On the other hand, the super-resolution ROM (super-ROM) disk shows
high-resolution characteristics with the enhancement of the signal intensity
of small pits beyond the resolution limit with increasing readout power [11].
This principle has not been cleared but it is supposed that the characteristics
are related to the near-ﬁeld scattering in the nanometer region.
In the super-RENS and super-ROM disks, it is possible to readout small
pits beyond the resolution limit using conventional optical pickups. However, the optical properties of the readout signals are diﬀerent from those
of a conventional one because the signal readout process is due to the interaction of a near-ﬁeld probe or local plasmons generated in the disks with
the pits. Therefore, it is supposed that the optical pickup systems are not
optimized for these new disks to get good signals. In near-ﬁeld optics, it is
well known that many phenomena show polarization dependence. Therefore,
the investigation of the polarization dependence of the readout signals of the
super-RENS disks and super-ROM disks is important to improve the signal
readout properties and to design optimum optical pickups.
In this paper, we describe the polarization dependence of the readout
signals of super-RENS disks and super-ROM disks by numerical simulations
using a ﬁnite-diﬀerence time-domain method (FDTD method).

2 Polarization Dependence of Readout Signals
of Super-RENS Disks
We have already published the experimental results for the readout properties
of super-RENS disks [12]. When we measured the transmitted signal from
the light-scattering mode (LSC) super-RENS disks, the signal level of small
marks beyond the resolution limit did not depend on the size of the numerical
aperture of the pickup lens. This observed property is not explained by the
theory of conventional optics. However, these experimental results included
unknown properties of the recording process.
Therefore, the optical simulation of the near-ﬁeld optics is very important
to discuss the optical properties of the super-RENS disk [13]. Since conventional optical simulation programs are not directly applicable to the analysis
of near-ﬁeld phenomena, we have developed a near-ﬁeld optical simulator by
a three-dimensional FDTD method using the dispersion equation of a threedimensional Lorentz model [14]. This FDTD method is a very useful tool for
estimating the electromagnetic ﬁeld and near-ﬁeld interaction [15,16].
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Simulation Model of a Super-RENS Disk

The LSC-super-RENS disk was composed of a ZnS–SiO2 /AgOx/ZnS–SiO2/
Ge2 Sb2 Te5 /ZnS–SiO2 multilayer on a substrate. A silver particle as a scattering center was generated in an AgOx layer by a focused laser beam under
high-speed rotation. The super-RENS disks are expected to achieve a high
carrier-to-noise ratio (CNR) by the local plasmon eﬀect of the silver particle
similar to a metallic probe near-ﬁeld scanning microscope. In our simulation, we simulated the optical readout process after generating a silver particle. Therefore, the recorded marks and the silver particle were ﬁxed in each
layer. Figure 1 shows the simulation model of a LSC-super-RENS disk. This
model is composed of a polycarbonate substrate /ZnS–SiO2 (170 nm)/AgOx
(15 nm)/ZnS–SiO2 (40 nm)/Ge2 Sb2 Te5 (15 nm)/ZnS–SiO2 (20 nm) multilayer
structure on a substrate. The thicknesses of the layers have the same values
as those of an actual super-RENS disk. The refractive indices used in this
calculation were measured by an ellipsometer at a wavelength of 633 nm. The
substrate had a land and groove structure with a 600 nm width and 60 nm
depth toward the x-direction.
The recorded mark size was ﬁxed at 160 nm. The mark train with a 50%
duty ratio exists at the center of the land. The size of a silver scattering center
was ﬁxed at 160 nm. The position of the scattering center was selected for two
cases. One position is the center of the optical axis of the incident laser beam
with a Gaussian distribution (coaxial model). Another position is shifted
by 160 nm toward the tangential direction (x-direction) of the disk (shifted
model), because we found that the scattering center and laser position are
slightly diﬀerent according to the thermal simulation.
A linearly polarized laser beam with a 650 nm wavelength is assumed as
the incident light. The numerical aperture (NA) of the conversion lens was
0.6. In our 3D-FDTD calculation, we divided the model into 110 × 110 × 113
unit cells. The size of each cell was 20 × 20 × 3 nm3 and the total volume was
2.2 × 2.2 × 0.34 µm3 . The process time of one calculation was about three
hours using a personal computer with an alpha processor (600 MHz, Digital
x
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z

Fig. 1. Simulation model of a LSC-super-RENS disk
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Fig. 2. Simulation model for reﬂected-light detection system

Equipment Corp.) and 1.5 GB memory. To estimate the readout modulation,
electric ﬁelds at diﬀerent mark positions were calculated.
After the 3D-FDTD calculation of the electromagnetic ﬁeld, the propagated light intensity was estimated by a far-ﬁeld transformation using a Fraunhofer approximation. Figure 2 shows the simulation model for the reﬂectedlight detection system. In this model, the intensity distribution at the exit
pupil plane of the objective lens was calculated to evaluate the readout signals. The exit pupil planes mean the Fourier planes of a focused plane (objective plane). A circle around the optical axis indicates the NA range of the
observed objective lens.
2.2

Intensity and Signal Distribution at the Exit Pupil Plane

Figure 3 shows the intensity distributions in the exit pupil plane on the reﬂection side for a coaxial model. The silver particle is ﬁxed just above one
mark (on-mark). Figure 3a shows the result with the incident polarization
along the mark trains (x-direction), and Fig. 3b shows the result with the incident polarization normal to the mark trains (y-direction). Three concentric
circles indicate each exit pupil size determined by the NA values of 1.0, 0.6
and 0.3, respectively. The intensity proﬁle is oriented toward the y-direction.
In Fig. 3a, a strong peak area is clearly simulated in a small solid angle
( NA = 0.3). In Fig. 3b, a principal peak exists in a small solid angle, and
two sub-peaks also appear at the edges of the elliptical region. In comparison
with a model without the land and groove, it is assumed that the proﬁle is
caused by the diﬀraction due to the land and groove. The intensity patterns
hardly change by mark’s shifts. This result indicates that the signal of the
LSC-super-RENS disk is buried in a large background noise.
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Fig. 3. Calculated intensity distribution in the pupil plane for a shifted scatteringcenter model by (a) x-polarized light and (b) y-polarized light

On the other hand, the intensity proﬁle in the exit pupil plane of the
shifted model did not show a large change in comparison with the previous
results (coaxial model).
In order to extract the near-ﬁeld signal from the background, the differences between the intensities of the on-mark and the oﬀ-mark cases were
calculated. The oﬀ-mark means when the silver particle exists between marks.
The results of the coaxial model are shown in Fig. 4. Figure 4a shows the
result with the incident polarization along the mark trains (x-direction), and
Fig. 4b shows the result with the incident polarization normal to the mark
trains (y-direction). The maximum signal value is about 2% of the peak intensity in the same pupil planes. In Fig. 4, a central peak in a small solid
angle has a positive value and the other two peaks at an intersection point of
the y-axis and a 0.6 NA circle are negative. It is not better to use a high-NA
lens, because the integrated signal has an oﬀset. As shown in Fig. 4a, the
absolute value of the positive peak is larger than that of the negative ones.
On the other hand, as shown in Fig. 4b, the absolute value of the negative

Fig. 4. Calculated signal distribution in the pupil plane for a coaxial model of
a scattering-center position by (a) x-polarized light and (b) y-polarized light
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Fig. 5. Calculated signal distribution in the pupil plane for a shifted model of
a scattering-center position by (a) x-polarized light and (b) y-polarized light

peaks is larger than that of the positive peaks. The distribution area of the
negative peaks is larger than for any other case of incident polarization.
Figure 5 shows the calculated results of the distribution diﬀerence between
the intensities of the on-mark and the oﬀ-mark cases of a shifted model.
Figure 5a is the result with the incident polarization along the mark trains
(x-direction) and (b) is the result with the incident polarization across the
mark trains (y-direction). In Fig. 5a, a strong positive peak exists at the left
edge of 0.3 NA. In Fig. 5b, one strong positive peak and two strong negative
peaks along the y-direction also exist. The positive peak exists at the same
position as that shown in Fig. 5a. In comparison with the previous results, the
negative peak positions are not widely changed by the scattering center shift.
On the other hand, the positive peak positions shift toward the x-direction.
The intensity and signal distribution pattern depend on the polarization direction of the incident light. The signal distribution pattern shows
a scattering-center position dependence. However, the signal level is not
changed by this shift.
2.3

Read-Out Signal Properties of a Super-RENS Disk

In order to evaluate the readout signal, we calculated the signal modulation
by the integration of the intensity at the exit pupil plane of the diﬀerent mark
positions.
Figure 6a shows the calculated results of the coaxial model. The integrated
region has an NA 0.6 (solid line) and 0.3 (dotted line). The horizontal axis
shows the values of the mark shifts. The value of the shift is the diﬀerence
between the shifted position and the initial position. The initial position is the
on-mark condition and the 160 nm shifted position is the oﬀ-mark condition.
The results shown in Fig. 6a indicate that the integrated intensity signals
for diﬀerent polarizations diﬀer in phase by π. If the integrated region is
reduced to the 0.3 NA region, the integrated signal for the y-polarization
(square points) and that for the x-polarization (circular points) have the
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Fig. 6. Calculated signal modulation of (a) the coaxial model and (b) the shifted
model of a scattering center position

same phase. This is because the integrated signal for the y-polarization is
dominated by the two negative peaks shown in Fig. 4a,b. In this case, the
result suggests that a polarization-discriminating method has the potential
to further enhance the signal modulations.
Figure 6b shows the signal modulations calculated from Fig. 5a,b for
a circular aperture (0.6 NA) by solid lines and for an annular aperture (NA:
0.3–0.6) by dotted lines. The modulation in the x-polarized incident-light
case does not change in the detection aperture pattern. On the other hand,
the modulation in the y-polarization case changes about twice. The annular
detection pattern subtracts the positive peak from the integrated signals. The
largest modulation is given by the annular detection of the y-polarized signals.
It is ﬁve times larger than the minimum modulation by the x-polarization
signal. The calculated signals for the diﬀerent polarizations diﬀer in phase
by π with each other. When we calculate the modulation from the total
intensity of the two polarization signals, the largest modulation is similar to
the x-polarized one.
These results suggest that a polarization-discriminating method and optical ﬁltering on the pupil plane have the potential to further enhance the
signal modulation.

3 Polarization Dependence of the Read-Out Signals
of the Super-ROM Disk
The conventional optical disk drive tester used circular polarized light for
signal readout, except for the magneto-optical disks tester. However, we found
very important properties of super-ROM disks using a linear polarized light
readout. Figure 7 shows the carrier-to-noise ratio of 250 nm pit trains with
a Ge reﬂective thin layer observed with a spectrum analyzer. This pit size is
beyond the resolution limit of the experimental setup (VersaTest-1, NA: 0.6,
wavelength: 660 nm). It is clear that the readout signals show the polarization
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Fig. 7. Readout signal of 250 nm pits with a Ge reﬂector for (a) x-polarized light
and (b) y-polarized light

dependence. The readout signal of x-polarized light parallel to the pit train
(Fig. 7a, CNR: 12 dB), is higher than the signal readout of y-polarized light
perpendicular to the pit train (Fig. 7b, CNR: 4 dB). This phenomenon was
not observed at the disks with a Ag reﬂective layer.
These results suggest that the signal readout process is due to the interaction of a near-ﬁeld probe or local plasmon generated in disks with small
pits. To estimate this idea, we did the near-ﬁeld optical simulations of signal
readout.
3.1

Simulation Model of a Super-ROM Disk

Figure 8 shows the simulation model of super-ROM disks. This model consisted of a ﬂat substrate and a thin silicon reﬂective layer with two pit patterns. One pit pattern consisted of 200 nm diameter pits with a 50% duty
ratio (2T pattern). Another pattern consisted of a combination of 200 nm
(2T) and 800 nm (8T) length pits and 200 nm space (H5 pattern). The pit
width was ﬁxed at 200 nm. The pit depth was 60 nm and the thickness of
the reﬂection layer of silicon was 20 nm. The pit walls were coated with the
reﬂection layer. The wavelength of the incident laser was ﬁxed at 650 nm,
the numerical aperture for the incidence and detection was assumed as 0.6.
While changing the pit position, the electromagnetic ﬁeld distribution was
calculated. After the simulation, the intensity was integrated by a far-ﬁeld
transformation method under a Fraunhofer approximation.
3.2

Simulation Results of a Model with 2T Pit Pattern

Figure 9a and 9b shows the intensity distribution in the ROM disks with a Si
reﬂective layer by x-polarized incident light and y-polarized incident light.
Figure 9c and 9d shows the case of a Ag reﬂective layer. The square marks
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Fig. 9. Calculated intensity distribution in the ROM disk included 2T-pit pattern
with Si reﬂector by linear polarized light of (a) x-direction and (b) y-direction, and
with Ag reﬂector by linear polarized light of (c) x-direction and (d) y-direction

indicate the top and bottom of the pits (the scale of the x-direction is 7 times
larger than the z-direction). In the case of the Si reﬂective layer, the incident
light passes through the pit trains and the electric ﬁeld of the pit walls is
enhanced. This enhancement eﬀect depends on the incident polarization of
the light. On the other hand, in the case of the Ag reﬂective layer, the incident
light is reﬂected at the top of the pit trains.
These simulation results show the same polarization dependence and material dependence as in the experimental results. The electric ﬁeld enhancement in the pit trains is seen to have an important role for generating the
small pit information. Therefore, it is important to apply the light along the
x-polarization component for the readout pits.
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Conclusion

The readout signals of LSC-super-RENS disks and super-ROM disks were
evaluated numerical simulations. The calculated signals for both disks showed
a large polarization dependence. In the super-RENS disks, annular pupil
pattern detection is useful for obtaining high modulation signals. The use of
a pickup with a polarizer and an annular pattern ﬁlter in the pupil plane is
important for optical data storage in super-RENS disks. In the super-ROM
disks, the diﬀerence intensity of the x- and y-polarization signals shows the
real pit pattern information. The use of a pickup with two detectors for
diﬀerent light polarizations is important for optical data storage in superROM disks.
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Abstract. Light-scattering properties of super-RENS media are examined in the
angular spectrum near the objective lens of an optical data storage device. Signal
distributions resulting from mark patterns below the resolution limit, at the resolution limit and above the resolution limit are analyzed in order to understand
better the mechanism of super-RENS resolution enhancement. Results from a combination of scalar and vector modeling tools are compared to measurements from
a dynamic spin stand. Simulations assume that the super-RENS eﬀect is generated from a circular Ag region that follows the focused spot as the medium moves
underneath it.

1

Introduction

The super-resolution near-ﬁeld structure (super-RENS) is an attractive technology that has good potential for improving surface density in optical data
storage without the need for near-ﬁeld probe structures [1,2,3]. Super-RENS
technology eﬀectively records and retrieves information beyond the resolution limit of classical optical systems by utilizing the properties of a nonlinear layer in close proximity to the data layer. The nonlinear layer responds
to heat generated by a focused laser spot. The nonlinear layer can either
open an aperture in an otherwise opaque ﬁlm or produce a scattering center in an otherwise transparent ﬁlm. The light-scattering-center type ﬁlm
is shown to exhibit stronger near-ﬁeld intensity and better carrier-to-noise
ratio. In this paper, we investigate the properties of the angular spectrum
produced by the light-scattering-type nonlinear layer with both simulation
and experiment. Our goal is to understand better the characteristics of the
light-scattering center.
The basic light-scattering-center super-RENS system is shown in Fig. 1
for an AgOx nonlinear layer, which is transparent at room temperature. The
complete structure includes three dielectric layers of ZnS–SiO2 , the AgOx
J. Tominaga and D. P. Tsai (Eds.): Optical Nanotechnologies,
Topics Appl. Phys. 88, 119–140 (2003)
c Springer-Verlag Berlin Heidelberg 2003
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Fig. 1. Basic light-scattering-center super-RENS system and the structure of an
AgOx super-RENS disk used in the simulations and experiments

layer and a layer of GeSbTe. The dielectric layers provide signal enhancement and environmental protection. The GeSbTe layer changes phase from
crystalline to amorphous when a data mark is written into the material. Since
the amorphous and crystalline phases have diﬀerent optical reﬂectivity, the
reﬂected laser light is modulated as the marks move under the focused spot.
The recording layers are within the depth of focus of the focused spot.
As the disk spins, the spot heats a small area of the nonlinear layer to
a threshold temperature, where Ag particles coalesce from the AgOx and
form small light-scattering centers [4]. The region of Ag scattering centers
is localized near the center of the spot, where the temperature reaches its
maximum value. The scattering region may slightly trail the center of the
light spot due to the conductive thermal properties of the material [5]. At
some distance away from the center of the spot, the material cools, and
the Ag particles return to their transparent state as AgOx. The presence
of the scattering region acts to direct optical energy in a conﬁned region at
the GeSbTe layer. Energy conﬁnement is signiﬁcantly smaller than what is
possible with far-ﬁeld systems, thus enabling recording and readout of data
bits well past the classical resolution limit [2].
The detailed nature of the interaction between the scattering region, the
focused spot and the data pattern is not well understood. Several researchers
are investigating diﬀerent aspects of this problem for both aperture-type and
light-scattering type super-RENS disks. For example, Liu et al. describe a localized surface-plasmon eﬀect in an AgOx ﬁlm that was observed experimentally and calculated numerically with a ﬁnite-diﬀerence time-domain (FDTD)
computer program [4]. The localized surface plasmons lead to an enhanced
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evanescent ﬁeld in the vicinity of the scattering center. The nonlinear properties of an AgOx ﬁlm were studied by Ho et al. with the z-scan technique [6].
Localized surface plasmons were also observed in the aperture-type system
by Tsai and Lin [7]. Radial-direction characteristics of the aperture-type
system are reported by Tominaga et al. [8]. Pulsed-laser nonlinear properties of both the aperture system and the light-scattering-center system are
described by Fukaya et al. [9]. Transmission properties of the aperture-type
system were studied by Nakano et al. [10]. The angular spectrum produced by
the light-scattering-type nonlinear layer is reported by Nakano et al. through
experiment and FDTD simulation [11]. Unusual angular scattering characteristics were observed. An investigation of the super-RENS structure using
an FDTD code is also reported by Peng [12].
In this paper, we investigate how focused light scatters from a recorded
pattern of data marks in a dynamic optical disk with a nonlinear AgOx layer.
Observations were made in the pupil of the objective lens. This work expands
on the data available in [13] by measuring the angular distribution of signal
power in the pupil of the readout optical system. Also, experimental results
are compared to both a scalar model and FDTD results. In the following
sections, we ﬁrst review the light scattering properties of optical disks with
respect to the angular spectrum of the reﬂected and transmitted light. The
scalar simulation model and results are then discussed in detail. Results from
an FDTD simulation are also presented. Next, the experimental setup is
described, which is followed by the experimental results and our conclusions.

2

Signal Power in the Angular Spectrum

The focus spot can be decomposed into a collection of plane waves [14]. Interaction with the mark pattern modiﬁes the plane-wave angular distribution,
both in transmission and reﬂection. The pattern of the reﬂected light at the
objective lens is called the angular spectrum of the reﬂected light, because the
ﬁeld amplitude versus position in the pattern corresponds to the amplitude
versus angle of plane waves reﬂected from the surface. A similar angular spectrum is associated with the transmitted light. By understanding the behavior
of the reﬂected and transmitted angular spectra, we can determine useful system characteristics, such as the frequency response, and other aspects of the
spot-media interaction.
The classical limit to data mark size on the recording surface is determined
by the optical-system frequency response. The spatial frequency is 1/T , where
T is the period of the data mark pattern. As the period decreases, the spatial
frequency increases. The frequency response can be understood simply by
recognizing the behavior of the reﬂected light and how the reﬂected light is
collected by the objective lens. For example, Fig. 2 shows the reﬂected-light
distribution for a periodic pattern of data marks along a track. The reﬂected
light consists of three diﬀracted cones. The direct reﬂection is the central
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Fig. 2. Overlap of diﬀracted orders from light reﬂected oﬀ a periodic pattern of
data marks along a track causes signal modulation in the angular spectrum at the
objective lens

cone. The two outer cones are diﬀracted orders, which are similar to the
central cone in appearance, but they are spread apart by angle Ψ . As T
decreases, Ψ increases, and the diﬀracted orders spread more widely apart;
Ψ is also inversely proportional to the laser wavelength. Shorter-wavelength
lasers exhibit smaller Ψ .
When the spot scans over the data marks, the optical phase of each
diﬀracted order changes, but the phase of the central cone does not change.
The phase diﬀerence between the diﬀracted orders and the central cone produces a modulation in the overlap area due to interference. That is, as the
spot scans over the data marks, the overlap areas get brighter and darker
as a function of the relative position between the spot and each mark. The
brightness of the central cone does not vary. Therefore, the contrast of the
signal modulation received at the detectors is determined by the size of the
overlap area. More overlap area produces a higher-contrast data signal. As
T decreases, so does the overlap area. At some critical mark period, there
is no overlap and, consequently, no signal modulation at the detector. This
critical mark period is called the resolution limit TR of the optical system.
A numerical value for TR is found from
TR =

s
λ
= ,
2NA
2

(1)

where NA is the numerical aperture of the objective lens and s = λ/NA is
the full-width-at-1/e2 (FW1/e2 ) spot size. For a DVD system, NA = 0.6 and
λ = 650 nm, so TR = 541 nm (1/T = 1.8 µm−1 ). In practice, the shortest
mark period in a DVD system is about 800 nm (1/T = 1.25 µm−1 ) due to
noise and other system considerations. The signal modulation in the overlap areas can be measured experimentally [15,16]. After writing a single-
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frequency mark pattern, the signal modulation is measured by raster scanning
a point detector in the pupil next to the objective lens.
However, super-RENS systems do not behave in a classical way. The resolution limit for a super-RENS geometry with a DVD-like illuminator is
around TR = 200 nm (1/T = 5 µm−1 ) [10], which is much smaller than the
classical resolution limit. Tsai et al. suggest that the scattering region is composed of small Ag particles about 15 nm in diameter, which could scatter light
preferentially into small angles near the optical axis [4]. Interaction between
the focused light beam and the Ag particles has been called a localized plasmon eﬀect. An alternative way to describe the scattering center is as a solid
mask of Ag, which completely obscures the data pattern beneath it. Since
the opaque region is smaller than the spot, a super-resolution eﬀect is possible that is similar to self-masking magneto-optic media, [17,13] which exhibit
improved frequency response compared to simple linear recording layers [18].
In any case, the interaction of the scattering region, the focus spot and the
data pattern can be better understood by determining the behavior of the
angular spectra generated by a super-RENS disk.

3

Simulation

Signal power distributions in angular spectra are investigated with two simulation techniques. The ﬁrst technique is a scalar diﬀraction calculation, and
the second technique is a ﬁnite-element time-domain (FDTD) calculation.
The scalar model provides a convenient and eﬃcient computation engine,
but it is limited in accuracy because it does not include vector eﬀects. The
FDTD model is a rigorous solution of Maxwell’s equations, and therefore
includes vector eﬀects. However, the FDTD model is computationally expensive. The following paragraphs describe results from both models, where we
ﬁnd that the scalar model represents the experimental results surprisingly
well at low data-mark frequencies.
3.1

Scalar Model Configuration

The scalar simulation geometry is displayed in Fig. 3, where two mark patterns are shown. A focused laser beam with NA = 0.6 and λ = 0.65 µm
generates a spot with s = 1.08 µm. Figure 3a shows a track of data marks
with 50% duty cycle and T = 1.04 µm. The spatial frequency of this datamark pattern is 1/T = 0.96 µm−1 . A solid 0.16 µm diameter Ag particle is
positioned 0.16 µm from the spot center. The mark width is 0.4 µm. Four
regions of reﬂectivity are identiﬁed as rA , rB , rC and rD . Region rA corresponds to the mark area not under the Ag particle. Region rB corresponds to
the area between marks not under the Ag particle. Region rC is associated
with the Ag particle between the marks. Region rD is associated with the Ag
particle overlapping a mark. The complex reﬂectivity of each area is displayed
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Fig. 3. The scalar simulation geometry for two diﬀerent recorded mark patterns
the super-RENS area is modeled as a constant reﬂectivity that is delayed by an
oﬀset from the center of the focused spot. The reﬂectivity values rA − rD are shown
in Table 1. (a) Low-frequency pattern; (b) high-frequency pattern

Table 1. Reﬂection and transmission values
Region Description

|r| ejφ

r

|t| ejφ

t

A

marks, no Ag 0.24ej0.733

0.179 + 0.160j 0.62e−j0.702

0.475 − 0.402j

B

between
0.29e−j0.175
marks, no Ag

0.286 − 0.050j 0.76e−j0.480

0.673 − 0.351j

C

between
0.56e−j1.111
marks, + Ag

0.246 + 0.497j 0.43e−j1.241

0.140 − 0.408j

D

marks, + Ag 0.62e−j1.258

0.192 − 0.594j 0.51e−j0.922

0.309 − 0.408j

in Table 1. Since the magnitudes and phases of regions C and D are similar,
the entire area associated with the Ag particle is assigned the reﬂectivity of
region C. The transmission coeﬃcients for each area are also listed in Table 1.
Figure 3b displays a mark pattern where T = 0.49 µm (1/T = 2.04 µm−1 ).
Notice that the mark width is reduced to T /2, which is our approximation
to the physical mark pattern at this high spatial frequency. The spot size,
the diameter of the silver particle and the particle displacement are not functions of T . A third mark period is also investigated, with T = 0.629 µm
(1/T = 1.59 µm−1 ) and w = 0.315 µm. These three spatial frequencies are
chosen to correspond to our experimental values.
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Scalar Results in Reflection

The average irradiance of the reﬂected light in the pupil is shown as a contour
plot in Fig. 4. The data are scaled with respect to the maximum reﬂected
irradiance in the center of the pattern. The average distribution exhibits
a symmetrical Gaussian shape.
Figure 5 shows simulation results for the 1/T = 0.96 µm−1 mark pattern in reﬂection. For Fig. 5a–d, the root-mean-square (rms) signal power is
displayed as a function of position in the pupil. Contours of constant rms
are displayed relative to the peak rms signal in the pupil. Figure 5a shows
the result for scanning with no Ag particle. The signal power is symmetrically distributed in both the scan direction and perpendicular to the scan
direction. The bimodal pattern is expected from the overlap of the diﬀracted
orders, as described above. Peak rms signal is listed as −17.5 dB in Table 2,
where the dB units are relative to the peak of the average light distribution.
That is, a value of −17.5 dB indicates that the peak of the signal distribution
in Fig. 5a is a factor of 0.018 lower than the peak of the average irradiance.
Also listed in Table 2 is the integrated (sum) rms signal power at −26.4 dB,
which is relative to the integrated average light power. Figure 5b shows the
result for scanning with a 0.16 µm diameter particle that is oﬀset from the
spot center by 0.16 µm. The distribution is changed only slightly, with an
asymmetry such that the upper lobe is slightly smaller than the bottom lobe.
The presence of the Ag particle reduces the peak signal power by less than
1 dB compared to without the particle for all three cases studied. Figure 5c
shows the result for a 0.16 µm diameter particle that is oﬀset from the spot

Fig. 4. Average irradiance of reﬂected light in the pupil as a contour plot. The data
are scaled with respect to the maximum reﬂected irradiance in the center of the
pattern. The average distribution exhibits a symmetrical Gaussian shape
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Fig. 5. Scalar simulation results for the 1/T = 0.96 µm−1 mark pattern in reﬂection. (a)–(d) are the root-mean-square (rms) signal powers displayed as a function
of position in the pupil. Contours of constant rms are displayed relative to the peak
rms signal in the pupil. Peak and integrated signal values are listed in Table 2
Table 2. Reﬂected light-power ratios for scalar simulation
Spatial frequency Ag diameter
( µm)
( µm−1 )

Ag oﬀset
( µm)

dB peak
rms

dB sum
rms

Figure
reference

0.96

240
160
160
none

240
160
80

−18.5
−18.0
−17.9
−17.5

−17.5
−16.7
−16.7
−16.2

5D
5B
5C
5A

1.59

240
160
160
none

240
160
80

−31.3
−32.2
−31.5
−31.4

−27.4
−33.8
−33.4
−40.1

6D
6B
6C
6A

2.04

240
160
160
none

240
160
80

−31.2
−35.8
−36.3
−61.4

−31.2
−35.2
−34.3
−62.0

7D
7B
7C
7A

center by 0.08 µm. No signiﬁcant diﬀerence is observed when compared to
Fig. 5b. In Fig. 5d, the particle diameter is increased to 0.24 µm with an
oﬀset from the spot center of 0.24 µm. The asymmetry in the upper lobe is
more pronounced.
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Figure 6 shows the simulation results for the 1/T = 1.59 µm−1 mark
pattern in reﬂection. The peak and integrated signal values are shown in
Table 2. Figure 6a shows the result for scanning with no Ag particle. Like
Fig. 5a, the pattern is symmetric. However, the overlap of the diﬀracted
orders is extended signiﬁcantly toward the edge of the pupil, and a much
smaller overlap area exists within the pupil boundary. As listed in Table 2,
the peak signal level for this case is reduced by an additional 12 dB when
compared to the 0.96 µm−1 mark pattern. Addition of the Ag particle results
in the signiﬁcantly modiﬁed signal shown in Fig. 6b, where a 0.16 µm diameter
particle is oﬀset from the spot center by 0.16 µm. Although the peak signal
in Fig. 6b is slightly lower than in Fig. 6a, over 6 dB more power exists in the
integrated signal. The spread in the signal distribution is most signiﬁcant for
the upper lobe. The lower lobe appears nearly unaﬀected. A shift of the Ag
particle closer to the spot center, as shown in Fig. 6c with a shift of 0.08 µm,
spreads the signal power more evenly over the pupil. Again, the shape of
the lower lobe is nearly unaﬀected. Increasing the particle size, as shown in
Fig. 6d, reduces the signal spreading and reduces the signal power in the
lower lobe. The highest value of the integrated signal is obtained with the
largest Ag particle in Fig. 6d, which exhibits a 12.7 dB increase over the case
with no Ag.
Figure 7 shows simulation results for the 1/T = 2.04 µm−1 mark pattern
in reﬂection. Peak and integrated signal values are shown in Table 2. Figure 7a shows the results for scanning with no Ag particle. Since the signal
and integrated signal power ratios are below −60 dB, the signal distribution
shown in Fig. 6a is most likely a quantization error. The diﬀracted orders
are well beyond the pupil boundary. However, the addition of the Ag particle
redistributes the signal energy so that a signiﬁcant signal is passed into the
pupil. The energy in the signal is distributed primarily in the upper lobe, with
a distinct lower lobe appearing only with the largest Ag particle, as shown in
Fig. 6d. The peak signal power is approximately 4 dB to 5 dB lower for the
smaller Ag particles. Interestingly, the integrated signal power is similar to
the 1.59 µm−1 mark pattern.
For 1.59 µm−1 and 2.04 µm−1 spatial frequencies studied with the reﬂective scalar model, a 240 nm diameter Ag particle exhibits the highest integrated signal power. In addition, the signal power distribution favors the
upper lobe. For the lower spatial frequency, the presence of an Ag particle
produces only slight variations in the signal distribution.

5

Scalar Results in Transmission

Figures 8–10 display the results of scalar model calculations for the signal
power distribution of angular spectra for the super-RENS disk. The signal
power ratios are displayed in Table 3. For the most part, the results in transmission are similar to the results in reﬂection, only the parity of the lobe
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Fig. 6. Scalar simulation results for the 1/T = 1.59 µm−1 mark pattern in reﬂection. Peak and integrated signal values are shown in Table 2

Fig. 7. Scalar simulation results for the 1/T = 2.04 µm−1 mark pattern in reﬂection. Peak and integrated signal values are shown in Table 2
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Table 3. Transmitted light power ratios for scalar simulation
Spatial frequency Ag diameter
( µm)
( µm−1 )

Ag oﬀset
( µm)

dB peak
rms

dB sum
rms

Figure
reference

0.96

240
160
160
None

240
160
80

−27.6
−30.5
−30.8
−30.6

−26.4
−29.3
−29.6
−28.9

8D
8B
8C
8A

1.59

240
160
160
None

240
160
80

−38.8
−41.8
−41.8
−41.7

−37.7
−41.6
−41.0
−52.6

9D
9B
9C
9A

2.04

240
160
160
None

240
160
80

−42.3
−46.9
−46.8
−74.3

−41.8
−45.9
−44.9
−72.5

10D
10B
10C
10A

Fig. 8. Scalar simulation results for the 1/T = 0.96 µm−1 mark pattern in transmission. Figure 5a–d are the root-mean-square (rms) signal powers displayed as
a function of position in the pupil. Contours of constant rms are displayed relative
to the peak rms signal in the pupil. Peak and integrated signal values are listed in
Table 3
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Fig. 9. Scalar simulation results for the 1/T = 1.59 µm−1 mark pattern in transmission. Peak and integrated signal values are shown in Table 3

Fig. 10. Scalar simulation results for the 1/T = 2.04 µm−1 mark pattern in transimission. Peak and integrated signal values are shown in Table 3
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asymmetry is reversed. For example, the lower lobe in the transmitted signal
exhibits a stronger dependence on the Ag particle size and position, where
the upper lobe displays similar tendencies for the reﬂected signal. General
conclusions about the signal power dependence that are derived from the reﬂection results are also true for the transmitted signal, except that the signal
power in transmission is reduced by 9 dB to 12 dB from the corresponding
reﬂected data.

6

FDTD Results in Reflection

Figure 11 shows a result of an FDTD calculation. In this calculation, T =
0.36 µm (1/T = 2.78 µm−1 ) with Ag diameter = 0.16 µm and oﬀset from spot
center = 0.16 µm. Details of the calculation are reported elsewhere [19]. Contours of constant signal amplitude are displayed normalized to the maximum
signal amplitude. Pupil radii corresponding to collection numerical apertures
of 0.3, 0.6 and 1.0 NA are shown. Three lobes are observed. The lobe in the
scan direction is asymmetric in the pupil, and results primarily from the component of incident polarization that is aligned in the scan direction, which is
labeled as the x-direction in Fig. 11. This lobe is somewhat consistent with
the trend shown in the scalar model at high spatial frequency. The outer
two lobes distributed in the direction perpendicular to the scan are nearly
symmetric, and they result primarily from the component of incident polarization that is perpendicular to the scan direction. The scalar model does not
predict this portion of the scattered angular spectrum.

Fig. 11. Result of an FDTD calculation, where T = 0.36 µm (1/T = 2.78 µm−1 )
with Ag diameter = 0.16 µm and an oﬀset from spot center = 0.16 µm
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Experimental Procedure

The measurement test-stand utilizes a commercial optical recording head that
is adapted for ungrooved super-RENS media, as shown in Fig. 12. In the optical recording head, a linearly polarized 0.66 µm wavelength red laser diode is
collimated, circularly polarized using a quarter-wave plate, and then focused
with a 0.6 NA objective lens through the disk substrate onto the recording
layer. The reﬂected light is collected by the objective lens. The quarter-wave
plate repolarizes the light in a linear state that is orthogonal to the original orientation of polarization. The reﬂected light is then redirected into the
servo path (detector A) and the data path (detector B) through a beamsplitter. Detector A is used to control the focus position of the objective lens
(30% split) and detector B is used to read the data signal (70% split). Focus
correction is performed by moving the objective lens in a voice-coil actuator
controlled by the servo-system electronics. The data signal is recovered by
sensing a change in the total power of the reﬂected light at detector B as
the recorded data marks pass under the focus spot. Because the disk rotates
on a precision air-bearing spindle, concentric data tracks can be written and
read without the need for a track-following system.

Fig. 12. Experimental setup used to measure signal power in the angular spectrum
of the reﬂected and transmitted data from the super-RENS media. Shown are the
components and the beam path through the system
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To write a data mark, the focus spot is pulsed to a 9 mW power level
as the recording layer moves underneath it at a constant linear velocity of
3.14 m/ s. Tracks of data marks are written with spatial frequencies ranging
from 1/T = 0.96 marks per micron to 1/T = 3.5 marks per micron. The
readout power is between 2.5 mW and 3.5 mW. The data signal detected by
detector B is ampliﬁed before the signal levels and carrier-to-noise ratio levels
are determined.
To map the power distribution of the signal modulation in the reﬂected
angular spectrum, a 50–50 non-polarizing beamsplitter is placed in the beam
path between the objective lens and the head, as shown in Fig. 12. The
objective lens collimates the reﬂected light from the disk before it enters
the beamsplitter, which redirects the light through the collection optics. The
collection optics project an image of the stop at an aperture plane. A scanning
200 µm pinhole is inserted to map out the signal and noise distributions
in the x-y plane as a function of position in the aperture plane, which is
a 5 mm×5 mm inscribed circular area. A photomultiplier tube (PMT) behind
the pinhole detects the signal. The pinhole and PMT are stepped in 400 µm
increments in a rectangular array covering the aperture plane area. At each
step, the signal modulation is recorded. Spatial frequencies of 1/T = 0.96
marks per micron, 1/T = 1.59 marks per micron, and 1/T = 2.04 marks per
micron are used to generate three independent data sets.
To map the power distribution of the transmitted angular spectrum,
a 0.7 NA collection lens is placed directly under the focus spot on the disk,
opposite to the optical recording head, as shown in Fig. 12. The scanning
pinhole and PMT are inserted close to the aperture of the collection lens to
map out the signal and noise distributions in the x-y plane as a function of
position. The pupil area is the same as with the reﬂected aperture plane, i.e.
5 mm × 5 mm. The mapping procedure is the same as is used for the reﬂected
light mapping, using 400 µm steps and the same signal analysis procedure.
Also, the same recorded tracks are used to generate the 3D contour maps for
the transmitted angular spectrum.

8

Experimental Results

The super-RENS eﬀect is veriﬁed by using signals from detector B as the
input to a spectrum analyzer and recording the narrow-band carrier-to-noise
ratio (CNR) (30 kHz bandwidth) for several single-tone patterns. Figure 13
shows the result of recording spatial frequencies from 1.5 µm−1 to 3.8 µm−1 .
By using detector B, the integrated eﬀect over the pupil is observed. That is,
no signal distribution information is included in Fig. 13. However, a strong
super-RENS eﬀect is observed. Three curves plotted in Fig. 13 represent
CNR for diﬀerent read power levels. Below 1.5 µm−1 , the super-RENS eﬀect
is not signiﬁcant. At 1.59 µm−1 , a dramatic 10 dB improvement in CNR is
observed when the readout power level at the recording layer is increased
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Fig. 13. Spatial frequency versus carrier-to-noise ratio (CNR)
of data recorded on super-RENS
media with power levels indicated
for when the ‘aperture opens’ under the focus spot in the AgOx
layer

from 1.5 mW to 2.5 mW. Below 1.5 mW readout power level, CNR remains
at about 15 dB. Higher spatial frequencies exhibit a threshold at which no
signal is observable until the power reaches a critical value. CNR drops to
zero above 1.59 µm−1 for low readout power levels, as indicated by the dotted
line in Fig. 13. Threshold CNR is indicated by the dashed line in Fig. 13. The
solid line in Fig. 13 represents the maximum CNR obtained in the experiment
at each spatial frequency. Notice that mark diameters down to 150 nm can
be detected.
The distribution of reﬂected signal power for a 0.96 µm−1 mark pattern
is displayed in Fig. 14. Figure 14a displays contours of constant rms signal
current relative to the maximum signal current in the scan, which is similar
to the simulated result shown in Fig. 5. The signal energy is divided into

Fig. 14. Distribution of reﬂected signal power for a 0.96 µm−1 mark pattern. (a)
rms signal amplitude; (b) CNR
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two lobes along the scan direction. The lobe energy is asymmetric, which
indicates that the Ag particle may be larger than 160 nm. CNR data shown
in Fig. 14b displays similar characteristics, but CNR data appear more evenly
distributed, like the signal distribution in Fig. 5. This appearance may be due
to a slightly non-uniform illumination beam, where the signal energy is nonuniform but CNR is not greatly aﬀected. Even with this consideration, the
lower lobe exhibits higher CNR than the upper lobe. No signiﬁcant diﬀerence
is observed when the polarizer is rotated.
Figure 15 displays the distribution of the reﬂected signal power for
a 1.59 µm−1 mark pattern. Figure 15a shows the signal energy when the
analyzer is oriented parallel to the scan direction. Asymmetric lobes are observed. The signal distribution indicates that, at this readout power level
near threshold, the super-RENS eﬀect does not spread the signal energy as
far into the pupil center as predicted by the scalar model in Fig. 6. If the
polarizer is rotated across the scan direction, the lobe asymmetry switches
and the total energy is reduced, as shown in Fig. 15b. Figure 15c displays
the signal without a polarizer and with a higher readout power level near the
optimum. Notice that the signal energy is spread signiﬁcantly farther into the
pupil center. In all the cases displayed in Fig. 15, the signal energy of at least

Fig. 15. Distribution of reﬂected signal power for a 1.59 µm−1 mark pattern where
the signal energy of at least one lobe extends farther than predicted by the overlap
from simple diﬀracted cones. (a) Polarizer aligned with scan direction, and power
near threshold; (b) Polarizer aligned across scan direction, and power level near
threshold; (c) no polarizer
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Fig. 16. Proﬁles of the transmitted signal power across the pupil in the scan direction for 1/T = 1.59 µm−1 . (a) Polarizer aligned with scan direction; (b) Polarizer
aligned across scan direction. Proﬁles are measured in the scan direction, with the
center proﬁle and two other proﬁles at ±1 µm from the center

one lobe extends farther than predicted by overlap from simple diﬀracted
cones.
Figure 16 displays proﬁles of the transmitted signal power across the pupil
in the scan direction. Due to diﬃculty in this transmission measurement, full
two-dimensional data maps could not be acquired. Figure 16a shows the signal
energy for the polarizer aligned with the scan direction. The lobe energy is
asymmetric, as predicted by the scalar model, and the sense of asymmetry
is opposite to the reﬂected data. As with the reﬂected data, the dominant
mode switches when the polarizer is rotated in the cross-scan direction, as
shown in Fig. 16b.
Figure 17 shows reﬂection data for the 2.04 µm−1 mark pattern. Figure 16a shows signal-level proﬁles across the pupil in the scan direction. The
proﬁles are bimodal, and no dominant lobe is observed. The signal power is
signiﬁcantly spread toward the pupil center, but the maximum values remain
near the pupil edges in the scan direction. This behavior is not predicted from
the scalar results plotted in Fig. 7, where a signal dominant mode appears. In
fact, the scalar results suggest bimodal behavior only for a relatively large Ag
area (240 nm). The behavior of the signal energy is more like the 0.96 µm−1
data, only with lower signal levels. No signiﬁcant asymmetry is observed, as
predicted in Fig. 11 for slightly smaller mark patterns with an FDTD code.
Polarization and transmission data are not reported for the 2.04 µm−1 mark
pattern due to diﬃculty in obtaining experimental results.
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Fig. 17. Reﬂection data for the 2.04 µm−1 mark pattern. (a) rms signal amplitude;
(b) CNR. Proﬁles are measured as for Fig. 16

9

Conclusions

Both scalar and vector simulations are compared to experimental measurements of signal power in the angular spectrum resulting from mark patterns
on super-RENS media. Scalar simulations are fashioned by assuming that
the super-RENS eﬀect produces a reﬂective region that masks data beneath
it. Outside this region, the nonlinear layer is transparent. As a focused laser
spot scans over the mark pattern, the Ag region moves with the spot, but
the center of the region is slightly delayed due to the thermal properties of
the multilayer structure. An FDTD vector simulation uses a similar thermal
delay and solid Ag area, but full vector interaction of the spot and medium
are included. Experimental results are obtained from super-RENS layers on
a glass substrate with a dynamic spin stand. Simulated and measured data
include signal power distributions at pupil planes both in reﬂection and in
transmission.
Scalar simulation results indicate that an overlapping diﬀracted-cone argument correctly describes the signal power distribution at 0.96 µm−1 , which
is below the resolution limit λ/2NA for data mark periods. Two signal lobes
are distributed in the scan direction. Experimental measurements conﬁrm
this result. The only measurable eﬀect of the super-RENS particle is a slight
asymmetry in the lobes. In addition, measurements indicate no signiﬁcant
polarization eﬀects in the signal distribution for this data mark period.
For spatial frequencies of 1.59 µm−1 , which are near the resolution limit,
the super-RENS particle spreads signal energy from the pupil edges toward
the pupil center. Two signal lobes are observed in the scan direction, both in
scalar simulation and experiment. However, the signal energy is less strongly
spread in the experimental observations than what is predicted in the scalar
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simulation. The optimized readout power level results in the signal energy
that is most strongly spread. When a polarizer is rotated from a direction
aligned with the scan to orthogonal to the scan, the lobe asymmetry reverses,
but no other signiﬁcant eﬀects are observed.
For spatial frequencies of 2.04 µm−1 , which is beyond the resolution limit,
the super-RENS particle has a signiﬁcant eﬀect. The measured results indicate that the signal energy is again distributed in two lobes in the scan
direction. These results are not supported by the scalar model, which indicates that the signal energy should primarily be contained in a single lobe.
Surprisingly, relatively more energy is directed toward the center of the pupil
than what is observed for frequencies near the resolution limit. Perhaps this
eﬀect is due to the signiﬁcant addition of diﬀracted-cone-overlap energy that
is present in the near-resolution-limit results. No diﬀraction-cone-overlap
energy is present in the 2.04 µm−1 results. Unfortunately, no polarizationspeciﬁc data is obtained for this frequency, but the data suggest that the
outer lobes present in the FDTD simulation of a higher data frequency are
not observed. Also, strong asymmetry in the scan direction predicted by the
FDTD simulation is not observed.
In summary, comparison of measured results to a model of the superRENS eﬀect where the Ag is a thermally delayed Ag area are adequate below
the resolution limit and have some similarity near the resolution limit. Above
the resolution limit, the super-RENS eﬀect behaves to create signal distributions similar to those observed from lower-frequency mark patterns. No strong
lobes are observed in the signal distributions across the scan direction, which
indicates that the solid model of the Ag particle may be inadequate to fully
explain the behavior for high-frequency mark patterns.
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Introduction

Scanning near-ﬁeld optical microscopy (SNOM) is a method to obtain information about the optical properties of a sample at a lateral resolution
below the diﬀraction limit of far-ﬁeld microscopy. In SNOM, a light source
of a dimension which is small compared to the wavelength of light and which
is held at a small distance from the sample is scanned across the surface
of the sample. The modulation by the sample of the light emitted from the
source is recorded as a signal. As a general rule one may say that the size
of the source and the distance to the sample limit the resolution of SNOM.
A radiating self-emitting point dipole may be regarded as an idealized SNOM
source. With such a source the resolution of SNOM imaging is expected to
be limited by the distance of this dipole to the surface of the object [1]. It
is diﬃcult to design a light-emitting SNOM probe corresponding to a dipole
at a distance of less than 10 nm from the object and it is therefore diﬃcult
to conceive SNOM imaging beyond a resolution of 10 nm. There have been,
however, occasional reports of near-ﬁeld optical imaging at a resolution in
the range of 1–10 nm [2,3]. In SNOM-images recorded with the tetrahedral
tip (T-tip) a resolution in the range of 1–10 nm was obtained reproducibly on
samples consisting of small grains of silver of a size of the order of 2–10 nm
embedded in a ﬂat surface of gold [3,4]. An example of an image is shown
in Fig. 1. In a diﬀerent experiment we investigated a surface-embedded latex
bead projection pattern [5] consisting of a ﬂat surface of a polymer into which
gold patches of a triangular shape of a size of about 50 nm and a thickness of
20 nm were embedded [6]. Characteristic patterns are observed in the SNOM
image of the triangular structures at a resolution of 20–50 nm. Using the
Green’s Dyadic method according to Girard and Dereux [7] it was possible
to interpret these patterns on the basis of a simple model of a light-emitting
tip. Herein the tip is a radiating dipole which is located at a distance of 15 nm
and an inclination of 45◦ with respect to the surface of the sample [6]. We
deﬁned as photonic nanopatterns such SNOM images as were obtained with
J. Tominaga and D. P. Tsai (Eds.): Optical Nanotechnologies,
Topics Appl. Phys. 88, 141–153 (2003)
c Springer-Verlag Berlin Heidelberg 2003
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a locally excited dipole as a light-emitting source which can be calculated
by numerical methods. The photonic nanopatterns depend on the structure
of the object, the orientation and distance of the probing dipole and on the
way in which the radiation of the dipole is observed. At ﬁrst we did not expect that it would be possible to obtain a resolution below 15 nm in such
photonic nanopatterns. In the light of the considerations above, the question arises, whether the high resolution obtained in images of the embedded
silver grains can be understood by the same model or whether a diﬀerent
mechanism is responsible for image details of a resolution below 10 nm. Here
we present SNOM data where a diﬀuse photonic nanopattern and a highly
resolved grain structure of a metal ﬁlm is observed on the same test sample.
A numerical simulation of imaging a model object by a dipole is used in order
to judge whether the same mechanism can account for a highly resolved grain
structure to appear in a photonic nanopattern in addition to a more diﬀuse
structure.

2

Experimental Scheme

A transmission SNOM/STM (scanning tunneling microscope) setup was used
in the experiments of Heimel et al. [4], whereas a transmission SNOM/AFM
(atomic force microscope) setup was used in the experiments of Maas et al. [6].
The STM and AFM modes serve to control the distance between probe and
sample and to obtain a topographic image of the sample simultaneously with
the SNOM image. A sketch of the SNOM/STM setup is shown in Fig. 2. The
T-tip is made of the corner of a glass fragment which is coated with gold. An
AFM image of a T-tip is shown in Fig. 3. The grains of the evaporated gold
ﬁlm have a typical diameter in the order of 20 nm. In the SNOM/STM setup
(Fig. 2), the fragment is mounted on a small glass prism, such that a beam of
light can be focused into the T-tip. Light emitted from the tip is transmitted
through the sample and collected with a microscope objective lens. Only the
light that passes a pinhole in the image plane is detected by a photomultiplier
and used as a SNOM signal. The tip is connected to a sensitive current-tovoltage converter and the tunnel current between tip and sample is used as
a signal for the STM mode.

3

Imaging of Photonic Nanopatterns

The test sample consists of a latex bead projection pattern of 20 nm thick gold
patches of triangular shape which are embedded in the surface of a polymer
ﬁlm. The polymer ﬁlm is covered with a 1.5 nm thick ﬁlm of Pt/C connecting the gold patches by a conductive layer which is necessary for the STM
mode [4].
Figure 4a shows the topography of such a sample as recorded in the STM
mode. There is no signiﬁcant topography of the sample on a macroscopic
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Fig. 1. SNOM imaging of small silver grains (from [4]). The scan range is 125 nm ×
125 nm. Topographic image (left) obtained by the STM mode and simultaneously
recorded SNOM image (right) of randomly distributed silver grains embedded into
the surface of a thin ﬁlm of gold. Dark grains in the SNOM image as seen here were
interpreted as silver grains embedded into the surface of a ﬂat ﬁlm of gold [3]

Fig. 2. Scheme of the SNOM/STM setup. The T-tip is mounted on a prism with
the edge K1 aligned in the image plane. Light from a laser diode is coupled into
the tip. The light emitted from the tip is detected in the image plane of a conventional microscope by a photomultiplier. The T-tip is connected to a sensitive
fA-I/V converter

scale, the triangular gold patches are visible only due to the diﬀerent granular structure of the gold ﬁlm and the surrounding very thin ﬁlm of Pt/C.
Figure 4b shows the simultaneously recorded SNOM image. A characteristic
distribution of bright and dark spots appears in the SNOM image at the
location of each triangle, depending on the orientation of the triangles with
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Fig. 3. AFM image of the T-tip. The left image shows the phase signal of an
AFM image of the tip, where the granular structure of the gold coating is clearly
seen. White lines indicate the edge K1 and the direction of the cross section along
which proﬁles were recorded from the topographic AFM image, as shown on the
right-hand side. Assuming that the glass edge K1 is sharp, the extrapolation of the
adjacent faces shows that the gold coating on the edge is about 45 nm thinner than
on the adjacent faces. This missing thickness corresponds almost completely to the
nominal thickness of 50 nm of the gold coating. It is therefore concluded, that the
gold coating on the edge K1 is much thinner than on the rest of the glass tip

respect to the T-tip. Similar patterns were observed with a SNOM/AFM
setup and were interpreted as photonic nanopatterns [6]. Also, in this case
the image shows a close similarity to the calculated image of Fig. 4d of a pair
of triangles as shown in Fig. 4. The calculation was performed in the same
way as described previously [6]. The orientation of the dipole was chosen to
have equal components in the positive y- and z-directions of a right-handed
coordinate system, as indicated in the inset of Fig. 4.

4

On the Mechanism of Tip Excitation

As a physical embodiment of the dipole excitation of the T-tip, a dipole
induced in a gold grain of a diameter of 20 nm at the apex of the tip may be
envisaged. This dipole excitation of the foremost gold grain may act as a local
source of light giving rise to the photonic nanopatterns. The mechanism of
how the tip is excited is presently not understood in detail, but ideas of how
this may occur were described by Fischer et al. [8]. A transverse magnetic
(TM) edge mode along the glass–metal interface of the edge K1 of the goldcoated glass corner is thought to be excited by the incoming beam of light.
Such a TM mode has a longitudinal as well as a transverse electric ﬁeld
component. As shown schematically in Fig. 5, we expect that this mode will
be reﬂected from the corner, leading to a standing-wave excitation of the
edge with a node of the transverse component of the electrical ﬁeld at the tip
and a peak of the longitudinal component respectively. In the standing wave,
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Fig. 4. STM and SNOM image of a test pattern. The test pattern consists of
a hexagonal arrangement of gold triangles of thickness 15 nm. (a) Topographic
image; the scan range is 1 µm × 1 µm. (b) Simultaneously recorded SNOM image.
(c) Model structure used for the calculations; the white triangles are gold triangles
of thickness 15 nm. (d) Calculated photonic nanopattern of the structure shown in
(c), assuming the dipole in the (0,1,1) direction of the (x, y, z) coordinate system
indicated in the ﬁgure. The orientation of the dipole was chosen to be parallel to the
edge K1. All conditions for the calculations were the same as described previously [6]

the transverse components of the waves traveling in opposite directions are
expected to cancel each other. Thus the remaining longitudinal component
may lead to the dipole excitation of the foremost gold grain oriented parallel
to the edge. The orientation of the edges of the T-tip with respect to the
image plane of Fig. 4 was known in the experiments. A dipole orientation
parallel to the edge K1 of the T-tip as indicated in Fig. 2 was used in the
calculations leading to the pattern of Fig. 4d.

5 Highly Resolved SNOM Images
of the Granular Structure of a Gold Film
Apart from the diﬀuse photonic nanopatterns, more details are seen in wellresolved SNOM images of the sample, as shown in Fig. 6 and Fig. 7. Figure 6
shows the topography of a diﬀerent region of the projection pattern. Due to
a defect in the mask of close-packed latex beads used in the fabrication of this
sample [5], an extended connected gold patch was created. The SNOM image
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Fig. 5. Schematic view of a longitudinal standing-wave edge mode along the
edge K1

Fig. 6. Topographic STM image (left) and SNOM image (right) of the test sample.
The scan range is 500 nm × 500 nm

Fig. 7. Zoomed detail of Fig. 6; the scan range is 250 nm × 250 nm. Topographic
STM image on the left; SNOM image on the right
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in Fig. 6 shows strong modulations on this structure which have the same
origin as the photonic nanopatterns of the triangular patches. Figure 7 shows
a zoomed topographic image of the same region, where again the gold grains
are clearly resolved. The image reveals – apart from the strong modulation
– several other more detailed features. There are some regions where the
gold grains are clearly visible, whereas in other regions they remain invisible.
Moreover, at diﬀerent sites the gold grains appear with an inverted contrast.
It also appears that at some places closely spaced grains have an inverted
contrast at the rim of the structure, where there is a transition from the gold
grains to the grains of the Pt/C.

6

Interpretation of the Experimental Images

We conclude that in the SNOM-images of the test structure we observe a photonic nanopattern which can be explained by an obliquely oriented dipole as
a source of light for SNOM. On the other hand, the grain structure of the
metal ﬁlm is resolved in some regions of the photonic nanopattern at a resolution below 10 nm. We have the impression that the situation leading to
the visibility of the grains in these images is similar to the one where the silver grains were observed. The question arises whether these higher resolved
details can be explained by the same model which explains the photonic
nanopatterns or whether we have to assume a diﬀerent mechanism to be responsible for these details. In order to address this question, we performed
several calculations with the same model. As is clear from the topographic
image of our samples, the gold patches are not homogeneous. They consist
of an assembly of gold grains. The test sample was made in such a way that
the surface of the gold patches is much smoother on the side which is accessible to the tip than on the side which is embedded in the polymer. The
side exposed to the tip has a very small roughness in the order of 4 nm, as is
seen from the topographic image. This side is smooth because it is formed as
a gold replica of the atomically ﬂat surface of mica, as shown schematically
in Fig. 8 [5]. The roughness comes about only because the gold grains do not
coalesce completely when the gold ﬁlm is formed on mica by the evaporation
process such that the borders between diﬀerent gold grains appear as narrow
grooves. It is known that gold ﬁlms tend to grow in a columnar structure [9],
and the other surface of the gold ﬁlm, which is covered by the polymer, should
have a very similar granular structure as on the gold mica interface, but the
surface of this covered side is much more corrugated. In order to investigate
the inﬂuence of the granularity on the photonic nanopatterns, we made some
model calculations. A 5 nm thick and 100 nm wide quadratic gold slab served
as a basic model object, as shown in Fig. 9a. In order to take into account
the granularity of the structure we made a second model object of randomly
distributed gold grains within the conﬁnement of the same quadratic patch as
shown in Fig. 9d. In order to account for the situation that the roughness of
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our gold samples is larger on the interface between the gold and the polymer
than on the surface which is exposed to the tip, we combined the homogeneous patch as a cover layer with the layer of randomly distributed grains,
as shown in Fig. 9g. The scanning height of the tip is shown for the diﬀerent
conﬁgurations in Fig. 9j. The calculated photonic nanopatterns of the model
objects a, d and g are shown below the model objects in Fig. 9b,c, Fig. 9e,f
and Fig. 9h,i, respectively, for two diﬀerent orientations of the dipole within
the x-y plane and an equal constant z-component, as indicated by a white
line in Fig. 9b,c. Strong modulations are seen in Fig. 9b,c, showing the photonic nanopattern of the homogeneous slab. The appearance of the photonic
nanopattern is strongly altered with respect to a homogeneous gold patch for
the randomly distributed grains, as shown in Fig. 9e,f. But the resolution of
the grains is not better than 20 nm. The composite model object of Fig. 9g
accounts for the diﬀerent roughness of the ﬂat surface exposed to the tip and
the other corrugated surface. The photonic nanopatterns of this composite
object as shown in Fig. 9h,i show a higher apparent resolution than those of
the randomly distributed grains alone of Fig. 9e,f, although in both cases the
distance between the tip and the random structure is the same. Although
the apparent resolution of the composite ﬁlm is increased, the grains cannot
be clearly recognized in the patterns. In this sense the calculations do not
reproduce the experiments where the grains can be clearly identiﬁed. But
in accordance with the experiments, the numerical calculations also show
that higher-resolved details do not appear everywhere in the image and that
the orientation of the probing dipole has an important inﬂuence where the
higher-resolved details appear in the image.

7

Discussion

At ﬁrst sight it is not clear that a smooth metal cover layer may increase
the resolution, because one would assume that the homogeneous cover layer
has a shielding eﬀect and thus decreases the contrast as well as the resolution. However, a diﬀerent consideration may explain in a qualitative way
the improved resolution. The scanning dipole is expected to induce a mirror
dipole in the cover layer. The electric ﬁeld distribution of the dipole and its
mirror dipole should resemble the ﬁeld distribution of a quadrupole, which
is expected to be much more localized than the ﬁeld of a single dipole. Such
a localization of the near-ﬁeld may be the origin of higher-resolved details
in the SNOM image. The localization is expected to depend on the phase
diﬀerence between the dipole and its mirror dipole. It is conceivable that the
phase relation of the mirror dipole varies with the position of the dipole over
the cover layer and that therefore the contrast as well as the resolution varies
at diﬀerent positions of the dipole over the cover layer.
Previous theoretical considerations also give a hint that one may expect an
increased resolution in the SNOM images of samples on a metallic substrate
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Fig. 8. Schematic view of the structure of the gold ﬁlm which is formed as a replica
of the ﬂat surface of mica and thus has a larger roughness on the face which is
covered by the polymer

due to a better conﬁnement of the ﬁeld when the tip is close to a metallic object: (1) the near-ﬁeld between a gold sphere (as a model of the tip)
suspended above a metal substrate is much more conﬁned than that of an
isolated sphere [10]; (2) The electric ﬁeld between a chain of gold particles supported by a dielectric substrate as generated in a PSTM (Photon
Scanning Tunneling Microscope) conﬁguration by a totally reﬂected beam
is much more conﬁned between the spheres than the ﬁeld around isolated
spheres, as was shown experimentally in accord with theoretical calculations
by Krenn et al. [11]. Pendry [12] suggested the use of a thin metal sheet as
a “perfect lens” and he claims that by such a device it is possible to overcome the general requirement of close proximity in near-ﬁeld imaging. For
his device rather exotic optical properties of the sheet are required, which
cannot be fulﬁlled in the optical spectral range. But he has also modiﬁed
these requirements and claims that the property can also be obtained for different conditions in the quasi-static limit for the optical spectral domain. He
shows analytically the validity of the concept assuming a grating as a sample
for p-polarized evanescent components. The ampliﬁcation of the evanescent
modes by the thin metal sheet seems to be the basic ingredient for this property. It is not clear that the property is also valid for s-polarized evanescent
ﬁelds and for diﬀerent structures than linear gratings.
Our experiments show that a resolution enhancement can be expected also
for a wider range of optical properties of the metal ﬁlm. From the experiments
it seems that a shielding smooth layer is not essential; adsorption of a very
thin object on a ﬂat metal surface or embedding the object into a ﬂat metal
surface may be an alternative of a more practical value from the experimental
point of view.
There are some aspects of the experimental images which also can be
recognized in the numerical images. Higher-resolved details do not appear
everywhere in the image. The orientation of the dipole with respect to the
object seems to play an important role, where the higher-resolved details
appear.
In conclusion, we have demonstrated that the sample as well as the SNOM
probe play an important role in the resolution of SNOM imaging. From our
results we suggest that a metallic substrate might be important to obtain
a resolution in the 1–20 nm range, as obtained experimentally with the tetra-
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Fig. 9. Model calculations of granular objects. The model objects are shown in (a),
(d), (g). A cut showing their position with respect to the scanning dipole is shown
in (j). The calculated photonic nanopatterns are shown below the model objects in
(b), (c), (e), (f ), (h), (i). The dipole has a z-component and an equal component
in the x-y plane, as indicated by a white line in (b) and (c), respectively

hedral tip. The calculations give a hint that the same mechanism may be
responsible for the higher-resolved details in the SNOM images of objects
on a metal support and for the more diﬀuse photonic nanopatterns observed
previously. A more detailed comparison between numerical calculations and
experimental results is, however, necessary to settle this question. We suggest
that SNOM imaging of samples adsorbed on a metal surface is especially attractive for SNOM imaging at high spatial resolution. This is also interesting
from the aspect that a high contrast can be expected due to the mechanism
scanning tip enhanced contrast [13,14,15,16,17,18].
We think that these conditions will be favorable for the imaging of molecules adsorbed on a metal surface at molecular resolution.
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Abstract. Surface plasmon resonance from metallic nanostructures signiﬁcantly
changes the optical response of the material. For metallic thin ﬁlms with twodimensional hole arrays or with one-dimensional periodic structures, extraordinary
optical transmission has been demonstrated. We report progress on the surface plasmon resonance of periodic narrow-grooved metallic thin ﬁlms. Two distinguishable
modes, surface plasmon polaritons and localized surface plasmons, are associated
with diﬀerent periods. Simulation results demonstrate that the surface plasmon polaritons and localized surface plasmons are coupled with incident electromagnetic
waves to resonantly tunnel through the periodic nanostructures. The broadness
of localized surface plasmon resonance indicates that it could exist in randomly
distributed, narrow-grooved structures as well.

1

Introduction

A ﬂat metallic surface or thin ﬁlm is usually a very good reﬂector for visible light. For example, a silver ﬁlm with thickness t larger than several ten
nanometers is eﬀectively opaque. The optical properties of a metal can be
demonstrated with a simple jellium model. Consider a metal to be composed
of positive ions forming a regular lattice and free conducting electrons. In the
jellium model the ionic lattice can be replaced by a uniform positive charge
distribution. The plasma frequency ωp of silver (and most metals) is in the
ultraviolet range, and at frequencies below ωp the dielectric constant ε of
silver has a negative real part and only evanescent waves are allowed in the
silver.
Subjected to external excitations, the electrons then behave as a gas with
a disturbed density and establish longitudinal oscillations of the electronic
gas. A metal–dielectric interface may also support charge-density oscillations
– surface plasmons – in proper conditions. The surface plasmon excites the
electromagnetic ﬁeld of p-polarized surface oscillations bounded at the interface, and it is essentially a near-ﬁeld optical phenomenon. The resulting
surface electromagnetic wave – the surface plasmon polariton (SPP) – has
J. Tominaga and D. P. Tsai (Eds.): Optical Nanotechnologies,
Topics Appl. Phys. 88, 153–163 (2003)
c Springer-Verlag Berlin Heidelberg 2003
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Surface Plasmon Polariton
|H|
dielectrics εd

k p = k0

ε mε d
εm + εd

metal εm
Re[εm] <0

Fig. 1. Surface plasmon polariton at dielectric-metal interface

the form shown in Fig. 1. The parallel (to the interface) component of the
propagating constant kp satisﬁes the equation

εm εd
kp = k0
,
(1)
εm + εd
where k0 = 2π/λ is the propagating constant in vacuum. For example, in the
case of the silver–air interface and with incident light of 650 nm wavelength,
the relative dielectric constant of the silver is −19.71 + 0.493j and kp /k0 =
1.026 + 0.000685j. On the other hand, s-polarized surface oscillations do not
exist, since the electric ﬁeld parallel to the interface is continuous across the
boundary and thus no surface charge is induced.
A metallic thin ﬁlm can also support SPP modes. There is no closedform solution for kp for a thin ﬁlm, but the dispersion relation can be solved
numerically [3]. For a silver thin ﬁlm in air, Fig. 2 shows kp as a function
of the ﬁlm thickness. When the thickness of the thin ﬁlm is larger than
the skin depth of the silver, kp is close to the solution of the semi-inﬁnite
silver–air interface. On the other hand, when the thickness of the thin ﬁlm
becomes smaller, two modes appear – the symmetric mode and the antisymmetric mode. The value of kp of the symmetric mode approaches the
value kd = 2πnd /λ of the surrounding medium, and the value of kp of the
anti-symmetric mode approaches inﬁnity as the thickness of the thin ﬁlm
approaches zero [3]. These features are of potential practical interest. The
symmetric mode has a small imaginary part and long propagation distances
in thin metallic ﬁlms. For the anti-symmetric mode of thin metallic ﬁlms, both
the real and imaginary parts of kp are large, which is related to evanescent
waves with a high propagation constant in a conﬁned area.
Since kp is always larger than the propagating constant in the dielectric in both the interface and the thin-ﬁlm cases, just shining a light on
the dielectric–metal interface cannot excite a SSP. To overcome this phasematching problem, a periodic metallic structure can provide the in-plane
momentum required for the incident light in the appropriate polarization

Optical Tunneling Eﬀect and Surface Plasmon Resonance

155

Fig. 2. Real and imaginary part of the normalized propagation constant kp as
a function of the silver ﬁlm thickness

to excite a SPP, resulting in strong optical absorption. This eﬀect has been
extensively studied in the last century [1,2].
An exciting new development in related topics is the study of extraordinarily high optical transmission through metallic ﬁlms with a periodic array
of subwavelength holes by Ebbesen et al. [4,5,6,7]. At resonant frequencies,
the enhancement of transmission can be several orders of magnitude compared to what is predicted for a subwavelength aperture [8]. The locations of
transmission peaks correspond to the SPP resonance modes. Consequently,
the phenomenon was explained as plasmon-enhanced light tunneling through
subwavelength holes [9,10,11,12].
On the other hand, nanoscale noble-metal structures can exhibit anomalous optical excitation due to the localized surface plasmon (LSP). The LSP
resonance positions depend mainly on the structure geometry and the polarization state of the incident light, and the LSP excitation is accompanied
with a highly localized ﬁeld enhancement around the nanostructures. With
the fast progress of near-ﬁeld optics and nano-lithography technology, these
properties make such metallic nanoscale structures especially interesting for
future micro- or nano-photonic applications.

2

One-Dimensional Theoretical Models

The recent investigation of the surface plasmon resonance in zeroth-order
metal gratings, which are gratings with periods smaller than the wavelength
of the incident light, is intended to shed light on the physical mechanism
of the resonant tunneling of light through thin metal ﬁlms. Surface plasmon excitation on zero-order gratings by incident TM-polarized radiation
(i.e., p-polarized, H ﬁeld parallel to the grating grooves) results in strong
ﬁeld enhancement and absorption. Several researchers studied theoretically
a metallic grating with very narrow slits [13,14,15,16] and found that TMpolarized incident light can excite LSP modes in the slits and can lead to
large transmission through the grating. However, there is a major diﬀerence
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between a ﬁlm with an array of subwavelength holes and a ﬁlm with subwavelength slits, which is that only a subwavelength slit can support propagating
modes traveling along the direction perpendicular to the ﬁlm plane. Therefore, Tan et al. proposed to use a silver ﬁlm with a narrow-grooved zerothorder grating on both sides to overcome this problem [17]. They found that
LSP modes localized in the grooves of the two opposite surfaces, and lead to
high transmission for TM-polarized incident light.
We have employed a model similar to the work of Tan et al. to show that
there are two diﬀerent mechanisms for enhanced optical transmission through
thin metal ﬁlms with periodic structures at diﬀerent periods [18]. To reduce
the complexity resulting from the metallic dispersion at diﬀerent incident frequencies, we ﬁxed the wavelength of the incident light at 650 nm and changed
the periods instead. Though the resonant modes of a one-dimensional periodic system are not the same as those of a two-dimensional periodic system,
it is still important to study the special characteristics of SPP and LSP resonance modes. They appear in much wider areas than the subwavelength hole
arrays, and are useful tools to control and selectively transport light.
The model used in our work is a free-standing thin silver ﬁlm with periodic
Gaussian-shaped grooves on both surfaces. As in Fig. 3, the proﬁles of the
left-hand and the right-hand surfaces are symmetric. The depth of these
grooves, d, is less than t/2, where t is the thickness of the ﬁlm. The minimum
separation between the grooves on the opposite surfaces is larger than zero;
therefore, there should be no propagating electromagnetic modes between
the surfaces, which is a situation rather more similar to the hole experiment
of Ebbesen et al. than the narrow slits model. All the silver ﬁlms have the
same groove proﬁle: the depth of the grooves is d = 50 nm, and the width
of the grooves is w = 10 nm. The period, l, between the adjacent grooves, is
always less than the wavelength of incident light, λ = 650 nm. The control
variables of the SPP and LSP resonance is the period only, that is, the inplane momentum provided by the periodic structure.
The two-dimensional ﬁnite-diﬀerence time-domain (FDTD) method with
the perfectly matched layer (PML)[19] is chosen to simulate the optical response, because of its computational advantages of reduced memory require-

Fig. 3. A schematic illustration of the thin-ﬁlm
grating
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ments, freedom from matrix-inversion issues, and ease in treating complex
materials and shapes. It allows the calculations of both reﬂection and transmission of systems, and near-ﬁeld distributions.

3 SPP and LSP Resonance in the One-Dimensional
Deep-Grooved Grating
Figure 4 shows the calculated reﬂection coeﬃcient and transmission coeﬃcient as a function of the period for silver ﬁlms with diﬀerent thicknesses.
There are two valleys of the reﬂection coeﬃcients: the very sharp ones are
around l = 620 nm, and the quite broad ones are at shorter periods. When
the thickness of the ﬁlm decreases, the position of the sharp valley shifts
slightly to longer periods, but the broad valley moves signiﬁcantly to shorter
periods. This small shift agrees with the behavior of the symmetric mode of
a thin metallic ﬁlm. Figure 4b shows that a peak in the transmission curve
always corresponds to a minimum in the reﬂection curve at the same period.
The sharp transmittance peaks around l = 616 to 623 nm never exceed 0.3,
but the broad transmittance peaks can be quite large. This clear contrast
suggests that they have diﬀerent physical mechanisms.
The near-ﬁeld distributions of the SPP and LSP modes in Fig. 5 show
diﬀerent characters. The narrow transmission peaks shown in Fig. 4b can be
identiﬁed as the SPP resonance. Figure 5a shows a typical near-ﬁeld distribution at the SPP resonance. There are strong ﬁelds on both sides of the
surfaces of the ﬁlm and the maxima of the ﬁelds located at 1/4 and 3/4 period. The near-ﬁeld distribution agrees with physical pictures of the SPP in
a periodic structure. In Fig. 5b there are LSP modes strongly localized in the
grooves on both sides of the ﬁlm surfaces. Resonant excitation of a LSP mode
in the left-hand surface grooves results in strong ﬁeld enhancement. This in
turn resonantly excites the LSP mode on the right-hand surface and builds
a strong electromagnetic ﬁeld, which then emits the radiation downwards
into the air [17]. This transmission process eﬀectively tunnels light through
the metal ﬁlm via resonantly excited LSP modes.

Fig. 4. (a)Reﬂection and (b) transmittance coeﬃcients as functions of the period.
The thickness of the ﬁlms is from 104 to 116 nm
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Fig. 5. Near-ﬁeld distributions of periodic grooves. (a) Illustrates the SSP resonance
mode for t = 106 nm and l = 621 nm, which is the broad resonant peak of the
transmittance curve. (b) Illustrates the LSP resonance mode for t = 106 nm and
l = 291 nm, which is the narrow resonant peak of the transmittance curve. The
ﬁeld amplitude has been normalized for the incident ﬁeld amplitude to be 1

An important feature of the general resonance phenomenon is the phaselag and the time-delay in the resonant response. Dogariu et al. [22] have measured the time-delay of a pulse going through the silver ﬁlm with a subwavelength hole array. At 800 nm resonance, the measured group velocity in the
ﬁlm can be as low as c/7. This indicates that the eﬀective index of refraction of the thin ﬁlm is about 7. Their experiment agrees with a resonantly
driven oscillator model and supports the idea that the resonant coupling of
light with SPP modes results in the high optical transmission and the slow
group velocity of light passing through the silver ﬁlm with subwavelength
hole arrays. To examine the resonant responses in our simulations, we calculated the phase-lag and the eﬀective index of refraction of the outgoing
plane wave, comparing with the case without the silver ﬁlm. The phase-lag
for continuous incident light directly corresponds with the time-delay for
pulsed incident light. The relation ∆φ = 2π(neﬀ − 1) l/λ can be applied to
obtain the eﬀective index of refraction. In Fig. 6, there is no obvious eﬀective
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Fig. 6. Eﬀective indexes of refraction as
a fuction of period for ﬁlm thickness
t = 104–116 nm

index-of-refraction peak associated with the LSP resonance, except a smooth
increase near the LSP resonance position of each thin ﬁlm with diﬀerent
thickness. On the contrary, the SPP resonance exhibits a large eﬀective index of refraction. At the SPP resonant peak, the eﬀective index of refraction
can reach a value as large as 6.9. Though the experiment by Dogariu et al.
was for a two-dimensional hole array at around 800 nm wavelength and our
calculation was for a one-dimensional groove array at 650 nm wavelength,
both exhibited a large eﬀective index of refraction for the SPP resonance.

4 Implications for Randomly Distributed Grooves
and Non-periodic Grooves
Since the LSP modes are highly localized in the grooves, their optical response curves form very broad bands. The responses of the LSP resonance
are not sensitive to the period over a large range of variation. Consequently
the broad nature of the LSP resonance can be applied to situations other than
periodic arrays of grooves. If the distance between the grooves is slightly different from the resonant period, we can expect the system still to have high
transmittance. Therefore, if the groove distances have some small random
deviation from the resonant period, we still can anticipate that the system
will have high transmittance. This property not only gives large tolerance for
future mass-production micro- or nano-photonic devices, but also provides
insights into the optical properties of randomly distributed nanostructures.
We calculated the optical response of a thin ﬁlm to illustrate the optical
eﬀect of such randomly distributed grooves. From Fig. 4, the LSP resonant
period l is about 290 nm for the thin ﬁlm of thickness t = 106 nm, and the
peak transmittance coeﬃcient is about 0.69. For this case, we add random
deviations in the groove positions from the resonant period. The center positions of the grooves at both sides are now nl + v × [2 × random() − 1],
n = . . . , −2, −1, 0, 1, 2, . . . , where random() is a random number from a uniformly random number generator of region (0, 1) and v is the range of the
random deviations. For v = 29 nm (10% of the resonant period l) the average transmittance coeﬃcient is 0.648 ± 0.027 and for v = 58 nm (20% of
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the resonant period l) the average transmittance coeﬃcient is 0.579 ± 0.019.
These are only 94% and 84% of the peak transmittance at the resonant period, respectively, and these examples conﬁrm our hypothesis. The near-ﬁeld
distribution is shown in Fig. 7. Highly enhanced local ﬁelds are concentrated
in the grooves, similar to the case of periodic grooves.
Another example is the super-resolution near-ﬁeld structure (superRENS) [23], which exhibits dynamical nonlinear behavior [24,25,26] and
strong local near ﬁelds [26,27,28]. The super-RENS has vast potential for
applications such as high-density optical storage systems and photonic transistors [29]. The Sb-type super-RENS has very rough interfaces between the
15 nm Sb layer and the protective dielectric layers [28]. The rough interfaces
look like randomly distributed narrow grooves and may allow strong LSP resonance when the super-RENS disk is excited with incident light. This hypothesis can explain the strong local near-ﬁeld and unusual high transmittance
of the super-RENS. The very broad nature of the LSP resonance can also
explain why the super-RENS respondes eﬀectively to diﬀerent frequencies of
incident light. The physical mechanism of another AgOx -type super-RENS
may also be explained in a similar way. The only diﬀerence is that the LSP

Fig. 7. Near-ﬁeld distributions of randomly-distributed grooves for l = 290 nm and
v = 58 nm. The thickness of the ﬁlm is t = 106 nm. The ﬁeld amplitude has been
normalized for the incident ﬁeld amplitude to be 1. The length unit is in nm
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resonance is not at small narrow grooves, but at the randomly-distributed
nano-sized silver particles embedded in the AgOx layer [28].

5

Conclusions

These numerical studies on the near-ﬁeld and far-ﬁeld optical responses of
metallic nanostructures have not only given insight into the physical mechanisms of the unexpected strong light transmission, but they may also lead to
micro- and nano-photonics applications. LSP resonance is closely dependent
on the details of the nanoscale metallic structures, and similar local ﬁeld excitation phenomena have often been observed in near-ﬁeld optical research. The
special characteristics of the LSP modes may extend our understanding on
the optical properties of periodic and randomly distributed metallic nanostructures. Up to now, little is known about the optical near-ﬁelds around
nanoscale metal structures, nor about the LSP modes excited by incident
light. Better understanding of such phenomena is greatly desirable in order
to enable us to manipulate and localize light on the subwavelength scale.
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Abstract. Surface-phonon polaritons produce peaks in the local density of electromagnetic states close to the interface. We show that this aﬀects dramatically
the spontaneous emission of light by thermal sources in the near ﬁeld. We discuss
several eﬀects such as coherence properties in the near ﬁeld, radiative heat transfer
at short distances and the design of coherent thermal sources in the near ﬁeld and
in the far ﬁeld.

1

Introduction

When describing diﬀerent possible sources of light, lasers are often presented
as the typical coherent source of light and thermal sources such as a light
bulb are often presented as the typical incoherent source. Indeed, for conventional thermal sources, the spectrum is chieﬂy given by the Planck function,
so that the degree of temporal coherence is close to that of blackbody radiation. Concerning spatial coherence, it has been shown that light accross
a planar Lambertian source, at a given wavelength λ, is correlated over a distance on the order of λ/2 [1]. These two results support the statement that
conventional thermal sources have a very low degree of temporal and spatial
coherence, and therefore are good approximations of incoherent sources.
In deriving the above results, the surface waves are ignored. This is correct
insofar as the far ﬁeld is concerned. However, study of the phenomenon of
emission of light into the near ﬁeld, (i.e. at distances smaller than the peak
wavelength from the source) may reveal unexpected behavior. It has been
shown recently that the energy density close to an interface increases by
several orders of magnitude and acquires a very narrow spectrum [2]. This
eﬀect has been shown to be due to the excitation of surface modes. This
J. Tominaga and D. P. Tsai (Eds.): Optical Nanotechnologies,
Topics Appl. Phys. 88, 163–182 (2003)
c Springer-Verlag Berlin Heidelberg 2003
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suggests that heat transfer in the near ﬁeld may become very important for
very small spacings. This is an important feature for most of the devices
that are currently being developed to operate at nanoscales [3,4], such as
local probe thermal microscopy [5]. The inﬂuence of evanescent waves was
studied in pioneering works almost forty years ago [6,7], and more recently
by Loomis and Maris [8]. However, the dramatic enhancement due to the
resonant excitation of surface modes was ignored. We will show that the
radiative ﬂux may be enhanced by several orders of magnitude due to nonpropagating ﬁelds, and that it may occur at particular frequencies [9].
A major diﬀerence between a laser and a thermal source is that the
laser produces a highly directional beam, whereas thermal sources are quasilambertian. It has been shown recently [10,11] that the excitation of surface
waves modiﬁes dramatically the spatial coherence of surface waves. As a consequence, directional thermal sources or, in other words, partially spatially
coherent sources can be designed [12]. We will show that it is possible to
fabricate a thermal source that emits light in narrow lobes as does a radio
antenna. The physical mechanism will be discussed.

2

Spectral Properties of Emitted Thermal Near Fields

In this section, we consider the emission of a thermal source in the near ﬁeld.
The thermal source is modeled using the geometry depicted in Fig. 1. An interface at z = 0 separates a vacuum (medium z < 0) from a semi-inﬁnite absorbing material (medium z > 0), held at a temperature T . The medium is assumed to be isotropic, local and non-magnetic. It is described macroscopically
by its complex frequency-dependent dielectric constant ε(ω) = ε (ω)+iε (ω).

Fig. 1. Geometry of the system used to study thermal emission spectra and near-ﬁeld spatial coherence. The upper half-space is a vacuum, the lower
half-space is a dielectric material with dielectric
constant ε at temperature T

2.1

Spectrum of the Thermally Emitted Light

Due to thermal ﬂuctuations inside the material, each volume element behaves
as a time-dependent ﬂuctuating dipole. The ﬁeld radiated by the dipoles
through the interface is the thermally emitted ﬁeld. Note that since we are
interested in the properties of the emitted ﬁeld, we assume that there are no
other sources in the problem (there is no incident ﬁeld from the vacuum side).
In particular, this is a non-equilibrium situation. The current density j(r, t)
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at a point r = (x, y, z) inside the material is a random variable, which is
stationary in time [13]. The emitted ﬁeld E(r, t) is also a random variable.
When we take the ensemble average of the ﬁeld over many realizations of
the random currents, we ﬁnd a zero mean value of the currents and therefore
a zero mean value of the emitted ﬁeld. However, we are interested in the
mean value of the density of energy and of the radiative ﬂux. Since these
are quadratic quantities, their mean value is not zero. From a more general
point of view, the basic quantity to compute is the electric-ﬁeld cross-spectral
density tensor Wjk deﬁned by [1]
Ej (r1 , ω)Ek∗ (r 2 , ω  ) = Wjk (r 1 , r 2 , ω) δ (ω − ω  ) ,

(1)

where the superscript ∗ denotes the complex conjugate and the brackets denote a statistical ensemble average. The tensor Wjk is a measure of the correlation of the ﬁeld at two diﬀerent points and at a given frequency. To compute
this second-order quantity, we need to know the spatial correlation function
of the currents inside the material. It is given by the ﬂuctuation-dissipation
theorem. The details of the calculation are given in [10]. The electric energy
density I(r, ω) is proportional to the ensemble average of the square modulus
of the electric ﬁeld. It is deduced from the cross-spectral density by
ε0 
I(r, ω) =
Wkk (r, r, ω) .
(2)
2
k=x,y,z

2.2

Examples: Near-Field Thermal Emission of SiC and Glass

Computed thermal emission spectra for silicon carbide (SiC) at diﬀerent
distances z from the interface are shown in Fig. 2 in the frequency range
0 < ω < 400 × 1012 s−1 for T = 300 K. We have used the dielectric constant
values given in [15]. In the far ﬁeld (z = 100 µm), the spectrum is given by the
Planck function, except for the frequency 150×1012 s−1 < ω < 180×1012 s−1 ,
where SiC is highly reﬂective, so that it does not emit light. When moving
towards subwavelength distances from the source plane (the peak emission
wavelength at T = 300 K is about 10 µm), the spectrum changes dramatically. The emission spectrum at z = 2 µm has a peak at ω = 178.7 × 1012 s−1 .
At a distance of 100 nm (Fig. 2c), the emission is almost monochromatic, at
a frequency not represented in the far-ﬁeld spectrum. Note that the vertical
scale is very diﬀerent in the three ﬁgures. The broad spectrum represented in
Fig. 2a has not disappeared, it is merely overwhelmed by the enhancement
of the density of energy close to the peak. To summarize, we have two major
modiﬁcations of the spectral density of energy. First, the spectrum becomes
quasi-monochromatic. Second, the electric density of energy is increased by
several orders of magnitude. How can we explain these surprising results?
The presence of a sharp peak in the emission near-ﬁeld spectrum can be explained in terms of the density of electromagnetic modes. Indeed, it is known
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Fig. 2. Thermal emission spectra of
a semi-inﬁnite medium of SiC at T =
300 K, for three diﬀerent height z
above the interface. Note the transition from a broad spectrum to
a quasi-monochromatic spectrum as
well as the dramatic increase of the
electric energy density as z decreases.
The data are normalized by the peak
value for z = 100 µm

from statistical physics that the density of energy is the product of three
terms: the energy of each photon, the density of states and the mean number
of photons occupying each state. The latter is given by the Bose–Einstein
distribution at equilibrium. Thus, to explain an increase of the density of
energy close to the interface, we have to assume that the density of states
has been locally increased. The fact that the density of states increases close
to the interface is due to the existence of additional solutions of Maxwell’s
equations: the surface waves. Surface waves are solutions of Maxwell’s equations that propagate along the interface and decay exponentially away from
the interface. The wave vector k|| along the interface is given by [17]
k2|| (ω) =

ω 2 ε(ω)
,
c2 ε(ω) + 1

(3)

where k|| = |k|| |. These solutions exist only when the real part of the dielectric constant is smaller than −1. Thus they exist only for some materials and within certain parts of the spectrum. They correspond to the
excitation of coupled mechanical and electromagnetic vibrations. For metals, these are electron density waves and are called surface-plasmon polaritons. For polar dielectrics, they are due to the ion vibrations and are called
surface-phonon polaritons. Each surface wave is an additional solution that
can host photons. This explains why the energy density increases when ap-
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Fig. 3. Dispersion relation of surface-phonon polaritons at a vacuum–SiC planar
interface. Re(ω) is plotted versus k||

proaching the interface. In order to understand why the spectrum becomes
quasi-monochromatic, we have to study in more detail the surface wave. The
dispersion relation ω(k|| ) of the surface wave is shown in Fig. 3. A remarkable
feature is that there is an asymptote for a particular frequency. Each couple
(ω(k|| ), k|| ) is a mode of the problem. Thus, close to the frequency of the
asymptote, the local number of modes increases dramatically. This explains
the large enhancement of the energy density for a particular frequency and
close to the interface.
It has been shown in [2] that the electric energy density can be written
in the form:
I(z, ω) = θ(ω, T )N (z, ω) .

(4)

In this expression, 2πh̄ is the Planck constant and N (z, ω) is the local density of electromagnetic modes (propagating and evanescent) that are excited
during the emission process.
The mean energy of the quantum harmonic oscillator in thermal equilibrium at temperature T is Θ(ω, T ) = h̄ω/[exp(h̄ω/kB T ) − 1], where kB
is the Boltzmann constant. It is the product of the energy h̄ω of a particle
and the mean number of particles per oscillator given by the Bose–Einstein
distribution. At short distance z (compared to the peak wavelength of the
Planck function), an asymptotic expression of I(z, ω) can be derived [13].
Upon identiﬁcation with (4), one obtains
N (z, ω) =

1
ε (ω)
.
|ε(ω) + 1|2 16π 2 ωz 3

(5)

The 1/z 3 contribution is a well-known quasi-static property of thermal
ﬁelds near the source plane [11,13]. It exists for any material and is not
related to surface waves. At a given distance z in the near ﬁeld, the prefactor
ε (ω)/|1 + ε(ω)|2 is responsible for the peak in the spectrum observed in
Fig. 2 at z = 100 nm. At a frequency ε(ω)max such that ε (ωmax ) ≈ −1, the
density of modes displays a sharp peak due to surface modes. Indeed, the
peak corresponds clearly to the asymptote of the dispersion relation of the
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surface waves, as can be seen by comparing with (3). It is also interesting
to note that this resonant denominator also appears in the expression of the
van der Waals force [14]. Finally, we note that by expanding the real part of
the dielectric constant ε around ωmax it is easy to show that the peak has
a Lorentzian shape with a width given by [ε /(∂ε /∂ω)]1/2 .
We show in Fig. 4 a similar behavior for a very common material, namely
amorphous glass. In the far ﬁeld (Fig. 4a), the spectrum is very close to
that of a blackbody source. When approaching the surface (Fig. 4b,c), the
spectrum changes dramatically and a strong peak emerges. Note that at the
location of this peak, the energy density has increased by almost four orders
of magnitude. This increase in energy density has important consequences
when one considers the radiative heat transfer between two bodies at close
distance. This point will be discussed in Sect. 4. The location of this peak
also corresponds to a frequency ωmax such that ε (ωmax ) ≈ −1, and thus to
the thermal excitation of resonant surface waves.

Fig. 4. Thermal emission spectrum of a semi-inﬁnite medium of glass at T = 300 K,
for three diﬀerent heights z above the interface. The data are normalized by the
peak value for z = 100 µm
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Potential Applications

We now turn to the discussion of some implications of the above eﬀects. We
shall ﬁrst discuss the possibility of performing solid-state spectroscopy based
on a measurement of the near-ﬁeld thermal emission spectrum.
Let us assume that a near-ﬁeld optical measurement yields a signal proportional to the electric energy density1 . According to (4) and (5), the signal
is then proportional to ε /|1+ε|2 = 0.5 Im[(ε−1)/(ε+1)]. The real and imaginary parts of (ε−1)/(ε+1) are linked by the Kramers–Kronig relations (it can
be shown that the quantity (ε−1)/(ε+1) is causal) so that Re[(ε−1)/(ε+1)]
is also obtained. Once these two quantities are known, one can calculate the
real and imaginary parts of the complex dielectric constant. In Fig. 5, we have
plotted ε(ω) obtained by reﬂectivity measurements on glass [15] (reference
curve) and ε(ω) deduced from a near-ﬁeld theoretical spectrum calculated
at z = 100 nm. There is a good agreement between the result and the reference curve. This procedure suggests a new method to perform solid-state
spectroscopy on surfaces at a submicrometer scale [2,16]. Note that because

Fig. 5. Real and imaginary parts of the dielectric constant of glass, versus frequency.
εrefl is the reference value, obtained by reﬂectivity measurements [15], and εspec is
the value numerically reconstructed from the near-ﬁeld spectrum using Kramers–
Kronig relations
1

In order to account for the polarization dependence of the signal, the correct
expression of the signal [18] should be used.
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the near-ﬁeld spectrum is sharply peaked (Fig. 4c), a narrow-band spectrum
around the peak frequency is suﬃcient to get enough information, making it
easier to use the Kramers–Kronig relations. A second application could be
the use of such thermal sources as near-ﬁeld infrared quasi-monochromatic
sources. Semiconductors display resonance frequencies in the range 2–100 µm.
With doped semiconductors, the peak frequency is controlled by the impurity
density.
A third application is the increase of the eﬃciency of thermophotovoltaic
generators. These are heaters that burn gas to produce infrared radiation.
This radiation is converted into electricity by the photovoltaic eﬀect using
low-gap materials. A major drawback of all photovoltaic systems is that the
source has a wide frequency spectrum mainly given by the Planck function.
Thus, all the photons with energy lower than the energy gap are lost. For
photons with energy higher than the gap, the diﬀerence hν − Egap is also
lost. It is clear that the mismatch between the absorption spectrum and the
incident spectrum is the major cause of the reduction of the eﬃciency of
photovoltaic devices. Since the spectrum in the near ﬁeld becomes almost
monochromatic, one may anticipate a tremendous increase in the eﬃciency
of these systems. In what follows, we address the question of the enhancement
of the heat transfer due to the excitation of surface-phonon polaritons.

3

Radiative Heat Transfer at Nanometric Distances

We shall now discuss the issue of heat transfer by radiation between closelyspaced bodies.
3.1

Introduction

Besides the application to photovoltaics, there are a number of other ﬁelds
where heat transfer and temperature control at the submicronic scale is a major issue. For instance, heat transfer in a microprocessor is not very well
understood [3]. Thermal probe microscopes with nanometric resolution have
been designed [5], and understanding the images is a challenging problem
involving nanometer-scale heat transfer. In this section, we study the radiative heat transfer between two semi-inﬁnite bodies separated by a small
vacuum gap (Fig. 6). We show that, under certain conditions, the radiative
heat transfer due to evanescent waves can be dominant and larger than the
classical radiative heat transfer by several orders of magnitude. Moreover, the
radiative transfer at short distance may occur at particular frequencies. This
is a direct consequence of the near-ﬁeld spectral behavior discussed in the
previous section. Our goal is to investigate how the radiative heat transfer
between two plane semi-inﬁnite media depends on the separation distance d
(Fig. 6).
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Fig. 6. Geometry of the system used to study nanometerscale radiative transfer

This problem has already been adressed in the past. Cravalho et al. [6]
were the ﬁrst to point out the role of tunneling in radiative heat transfer. Rytov [13], Polder and Van Hove [7] and Loomis and Maris [8] did a complete
calculation based on ﬂuctuational electrodynamics. The radiative transfer is
calculated as follows. With reference to Fig. 6, the thermal (ﬂuctuating) currents in medium 1 (temperature T1 ) produce an electromagnetic ﬁeld in all
space. The energy dissipated by these ﬁelds in medium 2 (temperature T2 )
is the ﬁrst contribution to the radiation heat exchange. An analogous contribution comes from the dissipation in medium 1 of the energy carried by the
ﬁelds produced by the thermal currents in medium 2. The diﬀerence between
the two contributions gives the net radiative ﬂux exchanged between both
media.
The ﬁrst contribution to the radiative heat exchange is obtained by calculating the ﬂux of the ensemble average of the Poynting vector S =
0.5 Re(E ×H ∗ ) through a plane just above the interface separating medium
2 and the gap. In this case, E and H are the electric ﬁeld and the magnetic
ﬁeld in medium 2 generated by the thermal currents in medium 1.
The main points in this calculation are that (1) it accounts for both
propagating and evanescent waves (near ﬁelds) and (2) the electromagnetic
properties of the interfaces are completely taken into account in the electromagnetic model [10]. In particular, the excitation of resonant surface waves
is fully described by the poles of the reﬂection Fresnel factor appearing in
the Green’s function. In the following, we will show that the contribution
of the evanescent waves may enhance the heat transfer by several orders of
magnitude when resonant surface waves are involved. We will also see that
under these conditions, the radiative transfer becomes quasi-monochromatic.
3.2

Contribution of Resonant Surface Waves

We now evaluate numerically the radiative heat transfer between two halfspaces of absorbing material, separated by a gap with nanometric width d.
First of all, let us remark that for most materials, when a gas at atmospheric
pressure is present in the gap, the radiative heat transfer remains lower than
the conductive heat transfer due to the ballistic ﬂight of molecules between
the two bodies [19]. At ambient temperature and pressure and for small
distances between the two media, this mechanism yields a conductive heat

172

Jean-Jacques Greﬀet et al.

transfer coeﬃcient2 hC , which is about 4 × 104 W m−2 K−1 [19]. For the sake
of comparison, the value of the heat-transfer coeﬃcient between air and a vertical surface due to natural convection is about 5 W m−2 K−1 !
Following the approach of [7], a radiative heat transfer coeﬃcient hR (in
W m−2 K−1 ) can be introduced when T1 ≈ T2 . In many cases, hR remains
much lower than hC . Nevertheless, we will see that hR may be dramatically
enhanced by the thermal excitation of resonant surface waves.
We now consider materials constituting the two media that can support
surface waves at a wavelength close to the maximum of the Planck function
at 300 K (around λ = 10 µm). Many materials such as glass, SiC, and II–VI
and III–V semiconductors belong to this category. In Fig. 7 we display hR
(T = 300 K, d) versus the gap width d for SiC and glass. When d is much
larger than the wavelength of the maximum of the Planck spectrum (10 µm
here), hR does not depend on d. This is the result that would be obtained in
classical heat transfer theory, where only propagating waves are taken into
account. When d is lower than 1 µm, the heat transfer increases as d−2 , in
agreement with previous results [8]. Note that for both SiC and glass, hR
reaches the typical value of hC at ambient pressure when d ≈ 10 nm. In fact,
the radiative heat transfer at small distances is dramatically enhanced by
the excitation of resonant surface waves along the interfaces. For example,
we have seen that at a distance of 10 nm, hR is four orders of magnitude larger
for glass than for chromium, a material which does not support surface waves
in the infrared.
The physical origin of the heat-transfer enhancement can be explained
from the argument developed in Sect. 2. The electromagnetic energy density above an interface separating a lossy medium from vacuum increases as

Fig. 7. Radiative heat-transfer coeﬃcient hR at T = 300 K versus the gap width d,
for two semi-inﬁnite media of SiC or glass
2

Using this coeﬃcient, the conductive ﬂux per unit surface is written φ =
hC (T1 − T2 ).
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1/z 3 at nanometric distances, as shown in (4) and (5). Moreover, at a given
distance, the energy density becomes very large at a frequency ωmax such
that ε (ωmax ) ≈ −1. As shown in Sect. 2, this enhancement is related to the
existence of additional electromagnetic modes due to the thermal excitation
of resonant surface waves. When two media are brought together at a close
distance, these evanescent electromagnetic modes contribute to the radiative
transfer, through optical tunneling. Near the peak frequency, ωmax , signiﬁcant radiative energy transfer will take place. A microscopic point of view
can be introduced – the heat transfer is due to the coupling between surface
photons in the lower and upper interfaces. In other words, when the spacing
decreases, there are phonon–phonon collisions.
Because of the existence of this peak frequency, the radiative heat transfer
at small distances exhibits peculiar spectral eﬀects. In fact, the frequencies
at which the heat transfer occurs strongly depend on the distance d! The
increase of the heat transfer coeﬃcients, due to the contribution of evanescent
electromagnetic modes, exists at all frequencies but is much larger near the
frequency ωmax . To analyze this eﬀect, we can introduce a monochromatic
radiative heat transfer coeﬃcient hR
ω . It is plotted in Fig. 8 in the case of SiC
and glass, for d = 10 nm. We see that the heat transfer coeﬃcient exhibits
large peaks at particular frequencies. For SiC, the heat transfer is quasimonochromatic! This is a very unusual situation in heat transfer by radiation
between two thermal sources. An asymptotic expansion of hR
ω can be done
in the same way as the expansion had been done for the density of modes in
Sect. 2. One obtains

2
h̄ω
ε1 ε2
exp[h̄ω/(kB T )]
1
R ∼
hω = 2 2
kB
,
(6)
π d |1 + ε1 |2 |1 + ε2 |2
kB T
{exp[h̄ω/(kB T )]}2

Fig. 8. Monochromatic heat-transfer coeﬃcient hR
ω at T = 300 K, versus frequency,
for two semi-inﬁnite media of SiC and glass; d = 10 nm. It is seen that most of the
transfer takes place in a very narrow range of frequencies
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where ε1 and ε2 are the imaginary parts of the dielectric constants of medium
1 and medium 2, respectively. We see in this equation that the heat transfer is
enhanced at the resonant frequencies ωmax of each material. The enhancement
is particularly strong when the materials are identical because the resonances
amplify each other. This asymptotic formula also explains why the integrated
heat transfer coeﬃcient hR behaves as d−2 at small distances in Fig. 7. The
−2
monochromatic heat-transfer coeﬃcient hR
in (6). Because it
ω behaves as d
displays narrow quasi-monochromatic peaks, its integral over ω also behaves
as d−2 . Also note that the temperature dependence of hR is given by (6),
using ω ≈ ωmax in the last term. A behavior very diﬀerent from the T 4 law
of blackbody radiation.

4 Spatial Coherence of Thermal Sources
in the Near Field
The study of emission spectra in the near ﬁeld has shown that thermal emission can be quasi-monochromatic due to the excitation of resonant surface
waves. From the point of view of coherence theory, this also demonstrates that
such thermal sources exhibit a high degree of temporal coherence. From (5)
we were able to derive the spectral width of the resonance. The coherence
time in the very near ﬁeld is roughly given by its inverse. It thus strongly
depends on the losses at the peak frequency. Again, this large time-coherence
in the near ﬁeld is due to the peak of the local density of states due to the
presence of surface waves.
In this section, we will study the issue of the spatial coherence of thermal
sources. A well-established result of coherence theory states that light accross
a planar Lambertian source (assumed to be a good model for a conventional
thermal source), at a given wavelength λ, is spatially correlated over a distance on the order of λ/2 [1]. In deriving this result, the near-ﬁeld part of the
emitted light is disregarded, because it plays no role in the far-ﬁeld properties
of emission from planar sources. Nevertheless, we have seen in Sect. 2 that
the non-propagating (evanescent) ﬁelds play a substantial role in the spectral properties of thermal sources. We will see that they also dramatically
inﬂuence the spatial coherence.
4.1

Exact Calculations of the Spatial Correlation of the Field

When dealing with spatial coherence, we investigate the correlations of the
ﬁeld at diﬀerent points and equal time. An alternative point of view, is to focus on a particular frequency of the spectrum. It is essential to introduce this
frequency analysis because the materials have very diﬀerent behaviors for different frequencies. Here, we are particularly concerned with the possible presence of surface waves. Therefore, one must study a spatial correlation function
of the electric ﬁeld at a well-deﬁned frequency. In the context of coherence
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theory, it is called the electric-ﬁeld cross-spectral density and its deﬁnition
is given by (1). This quantity can be computed following [10]. We start by
showing some typical results obtained close to the interface. Let us ﬁrst compare the spatial correlation of the ﬁeld emitted by lossy glass and tungsten,
the latter being a metal which does not support surface waves in the visible
part of the spectrum. We plot in Fig. 9 the diagonal element Wxx (r 1 , r 2 , ω)
of the cross-spectral density tensor, at a wavelength λ = 2π/k = 500 nm. At
this wavelength, the dielectric constant [15] of a lossy glass is ε = 2.25+0.001j
and that of tungsten is ε = 4.35 + 18.05j. The calculation is performed in
a plane z = z0 above the surface of the emitting material. Both r1 and r 2
are along the x-axis, and the result is plotted versus ρ = |r1 − r2 |, and normalised by its value at ρ = 0. In the very near ﬁeld (z0 = 0.01λ), the curve
corresponding to glass (solid line) drops to negligible values after ρ = λ/2,
showing that the correlation length of the x-component of the ﬁeld is λ/2. In
fact, the solid curve in Fig. 9 strongly resembles the sin(kr)/kr shape of the
cross-spectral density in the source plane of a Lambertian source, previously
obtained in the scalar approximation [1].
In comparison, the case of tungsten (dotted curve) is completely diﬀerent. The correlation length is much smaller than λ/2 (i.e. much smaller than
for the blackbody radiation), on the order of 0.06λ. This subwavelength correlation length is a pure near-ﬁeld eﬀect, due to non-radiative evanescent
ﬁelds. At a distance z0 = 0.1λ, we see that the correlation length for tungsten (dashed curve in Fig. 9) is much larger (on the order of 0.4λ) than that
obtained with z0 = 0.01λ (dotted curve).
We now turn to the study of spatial coherence in light emission from materials supporting resonant surface waves, such as surface-plasmon or surfacephonon polaritons [17]. The thermal excitation of a surface polariton induces
some spatial correlation in the ﬁeld close to the surface, and we may expect
a large increase of the correlation length. We illustrate in Fig. 10 the eﬀect of
surface-plasmon (Fig. 10a) and surface-phonon (Fig. 10b) polaritons on the
spatial coherence of the thermal near ﬁeld. We plot in Fig. 10a the element

Fig. 9. Wxx (r 1 , r 2 , ω) in the plane z = z0 versus ρ = |r 1 − r 2 |; r 1 and r 2 are on
the x-axis; λ = 500 nm. Two materials are considered: lossy glass (z0 = 0.01λ) and
tungsten (z0 = 0.01λ and 0.1λ). All curves are normalized by their maximum value
at ρ = 0. Reprinted from [10]
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Fig. 10. Same as Fig. 9, with z0 = 0.05λ. (a) Case of three metals (tungsten, gold
and silver), λ = 620 nm. (b) Case of SiC with λ = 620 µm and λ = 11.36 µm.
At 620 nm, the metal dielectric constants are ε = 4.6 + 20.5j for tungsten, ε =
−8.26 + 1.12j for gold and ε = −15.04 + 1.02j for silver. Reproduced from [10]

Wxx of the cross-spectral density tensor at the wavelength λ = 620 nm, and
in the plane z0 = 0.05λ, for three diﬀerent metals.
Both gold and silver exhibit surface-plasmon resonances at this wavelength. We clearly see that whereas the spatial correlation length for tungsten
is a fraction of the wavelength (as in Fig. 9), the correlation length for gold
and silver is much larger. In fact, although Fig. 10 is limited to ρ < 5λ for
the sake of visibility, the correlation extends over a larger distance given by
the attenuation length of the surface-plasmon polariton. For gold and silver,
the attenuation lengths are 16λ and 65λ, respectively. The same eﬀect is seen
in Fig. 10b for a SiC crystal, which exhibits a surface-phonon polariton resonance at the wavelength λ = 11.36 µm (ε = −7.56 + 0.41j) and no resonance
at λ = 9.1 µm (ε = 1.80+4.07j). The diﬀerence of behavior of this material at
the two diﬀerent wavelengths is striking in Fig. 10b. The correlation length is
much higher in the presence of the resonant surface-wave (dashed line) than
in the case where no surface wave is excited (solid line). The propagation
distance of the surface-phonon polariton in this case is 36λ (λ = 11.36 µm).
4.2

Qualitative Discussion

An asymptotic evaluation of the cross-spectral density tensor can be performed in the near ﬁeld [11]. This analysis allows us to retrieve the previous
results analytically and yields physical insight into the mechanisms responsible for near-ﬁeld spatial coherence eﬀects. In particular, several contributions
to the cross-spectral density Wjk can be identiﬁed: the quasi-static ﬁeld (extreme near ﬁeld), surface-phonon or surface-plasmon polaritons, skin-layer
currents and far-ﬁeld contributions. In fact, the asymptotic analysis shows
that Wjk is the sum of several terms, corresponding to each contribution. De-
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pending on the distance z to the interface, one of them may dominate. Concerning spatial coherence, surface waves such as surface-plasmon polaritons
or surface-phonon polaritons yield long-range spatial coherence on a scale
of the surface wave propagation length which may be much larger than the
wavelength when absorption is small. These are the dominant contributions
at a distance from the surface of the order of a wavelength in vacuum. On
the contrary, skin-layer currents and quasi-static ﬁelds dominate at a distance
much shorter than the wavelength. They lead to a much shorter spatial coherence length that only depends on the distance to the interface [11]. Note,
however, that this conclusion is based on the assumption of a local medium.
The ultimately limiting scale is thus given by the electron screening length
or the electron Fermi wavelength, whatever is larger.
The interested reader is refered to [11] for further details. In what follows,
we will give a heuristic description of the mechanism that transforms a random source with uncorrelated currents into a spatially coherent source. Let
us consider the contribution of free electrons in a metal for the sake of clarity.
The currents produced by the electrons have two components: a random component due to the random thermal motion and an induced component due to
the ﬁelds in the medium. The ﬂuctuation-dissipation theorem together with
the assumption of a local medium implies that the ﬂuctuating currents are
delta correlated. The question that arises is how can we obtain ﬁelds which
are correlated over tens of wavelengths from such incoherent currents?
It is known that two slits will produce interference in transmission when
illuminated by the light coming from the sun. The reason is that the coherence of the ﬁeld increases upon propagation. This is known as the Zernike–
van Cittert theorem. It can be shown that the cohence length in the plane
perpendicular to the beam is given by λ/θ, where θ is the angle subtended
by the source. The reason is that a given point in the source illuminates both
slits when they are far apart from the source plane. This creates a correlation
for the ﬁelds at both slits. On the contrary, if the slit is close to the source,
it is mainly illuminated by points of the sources lying just beneath it. Therefore, the ﬁelds at both slits are uncorrelated. This is exactly what happens
when we consider the electric ﬁeld very close to the interface. Then, the ﬁeld
is mainly due to the source elements which lie just beneath the observation
point, because the electrostatic components varying like 1/r3 dominate. This
is why we observe a very short coherence length in Fig. 9 for tungsten. The
typical coherence length depends only on the distance between the observation point and the source plane.
What happens now if there is a surface wave? Any point source can excite
a surface wave. Since a surface wave is a delocalized mode of the system, it
builds up over the interface with a spatial extension given by its decay length.
Therefore, each volume element radiating light can excite a surface wave that
spreads over tens of wavelengths along the interface. There is an analogy
with a piano chord. The source is a hammer that strikes the chord at a single
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point. Yet, the mode of the chord is excited and vibration takes place along
the full length of the chord. This is an example of a delocalized mode. For
a thermal light source, the source current due to the random thermal motion
of the charges is random and uncorrelated. However, the induced currents
due to the excitation of the surface wave are delocalized and produce a large
coherence length.

5

A Spatially Coherent Thermal Source

We have just discussed the spatial coherence of a thermal planar source. In
this section we describe an experimental result [12] that proves that thermal
sources can be partially spatially coherent. The basic consequence of the
transverse spatial coherence for a laser is that it propagates with a narrow
angular divergence approximately given by the ratio λ/w, where w is the
beam waist. By contrast, as mentionned in the introduction, a thermal source
such as a light bulb is a quasi-lambertian source. This is related to the lack
of coherence of the source. Consider two diﬀerent points of the source; if they
are uncorrelated, the ﬁelds that they emit cannot interfere. Since each point
has a quasi-lambertian angular emission pattern, the overall emission angular
pattern is also quasi-lambertian.
We have seen that the ﬁeld may be coherent along the interface. However,
since this coherence is only due to surface waves, it cannot be detected in the
far ﬁeld. To transfer the near-ﬁeld coherence into the far ﬁeld, we can rule
a grating on the interface. The surface waves are then coupled with propagating waves. Since they propagate along distances of the order of l ∼ 10–20λ,
the ﬁeld scattered by each groove of the grating can interfere, producing
maxima of emission in well-deﬁned directions with an angular width approximately given by λ/l. The particular properties of such sources were ﬁrst
reported by Hesketh et al. [20] and later by Kreiter et al. [21], although the
role of surface waves and coherence was not fully understood at that time.
Emission by surface waves using coupling by a prism has also been widely
studied by Zhizhin et al. [22].
In order to produce such a source, it is essential to properly design the
grating so that the coupling eﬃciency of the grating is as high as possible. To
this end, we have used numerical simulations as described in [23,24] in order
to ﬁnd the optimum parameters. The material chosen was SiC, because this
material may support a surface wave in the spectral range close to 10 µm,
which is roughly the peak wavelength of the Planck spectrum at ambient
temperature. The grating was then fabricated using standard techniques. An
image taken with an atomic force microscope is seen in Fig. 11. The angular
emission measurements at 773 K are shown in Fig. 12. The most striking
feature is the fact that the emission pattern looks like an antenna emission
pattern. This is a signature of the partial spatial coherence of the source, as
discussed in [12]. An indirect measurement of the emissivity ε can be done
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Fig. 11. Atomic force microscope image of the grating. The period is 6.25 µm and
the height is 0.284 µm. The parameters were optimized so that the emissivity is l
for a wavelength 11.36 µm. Reproduced from [12]

Fig. 12. Polar plot of the emissivity of the grating at a wavelength 11.36 µm and
temperature 773 K. Red : experimental data; green: theoretical calculation. The theoretical result has been convoluted with an angular window to account for the
experimental angular resolution. The disagreement is due to the fact that the calculations use the values of the optical constants at ambient temperature. It is seen
that most of the light is emitted in a narrow angular cone. Reproduced from [12]

by measuring the reﬂectivity R of the sample. Indeed, Kirchhoﬀ’s [25] law
states that R = 1 − ε.
We were able to measure the dispersion relation of the surface-phonon
polariton by studying the spectral reﬂectivity of the grating. The result is
shown in Fig. 13. By looking at the lower branch of the dispersion relation it
is seen that a particular frequency is associated with a particular component
of the wave vector parallel to the interface. The wave vector is related to the
emission direction in the far ﬁeld by the simple relation k|| = (ω/c) sin θ. It
is thus seen that the spectrum depends on the angle of observation. This is
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Fig. 13. Reﬂectivity of p-polarized light by the grating as a function of the wavelength. The dip observed at λ = 11.36 µm coincides with the emission peak observed
in Fig. 12. The ﬁgure shows clearly a quasi-total absorption of the incident light
due to the resonant excitation of a surface-phonon polariton. A ﬂat surface would
have a reﬂectivity on the order of 0.94. Note the very good agreement between experiment and theory. This agreement shows that the disagreement in the emission
measurements is due to the change of the index with temperature
1000

950

ω (cm−1)

900

850

800

750

700
0

100

200

300

400

500

600

700

800

k (cm −1 )
Fig. 14. Dispersion relation of the surface-phonon polariton on the grating. Green
curve: theoretical dispersion relation. Red curve: theoretical dispersion relation for
the ﬂat surface. Data points: experimental measurements. The dispersion relation
is constructed from reﬂectivity measurements. A spectrum is taken of the specular
reﬂectivity of the grating at a ﬁxed angle θ using a Fourier Transformation InfraRed spectrometer. The frequency points of each minimum of the reﬂectivity and
the value (2π/λ) sin θ yield the coordinates of a point of the dispersion relation. It
is seen that there is excellent agreement between the experiment and the theory
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standard behavior for any coherent source such as an antenna. For random
sources, it is far from trivial. It is a manifestation of the interplay between
the propagation and correlation of the ﬁeld known as the Wolf eﬀect [26]. It
has been observed for secondary partially coherent sources so far. The grating
has this property. Indeed, by making a measurement of emission in the far
ﬁeld, one selects a particular angle and therefore a particular wave vector.
The dispersion relation of the surface waves that produce the coherence shows
that for a given wave vector, there will be peak emissions at some frequencies.
If we now consider higher frequencies, it is seen that the dispersion relation
does almost not depend on the wave vector. This means that the emission is
almost isotropic, with a large peak at some particular frequencies where the
dispersion relation has a ﬂat asymptote. This can be used to design infrared
light emitters.

6

Conclusions

In this paper, we have reviewed recent results concerning the near-ﬁeld properties of thermal sources of light. The existence of surface waves produces
a very intense peak of the local density of states close to the interface for
some particular frequencies. We have highlighted several new properties of
thermal sources in the near ﬁeld by exploring the implications of this large
density of states.
We have shown that thermal sources may produce quasi-monochromatic
near ﬁelds. In light of this result, the possibilities of performing near-ﬁeld
solid-state spectroscopy and of designing near-ﬁeld infrared sources have been
discussed. The implication for photovoltaic applications has also been discussed.
The problem of radiative transfer between two thermal sources held at
subwavelength distance has been studied. We have shown that the radiative
ﬂux may be enhanced by several orders of magnitude due to the excitation
of resonant surface waves, and that it may occur at particular frequencies.
Finally, we have studied the spatial coherence of thermal sources and the
substantial inﬂuence of the near ﬁeld. We have shown that surface waves
may induce long-range spatial correlations on a scale much larger than the
wavelength. Sources that emit light within narrow angular lobes in the far
ﬁeld have been demonstrated. Conversely, quasi-static contributions, as well
as skin-layer currents, induce correlations on small length scales (as far as
a macroscopic and local description of the materials is correct).
With the recent development of local (optical and thermal) probe microscopy and the advent of nanotechnology, it is necessary to revisit the
emission of light by plane surfaces. The results presented in this paper show
the crucial role of surface waves in this respect.
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Abstract. We investigate numerically the spectrum of plasmon resonances for
metallic nanowires with a non–regular cross-section in the 20–50 nm range. After
brieﬂy recalling the physical properties of metals at optical frequencies, we point out
the intrinsic diﬃculties in the computation of the plasmon resonances for nanoparticles with a non–regular shape. We then consider the resonance spectra corresponding to nanowires whose cross-sections form diﬀerent simplexes. The number
of resonances strongly increases when the section symmetry decreases: A cylindrical
wire exhibits one resonance, whereas we observe more than 5 distinct resonances
for a triangular particle. The spectral range covered by these diﬀerent resonances
becomes very large, giving to the particle speciﬁc distinct colors. At the resonance,
dramatic ﬁeld enhancement is observed at the vicinity of non–regular particles,
where the ﬁeld amplitude can reach several hundred times that of the illumination ﬁeld. This near–ﬁeld enhancement corresponds to surface enhanced Raman
scattering (SERS) enhancement locally in excess of 1012 . The distance dependence
of this enhancement is investigated and we show that it depends on the plasmon
resonance excited in the particle, i.e. on the illumination wavelength. The average
Raman enhancement for molecules distributed on the entire particle surface is also
computed and discussed in the context of experiments in which large numbers of
molecules are used. Finally we discuss the inﬂuence of the model permittivity which
enters the calculation, as well as the resonances shift and broadening produced by
a water background.

1

Introduction

The interaction of light with small metal particles has been of great interest
for many centuries. Medieval artisans, for example, made use of metal colloidal particles in the production of certain types of stained glass. By tuning
the particle size and composition, they were able to produce glasses with
speciﬁc colors, which were the signatures of the plasmon resonances excited
in the particles. Since a plasmon resonance does not wear out, we can still
enjoy these shiny colors today. The fact that there is a connection between
the scattered spectrum of a nanoparticle and its physical properties was established long ago. For instance, Faraday noted “that a mere variation in
the size of its particles gave rise to a variety of colors” [1]. This fact can
easily be observed in a solution of colloidal gold or silver under the optical
J. Tominaga and D. P. Tsai (Eds.): Optical Nanotechnologies,
Topics Appl. Phys. 88, 183–210 (2003)
c Springer-Verlag Berlin Heidelberg 2003
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microscope: although all particles have a similar composition, they shine with
several diﬀerent colors.
The relation between the shape and the spectrum was recently highlighted
in a beautiful experiment by Schatz and co-workers [2]. The transformation of
the plasmon-resonance spectrum was correlated to the changes of the form of
the silver nanoparticles as they evolved from a spherical shape into a prismlike shape. A similar study was presented by Mock et al. , who systematically
investigated the eﬀect of size and shape on the spectral response of individual
silver nanoparticles [3].
Beyond creating nice color eﬀects, the current interest in colloidal metals
is driven by two major topics. On the one hand, there is the phenomenon
of surface-enhanced Raman scattering (SERS), wherein the Raman signal of
ensembles of molecules adsorbed on rough metal surfaces can be enhanced
by a factor of 107 [4,5,6,7]. In recent experiments, Raman enhancements of
up to 1012 were even reported for single molecules located on so-called “hot
spots” [8,9,10]. The adsorption of the molecule on the metal can participate
in the Raman enhancement [11,12]. However, it is believed that the excitation
of plasmons in the metallic nanoparticles creates greatly enhanced local electromagnetic ﬁelds that contribute the major component of the SERS eﬀect.
On the other hand, a new ﬁeld of nano-photonics is currently coming
to life, where plasmon-resonant nanoparticles are used to guide and switch
light at the nanoscale. New classes of waveguides, which utilize plasmon resonances as means of transporting electromagnetic energy have been demonstrated [13,14,15]. The utilization of plasmon-resonant nanoparticles can also
dramatically reduce the spot size, thereby increasing the data storage density for next-generation optical data storage disks [16,17]. Finally, the utilization of plasmon-resonant particles as switchings elements opens exciting
perspectives for new active devices [18]. These diﬀerent active and passive
components may pave the way for the all-optical dream: a network where
information transmission and switching occur entirely at the optical level.
In order to successfully implement plasmon resonances both in chemistry
and in optics, it is mandatory to further our understanding of the underlying physics for nanoparticles with an arbitrary shape. This knowledge should
allow us to realize plasmon-resonant particles with tailored properties for speciﬁc applications. For example, by tuning the plasmon resonance frequency
one could fabricate particles adapted to speciﬁc chemical compounds or produce particles with several well-deﬁned resonances, covering a given frequency
range. Also, the near-ﬁeld distribution in the vicinity of the particle could
be tuned and speciﬁc ﬁeld distributions which would provide the strongest
enhancement at the location of the active molecular site could be developed.
Finally, the plasmon resonance linewidth, which is related to the plasmon
lifetime – an important parameter for transient and nonlinear phenomena –
could be tuned by changing the particle properties.
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It should be noted that considerable progress has been made in recent
years in the fabrication of metallic nanostructures in a controlled manner, including features in the 10–50 nm range [19,20,21,22,23,24,25,26,27,28]. Metallic particles with a variety of shapes and dimensions are now readily available
for experiments. A thorough understanding of the detailed local ﬁelds associated with plasmon-resonant particles is therefore warranted, to enhance the
design and optimization of applications based on these particles.
The accurate solution of the local ﬁelds of plasmon-resonant particles of
arbitrary shape remains, however, a theoretical challenge. Analytical solutions for the ﬁelds are known only for particles with a very simple shape,
like that of a sphere or an ellipsoid [29,30,31,32,33,34,35,36,37], or spherical shells and periodic cylinder gratings [38,39,40,41,42,43,44]. While electrostatic methods can provide some level of insight [45], complete electromagnetic solutions are needed to obtain accurate results. Many groups have
developed methods of solving Maxwell’s equations to investigate non-regular
plasmon-resonant particles in the 100–200 nm size range [46,47,48]; however,
although particles of this size provide a large scattering cross-section (SCS)
at the plasmon resonance, the resonances are very broad and the ﬁeld enhancement in the vicinity of the particles is relatively small.
Over the last few years we have elaborated a numerical approach for the
solution of the ﬁelds associated with plasmon-resonant nanoparticles of arbitrary two-dimensional geometry, which leads to highly accurate, converged
solutions, even for particles having extremely large local enhancement and
ﬁeld variation [49]. With this technique we were able to study some aspects
of the plasmon resonances in nanowires with a non-regular cross-section in
the sub-100 nm size range [50,51,52,53]. Several on-line publications have also
illustrated with movies the dynamics of speciﬁc eﬀects [54,55]. In the present
chapter, we shall summarize these results and draw some conclusions for the
utilization of plasmon engineering in the nanosciences. We will only consider the case of individual nanowires and not address that of interacting
nanowires, where interesting eﬀects can also occur [56,57].
Since our work is theoretical, it appears important to ﬁrst sketch in
Sect. 2 the diﬃculties associated with the simulation of plasmon-resonant
nanoparticles. In Sect. 3 we investigate the relationship between a nanowire
cross-section and its plasmon resonance spectrum. An extremely useful tool
for understanding the characteristics of each plasmon resonance is its associated polarization charge distribution, as discussed in Sect. 4. Some implications for SERS are discussed in Sect. 5, while the limitation of our Maxwellian
approach is addressed in Sect. 6. Conclusions and outlook are given in Sect. 7.
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Model

2.1

Metals at Optical Frequencies

The electromagnetic scattering of metal nanoparticles can be described by
solving Maxwell’s equations [58,59]. In this model, the complete description of
the material properties of the metal is encompassed in the dispersion relation,
which gives the complex permittivity ε(ω) as a function of the frequency (or
wavelength). The dispersion relation measured by Johnson and Christy for
silver is shown in Fig. 1 [60]. We shall use these values for our calculations.
Near the plasma frequency ωp of the metal, the dispersion relation is governed by the interaction between light and the conduction electron gas, or
expressed with their quantum counterparts by the photon–plasmon interaction. The combined exciton is often referred to as plasmon–polariton. For
certain metals such as silver, copper and gold, ωp is in the visible frequency
range. At speciﬁc negative permittivity values, plasmon resonances will be
excited in these small particles. These speciﬁc permittivity values strongly
depend on the particle size and shape, since the boundary conditions imposed by Maxwell’s equations determine whether such a particle resonance
can build up. These resonances are often referred to as the surface modes of
the particle [61].
The plasmon resonances are analytically known only for simple geometries, such as a sphere or a cylinder [58]. In a very small sphere, for instance, one single resonance can be excited, when ε = −2 (Ag: λ  355 nm,
Au: λ  490 nm), whereas a cylinder is in resonance when ε = −1 (Ag:
λ  337 nm, Au: λ  253 nm). With increasing particle size, these resonances
are red-shifted and broadened, and additional higher-order resonances can be
excited [58].
More than one single resonance can be excited in a non-regular structure,
irrespective of its size. A cylinder with elliptical cross-section, for instance, exhibits two resonances, corresponding to the illumination directions along and
normal to its major axis (Fig. 2a). Recently we demonstrated that triangular
nanoparticles have several resonances for each illumination direction [50].
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Fig. 1. Dispersion relation for silver used in
our calculations. The real ε and the imaginary ε parts of the permittivity are interpolated from the experimental data of Johnson
and Christy [60]
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Fig. 2. (a) Scattering cross-section for an elliptical silver cylinder (40 nm × 20 nm
section) computed with ﬁnite elements (solid line) and Mie theory (cross). Two
orthogonal propagation directions k 1 and k 2 for the incident ﬁeld, corresponding
to two diﬀerent resonances, are considered. The simulation of (b), an inﬁnitely long
nanowire, can be limited to its cross-section, (c). In our computational approach,
the cross-section is discretized using triangular ﬁnite elements

Whether these diﬀerent modes of a nanoparticle of arbitrary shape can
be resolved, strongly depends on the material absorption (the imaginary part
of ε): large absorption broadens the resonances, and can result in a nearly
featureless band. Silver, compared with other metals that have their plasma
frequency in the optical range, has a comparatively low absorption, and thus
narrower resonances.
One may wonder whether the classical description of the material that
we use, based solely on Maxwell’s theory and a local dispersion relation, is
appropriate for the small structures investigated here. Actually, it has been
experimentally shown that this macroscopic approach is adequate for particle dimensions as small as 5 nm [37,59,62,63,64]. Quantum eﬀects must only
be taken into account for smaller particles, using for example a jellium or
quantum-chemical model [59,65,66,67]. For particles in the 5–20 nm range,
the dispersion relation depends noticeably on the particle geometry, since
the electron mean free path decreases as electron scattering at the surface
becomes more important [37,62,63,64]. However, for the silver particles investigated here, only the imaginary part of the permittivity increases slightly,
and the bulk values of permittivity still represent a good approximation. This
point will be addressed in greater detail in Sect. 6.
2.2

Scattering Problem

As established in the previous section, Maxwell’s equations are well suited to
the study of the plasmon resonances of silver particles in the 20–50 nm range,
and we shall use the experimentally obtained permittivity values from Johnson and Christy [60]. For non-magnetic media, Maxwell’s equations reduce
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in the frequency domain to the vectorial wave equation, which is formally
solved by the volume integral equation:

0
dr  GB (r, r ; ω) · k02 [ε(r  ; ω) − εB ] E(r ; ω) . (1)
E(r; ω) = E (r; ω) +
V

Here, E (r; ω) is the incident electric ﬁeld with vacuum wavenumber k0 =
ω/c, E(r; ω) is the unknown total scattered ﬁeld, ε(r; ω) is the particle permittivity and εB is that of the background. The dyadic GB (r, r ; ω) is the
Green’s tensor associated with the inﬁnite homogeneous background [68].
This formalism can also be used when the background is a surface or a stratiﬁed medium [69,70]. Integrating the scattered ﬁeld over all scattering angles
provides the scattering cross-section (SCS) associated with the particle [58].
At the plasmon resonance the SCS shows distinct peaks, as the amount of
scattered light increases abruptly. By repeating this calculation for diﬀerent
illumination frequencies ω with the corresponding permittivities ε(r; ω) one
obtains the spectral response of the particle, as illustrated in Fig. 2a.
This so-called frequency-domain approach allows us, therefore, to take
into account an arbitrary dispersion relation for the particle. The drawback
is that the calculations must be repeated for each frequency where the particle
response is required. An alternative approach, which provides the response
of the particle over a certain frequency range in a single calculation, consists
in using a time-domain technique such as the ﬁnite-diﬀerence time-domain
technique [71]. In this case the dispersion relation must be included directly
in the algorithm, which is only possible for the most simplistic dispersion
models.
For inﬁnitely long particles (cylinder, nanowire) under arbitrary illumination E 0 (Fig. 2b), the scattering problem can be reduced to one section of the
particle (Fig. 2c), [68]). We shall only consider illumination where the particles are illuminated in the plane of the ﬁgures with the electric ﬁeld in the
same plane (transverse-electric (TE) polarization). For transverse-magnetic
(TM) polarization, where the incident magnetic ﬁeld is in the plane, plasmons
cannot be excited.
Equation (1) forms the basis for several diﬀerent computational techniques for scattering calculations. The most widely used technique, the coupled dipole approximation (CDA), also known as the discrete dipole approximation (DDA), corresponds to solving (1) with ﬁnite diﬀerences [46,47,48,68]
[72,73,74]. Unfortunately, experience shows that for high-permittivity scatterers, or small scatterers (less than 100 nm size) that support plasmon resonances, this technique does not converge properly [10,47,75]. This means that
increasing the number of discretization elements does not always improve the
accuracy of the results. Worse, there can be cases where a thin mesh produces
less results of the accurate than a coarse one [75]. This implies that subtle
features of the resonance spectrum cannot be resolved and it is not possible to obtain a quantitative description of the ﬁeld distribution in the close
0
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vicinity of the particle. However, the CDA/DDA can provide useful insight
into the plasmon resonances for larger particles.
Recently, we became convinced that the ﬂaw of the CDA/DDA is related
to the singular behavior of the Green’s tensor in (1) for r → r . It is diﬃcult
to handle this singularity properly using a ﬁnite diﬀerences discretization
because it assumes a constant ﬁeld over each mesh. Reﬁning the mesh requires
the computation of the Green’s tensor for neighboring points r and r  that
become closer and closer, which leads to exploding values for GB (r, r  ; ω).
To overcome this diﬃculty, we developed a new technique based on ﬁnite
elements [49]. The arbitrary particle section is discretized using triangles,
and the unknown ﬁeld E(r; ω) is expanded into a sum of basis functions
deﬁned on each triangle (Fig. 2c). A Galerkin test procedure is then used to
obtain a system of algebraic equations for the unknown ﬁeld. We refer the
reader to [49], where this technique is described in detail. Let us only mention
that the use of ﬁnite elements allows us to handle exactly the singularity of
the Green’s tensor using generalized functions.
Since the spectrum of resonances for non-regularly shaped particles is not
known, it is very important to ﬁrst assess the suitability of this technique for
investigating plasmon resonances. To do so, we resort to geometries where
a reference solution exists. Figure 2a illustrates the accuracy of this approach
for an elliptical particle. The entire spectrum agrees perfectly with that obtained semi-analytically using Mie’s theory [58] and the location, magnitude
and width of both plasmon resonances are reproduced. To quantify the accuracy of this technique, we show in Fig. 3 the error on the SCS as a function
of the number of discretization elements. This error is deﬁned as the square
of the norm of the diﬀerence between the scattered ﬁeld obtained with Mie’s
theory and that obtained with ﬁnite elements. Accurate results are already
obtained with few discretization elements and, contrary to the CDA/DDA,
it is always possible to increase the results accuracy by reﬁning the mesh
(Fig. 3). A key component in achieving these highly accurate results is the
new regularization scheme that was developed to extract the singularity of the
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Fig. 3. Convergence of our ﬁniteelement technique. The absolute
error as a function of the number of discretization elements is reported. Two cylinders with permittivity ε = 16.64 + 0.23i (silicon,
dashed line) or ε = 4.0 (solid line)
are used as test objects. Their diameter is 100 nm and the incident
wavelength λ = 546 nm; TE polarization
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Green’s tensor. This regularization scheme was also extended to neighboring
elements, which further improves the overall accuracy and convergence [49].
The non-regular cross-sections investigated in this chapter were discretized with two to three thousand triangular elements. We veriﬁed that
this discretization number was large enough so that the near-ﬁeld distributions did not depend on it. We will consider nanowires with a polygonal
section; dealing with sharp corners introduces additional numerical diﬃculties, since the ﬁeld becomes singular at short distances from an inﬁnitely
sharp, perfectly conducting corner [76]. However, the sharpness of a real particle is limited by surface and boundary energies; therefore, we have rounded
oﬀ each corner by 0.25 nm, providing a more realistic model and removing
the numerical instabilities. It is demonstrated in Sect. III. D of [52] that this
minute corner smoothing does not at all inﬂuence the plasmon resonance SCS
or near-ﬁeld distribution.

3

Relation Between Shape and Resonance Spectrum

Having assessed in the previous section the suitability of our approach for
the simulation of plasmon resonances in metallic nanowires, we consider in
this section wires with a non-regular shape and investigate the relationship
between that shape and the spectrum of resonances supported by the particle.
Figure 4 shows the scattering cross-section (SCS) from nanowires having cross-sections corresponding to that of a circle, a hexagon, a pentagon,
a square and a triangle. The illumination direction is along one of the particle’s symmetry axes. Two diﬀerent sets of simplexes are considered: in Fig. 4a
all particles have the same area as a 20 nm circle, whereas in Fig. 4b they
have that of a 50 nm circle. Since all particles in the same ﬁgure part have
the same area, their SCS should be comparable.
3

10

(a)

cir
hex
pent
quad
tri

2

SCS [nm]

SCS [nm]

(b)

cir
hex
pent
quad
tri

1

10

0

10

10

1

10
−1

10

0

300

350
400
450
Wavelength [nm]

500

10

300

350
400
450
Wavelength [nm]

500

Fig. 4. SCS for (a) 20 nm and (b) 50 nm simplexes of varying symmetry (circle,
hexagon, pentagon, square and triangle)
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Let us ﬁrst consider the 20 nm simplexes (Fig. 4a). For the circle we
recover the well-known result of a single resonance, at λ = 338 nm (corresponding to ε = −1.07 + 0.29i). The full-width half-maximum (FWHM) of
the resonance is about 25 nm. As can be seen in Fig. 4a, the structure of the
SCS becomes more complex for less regular particles. The main resonance is
red-shifted from λ = 338 nm (circle) to λ = 350 nm (hexagon), λ = 357 nm
(pentagon), λ = 361 nm (square) and λ = 385 nm (triangle). An additional
resonance appears for all the non-circular particles. Moreover, a third resonance can be observed for the triangle at λ = 357 nm. The inﬂuence of the
illumination direction on the SCS is very small, due to the symmetry of the
simplexes (not shown).
The large SCSs that occur at the plasmon resonances are associated with
large ﬁeld amplitudes at the vicinity of the particle. As for the SCS, the complexity of the ﬁeld distribution increases when the symmetry of the particle
decreases. For the circular particle, the amplitude is homogeneous inside the
particle, about seven times the incident ﬁeld, and rapidly decreases outside
the particle. For the non-regular structures the ﬁeld becomes strongly heterogeneous and the enhancement factor increases dramatically. At the main
resonance, the ﬁeld amplitude takes large values at the corners transverse
to the incident wave vector. There the relative ﬁeld amplitude for the 20 nm
simplexes (Fig. 4a) exceeds 20 for the hexagon and the pentagon, 70 for the
square and 150 for the triangle.
Let us now consider the larger 50 nm simplexes (Fig. 4b). Two main diﬀerences are observed with respect to the SCS of the smaller simplexes (Fig. 4a).
First, for all shapes the main resonance is red-shifted (e.g. for the triangle it is
now at λ = 399 nm, compared to λ = 385 nm for the 20 nm triangle). Second,
the resonance FWHM is roughly doubled (i.e. for the circle, it is now more
than 50 nm, compared to 25 nm previously). We also see in Fig. 4b that an
additional resonance can be resolved for the square at λ = 351 nm, whereas
two additional resonances start to emerge for the triangle at approximately
λ = 350 nm and λ = 382 nm.
The triangular particle appears to have a rather complex spectrum of
plasmon resonances, much more complex than a square particle. To further
investigate this eﬀect, we report in Fig. 5 the SCS for nanowires with sections
that evolve from a rectangular shape into a triangular one. The triangular
section is such that it has the same area as a cylinder with a 20 nm diameter
(Fig. 4a); the base is approximatively 17 nm and the height 34 nm. The rectangle has the same dimensions and the intermediate particles have a short
side with length 0.75, 0.5, respectively, 0.25 times that of the triangle height.
Let us note that the resonance spectrum covers a broader wavelength range
for the right-angled triangle (Fig. 5) than for a similar equilateral triangle
(Fig. 4a). The magnitude of the resonances is also larger in the case of the
lowest-symmetry particle.
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Fig. 5. SCS for nanowires with a cross-section
evolving from a rectangular shape (top) to
a triangular shape (bottom). The corresponding shape is shown in the inset; see the text for
the dimensions. The illumination direction is
along the lower left corner. The same vertical
scale is used for the ﬁve curves

The FWHM for the main resonances in Fig. 5 is in the order of 15 nm
and, surprisingly, does not vary much with the particle shape. It is, however, diﬃcult to correlate the FWHM with the particle geometry only, as the
main resonance occurs at a diﬀerent wavelength, i.e. for a diﬀerent permittivity (see Fig. 1). For example, the particle with the least-cut corner (Fig. 5,
second from the top) has the narrowest resonance, FWHM=14 nm, but this
resonance takes place at the wavelength where the absorption is minimum
(ε = 0.18), which narrows the resonance.

4

Polarization Charge Distributions

Corresponding to the complexity observed in the far ﬁeld for the triangular
particle, there is a very complicated near-ﬁeld distribution which varies extremely rapidly when the illumination wavelength changes, as illustrated in
the movies presented in [54].
To investigate these near-ﬁeld eﬀects in further details, let us consider
a 10 nm base, 20 nm perpendicular right-angled triangular particle, whose
SCS is shown in Fig. 6. The ﬁeld distributions corresponding to the two
resonances labeled in Fig. 6 are shown in Fig. 7a,b. In these ﬁgures, the
ﬁeld amplitude is color coded (unit incident amplitude), whereas the arrows
give the direction of the electric ﬁeld at a given time (the ﬁeld is harmonic
and oscillates over one period; movies illustrating this behavior are presented
in [55]).
First, notice the dramatic ﬁeld enhancement at close vicinity to the corner
of the particle at the main resonance (Fig. 7a): the ﬁeld reaches 200 times the
amplitude of the incident ﬁeld. This corresponds to an intensity enhancement
of 40 000, or a Raman enhancement in excess of 109 for a molecule immersed

Scattering cross section [nm]
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Fig. 6. SCS for a 10 nm base, 20 nm
perpendicular right-angled triangle,
as a function of the illumination
wavelength

in this ﬁeld distribution. This last point will be discussed in greater detail in
Sect. 5.
The ﬁeld distributions observed in Fig. 7a,b are typical of the diﬀerent types of behavior observed in non-regular particles. For the main resonance (λ = 458 nm) the ﬁeld radiates radially from the “hot” particle’s
corner, where the ﬁeld is extremely homogeneous. For the next resonance
(λ = 392 nm), although the enhancement is comparable to the main resonance, the topology of the ﬁeld is very diﬀerent. Now the ﬁeld seems to
turn around the particle’s top corner; its spatial variation is very rapid with
an amplitude going from over 100 to 0 within a few nanometers inside the
particle tip. This extremely fast variation of the ﬁeld distribution actually
illustrates the diﬃculties related to the simulation of plasmon resonances in
nanoparticles with an arbitrary shape: It requires a technique which is stable
and accurate enough to handle these important ﬁeld gradients.
To understand better the intrinsic properties of the diﬀerent resonances
illustrated in Fig. 7a,b, we show in Fig. 7c,d the corresponding polarization
charge distribution, which is given simply by the divergence of the electric
ﬁeld [77]. Of course, the particle does not become charged by the eﬀect of the
external ﬁeld: a similar amount of positive and negative charge is induced
on its surface, so that the particle always remains neutral. Over one period,
these charges move around the particle, as illustrated in the movies presented
in [55]. The polarization charge distributions shown in Fig. 7c,d correspond
to snapshots at an arbitrary moment in time. Half a period later, the reverse
charge distribution is observed (with plus charges where there were negative
ones, and vice-versa).
As for the ﬁeld distribution, we notice in Fig. 7c,d that each resonance
is associated with a diﬀerent charge distribution. In the main resonance, for
λ = 458 nm, charges of a given sign build up at the sharp corner, while
opposite charges are distributed on the entire circumference of the particle
(Fig. 7c). This distribution oscillates over time, the sign of the accumulated
charges on the sharp corner changing every half-period. This explains why
the corresponding ﬁeld distribution is radial, with the electric ﬁeld either
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Fig. 7. (a),(b) Electric ﬁeld amplitude distributions for the main [(a), λ = 458 nm]
and next-order [(b), λ = 392 nm] resonances for a 10 nm × 20 nm right-angled
triangle (SCS in Fig. 6). The arrows show the orientation of the electric ﬁeld. (c),(d)
Polarization charge distributions associated with (a) and (b). (e),(f ) Polarization
charge distributions associated with the main [(e) λ = 358 nm] and higher-order
[(f ) λ = 331 nm] resonances for a 20 nm × 10 nm elliptical particle
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pointing towards or away from this corner, which is characteristic of a point
source.
For the next resonance, λ = 392 nm, both charge species accumulate simultaneously at the sharp corner: one species accumulates at the very tip,
while the species of opposite sign is distributed along the adjacent sides
(Fig. 7d). This dipolar-like charge distribution determines the ﬁeld at the
sharp corner, where the ﬁeld appears to turn around the corner as it does at
the vicinity of a dipole (Fig. 7b).
For higher-order modes, a more complex charge distribution is observed,
as described in [55]. This charge distribution is extremely useful for understanding the topology of the electric ﬁeld, both for individual and interacting
nanoparticles. For example, when two particles interact together, new plasmon resonances can appear. The topology of the corresponding ﬁeld can be
easily related to the charge distribution on both particles [57,56].
To illustrate the topology of the charge distribution in a somewhat more
intuitive case, Fig. 7e,f show the distributions associated with the two modes
of an elliptical particle (SCS similar to that in Fig. 2a, although the particle
is now smaller). For the fundamental mode (λ = 358 nm, Fig. 7e) the electric
ﬁeld is parallel to the major axis, corresponding to polarization charges accumulating at both ends of this axis. For the higher-order mode (λ = 331 nm,
Fig. 7f), the polarization charges are split vertically, following the polarization direction of the incident ﬁeld.
The polarization charge distributions are also helpful for understanding
the spatial extension of the electric ﬁeld away from the particle surface. In
Fig. 7, for example, one notices that the spatial extension of the ﬁeld is larger
for the fundamental mode (Fig. 7a) than for the next-order mode, where the
ﬁeld decreases much faster (Fig. 7b). This is not surprising, since the former mode is related to a point-like charge distribution (3D spatial variation
∼ 1/r), whereas the latter is associated with a dipolar charge distribution
∼ 1/r3 ). This diﬀerence of distance dependence as a function of excited resonance, i.e. as a function of illumination wavelength, could be demonstrated
by the approach curves in scanning near-ﬁeld optical microscopy (SNOM)
experiments [51].
In that context of local probe microscopy, let us emphasize that the diﬀerent plasmon resonances supported by a non-regular shape nanoparticle provide many diﬀerent electromagnetic environments, while keeping the physical
system unchanged. This could be used to suppress experimental artifacts by
performing a series of measurements under diﬀerent illumination wavelength
and tracking the pure optical contrast [78].
Let us stress here that the large ﬁelds observed in Fig. 7a,b near the
particle’s corners are not produced by the lightning rod or tip eﬀect [76]. The
latter provides only a ﬁeld ampliﬁcation factor in the order of 5 to 10, even
for very large permittivity values, as illustrated in Fig. 4c of [54].
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Field Enhancement and SERS

In this section we discuss the near-ﬁeld distributions associated with the
plasmon resonances of the diﬀerent simplexes, with emphasis on the local
variation of the ﬁeld amplitude around the particles. This variation plays
a key role in the practical implementation of plasmon-resonant particles in
diﬀerent areas of nanoscience. For SERS in particular, the electromagnetic
enhancement eﬀectively experienced by a molecule depends on the location
where the molecule is adsorbed on the metal, as well as the relative position
of the Raman active site within the molecule. This becomes very important
when the molecule is large and placed in a strongly inhomogeneous ﬁeld.
This was recently veriﬁed experimentally by van Duyne et al. , who inserted
diﬀerent numbers of non-active linker molecules between the adsorption site
of a molecule and the Raman active site [79]. In this experiment, the Raman
signal was highly dependent on the number of linker molecules, and therefore
on the distance between the surface and the Raman active site, particularly
for non-regular (tetrahedral) nanoparticles. Further, when a large number
of molecules are adsorbed on the same nanoparticle, a spectral shift in the
particle resonances can be observed [80].
Figure 8 shows the maximum enhancement obtained at a distance of 1 nm
from the surface as a function of the wavelength. The amplitude enhancement
is shown on the left-hand axis and the corresponding Raman enhancement
on the right-hand; both 20 nm and 50 nm simplexes are investigated. For
molecules excited far from an electronic absorption band, the intensity of the
Raman scattered light is proportional to the fourth power of the local electric
ﬁeld amplitude where the molecule is immersed [7]. Plasmon-resonant particles provide a convenient method of enhancing the electromagnetic ﬁelds, and
therefore are ideal SERS substrates. A second enhancement mechanism, the
so-called chemical enhancement, related to the adsorption of the molecule on

Fig. 8. Maximum amplitude enhancement for the (a) 20 nm and (b) 50 nm simplexes (SCS in Fig. 4). The right-hand scale shows the corresponding maximum
Raman enhancement

Plasmon Resonances in Non-regular Nanowires

197

the metal, can also contribute to SERS [11,12,81]. However, electromagnetic
enhancement is believed to make the major contribution to SERS.
We observe that the ﬁeld enhancement, which is a near-ﬁeld quantity, is
strongly correlated to the SCS, a far-ﬁeld quantity (compare Figs. 8 and 4).
The position of the main resonance is the same, but the resonance width is
broader in the enhancement diagram (Fig. 8) than in the SCS (Fig. 4). This
is simply because in Fig. 8 we show the maximum amplitude enhancement
around the particle, whereas in Fig. 4 we show the SCS, which is related to
the ﬁeld amplitude squared. The maximum amplitude enhancement increases
considerably for more complex shapes: whereas it is 6 for the circle, it is
about 35 for the triangle.
The diﬀerences between the simplex shapes is much more pronounced for
the enhancement than for the SCS. For the 20 nm triangle the maximum
Raman enhancement exceeds 106 , and for the square it is still about 105 ,
whereas it is below 104 for the hexagon, the pentagon and the circle (Fig. 8a).
The ﬁeld enhancement for the larger simplexes is shown in Fig. 8b, again
at a distance of 1 nm from the surface. We observe that the correlation with
the SCS diagram is now weaker. The maximum enhancement is comparable
to that obtained previously for the smaller particles.
As discussed previously, the local variations of the near-ﬁeld distribution
determine the eﬀective enhancement experienced by a molecule. This is investigated in Fig. 9, where we present the amplitude distribution as a function
of the distance from the tip surface for the triangle, square and circle. The
data correspond to the main resonance, and two particle sizes are considered.
For the circle, the ﬁeld amplitude on the surface reaches 6.9 (4.5), for the
small (large) circle. At 2 nm from the surface, the amplitude drops to 2.2
(1.7). For the triangle we observe a huge enhancement for both particle sizes:
near the surface more than 100 in terms of amplitude (108 Raman), and still
more than 50 (6 × 106 ) at a half-nanometer distance (Fig. 9). For the square
we obtain a similar behavior, although the amplitudes are about a factor of
two smaller (the Raman enhancement being 16 times weaker). The strong

99

10

20nm
50nm

150

100

50

0

0

1
2
Distance [nm]

3

10

8

10

7

10

6

10

4

Raman enhancement

Amplitude enhancement

200
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the 20 nm and 50 nm simplexes.
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ﬁeld-amplitude variations for such non-regular structures might explain the
“hot spots” observed both in SERS experiments and in direct measurements
of the locally enhanced ﬁeld [9,82].
Figure 9 indicates similar results for the maximum amplitude distribution
around the 20 nm and the 50 nm simplexes. Although not shown here, this
enhancement rapidly decreases for particle sizes above 50 nm [50]. For example, the maximum amplitude enhancement at the corner of a 100 nm triangle
is only half that of the 20 or 50 nm particles [54].
Within our model we therefore observe that for a given particle shape the
maximum ﬁeld enhancement increases with decreasing particle sizes down to
50 nm and then remains fairly constant. Note that this maximum enhancement occurs at diﬀerent wavelengths for diﬀerent sizes.
Although the local maximum enhancement is similar for particles in the
20–50 nm range, the average over the entire particle may diﬀer with the particle size. This is important for SERS experiments in which large numbers
of molecules are used, since the measured Raman signal is proportional to
the average Raman enhancement on the surface. This is illustrated in Fig. 5
of [54], where the overall near-ﬁeld distribution for particles between 10 and
100 nm is shown. We shall now discuss this average enhancement in further
details.
In Fig. 10 we show the average enhancement for the 20 nm and 50 nm
simplexes. This average value is obtained by taking between 500 and 800
points (depending on the particle shape) distributed regularly around the
particle, at a distance of 1 nm from the surface. Note that the average amplitude (Fig. 10a,b) and the average Raman enhancement (Fig. 10c,d) must
now be represented on separate graphs.
In Fig. 10a we observe that the average ﬁeld amplitude is strongly correlated with the SCS (Fig. 4a), both with respect to the wavelength and the
width of the diﬀerent resonances. The average ﬁeld amplitude enhancement
is quite similar for the circle, the hexagon and the pentagon: about 5.5 times
the initial amplitude. For the square it is about 7.5 at the corresponding main
resonance wavelength, whereas it reaches almost 12 for the triangle.
The average Raman enhancement for the 20 nm simplexes, as shown in
Fig. 10c, is less than 103 for the circle, becomes larger for the hexagon and
the pentagon, and reaches about 104 for the square and almost 106 for the
triangle (always at the corresponding main resonance wavelength). It is important to realize that, due to the rapid variations of the ﬁeld, the maximum
ﬁeld amplitude on the particle circumference dominates the average Raman
enhancement, as the fourth power of the ﬁeld is taken. This is the reason
why the average Raman enhancement is larger than the fourth power of the
corresponding average ﬁeld enhancement (Fig. 10a,c).
Similar results for the 50 nm simplexes are shown in Fig. 10b,d. Comparing Fig. 10a,b, we observe that these larger simplexes produce a smaller average ﬁeld enhancement than their 20 nm counterparts. This is particularly the
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Fig. 10. (a),(b) Average amplitude enhancement and (c),(d) average Raman enhancement, computed at a 1 nm distance from the surface of the 20 nm simplexes
(a),(c) and the 50 nm simplexes (b),(d)

case for the triangular nanowires, where the maximum average enhancement
drops from almost 12 to less than 7 times the illumination amplitude. (For
the other shapes, the decrease of the maximum average enhancement is less
than 15%.) For the average Raman enhancement we also observe a smaller enhancement for the 50 nm circular particle than for its 20 nm counterpart. For
the hexagon, pentagon and square particles, the average Raman enhancement
is somewhat larger for the 50 nm than for the 20 nm simplexes (Fig. 10c,d).
For the triangular particle, the average Raman enhancement at the main
resonance is slightly weaker for the 50 nm particle than for the 20 nm one,
whereas for the next resonance it is more than ten times stronger. Again,
this can be understood with the larger maximum Raman enhancement, as
observed in Fig. 8. This larger maximum value outweighs the fact that, for
the 50 nm particles, the ﬁeld amplitude is on average smaller than for the
20 nm particles.
This illustrates the complexity of the interpretation of Raman experiments in which large numbers of molecules are used. The fact that the local
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Raman enhancement (Fig. 8) can be much stronger than the average enhancement (Fig. 10) indicates that in such an experiment a very limited number
of molecules can contribute the major part of the SERS eﬀect. Let us ﬁnally
note that the distance between the active Raman site and the surface can also
inﬂuence the respective magnitude of the local and average enhancements.
As a matter of fact, Fig. 9 indicates that at very short distances from the
surface, the ﬁeld is stronger for the 20 nm simplexes. In that case, both the
average amplitude and the average Raman enhancements are larger for the
20 nm simplexes.
The large number of resonances observed in non-regular particles opens
interesting applications. For example, by tuning the wavelength of the illumination light, it is possible to modify the ﬁeld distribution in the system and
inﬂuence also the Raman enhancement, in particular its distance dependence,
as illustrated in Fig. 11. The possibility to address diﬀerent resonances by
tuning the illumination wavelength can also prove useful for other speciﬁc
applications, such as apertureless SNOM [83].
In Fig. 11 we show the ﬁeld amplitude as a function of the distance from
the corner for the three resonances of the 50 nm triangle (see Fig. 4b for the
corresponding SCS). We observe a similar enhancement of about 150 close
to the surface for the main resonance (λ = 399 nm) and the resonance at
λ = 364 nm. However, the ﬁeld decays more rapidly for the latter resonance
(Fig. 11). As explained in Sect. 4, this behavior can be related to the polarization charge distribution associated with both resonances.
The extremely important dynamic range observed in Fig. 11 can be useful
in an apertureless SNOM experiment, where the tip is vibrated vertically
above the sample. It could provide an extremely good signal-to-noise ratio
and facilitate the optical feedback of the tip motion.
The other deciding factor that determines the resolution in a SNOM experiment is the lateral ﬁeld conﬁnement. In [51] we showed that the ﬁeld
distribution obtained with a non-regular nanoparticle remains extremely well
conﬁned. At distances between 1 nm and 5 nm from the tip, the full width
half-maximum (FWHM) of the lateral ﬁeld distribution varies between 2 nm
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Fig. 11. Field amplitude enhancement
as a function of the distance from the
corner of the 50 nm triangle along the
dashed line in the inset, for three different resonance wavelengths (SCS in
Fig. 4b)
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and 10 nm [51]. In the close vicinity of the particle, the ﬁeld is conﬁned over
dimensions much smaller than the particle size, as illustrated in Fig. 7a,b.

6 Influence of the Model Permittivity
and of the Background
The previous results emphasize how complex the study of plasmon resonances
can be. In particular, the comparison between diﬀerent particle shapes is quite
delicate, as the corresponding resonances occur at speciﬁc frequencies, with
diﬀerent permittivities. In particular, ε – which accounts for the absorption
– strongly inﬂuences the resonance width and the near-ﬁeld enhancement.
To clarify this point, we concentrate in this section on the triangular particle
investigated in Fig. 5 and study the inﬂuence of the absorption on the SCS
and near-ﬁeld enhancement.
The deﬁnition of the permittivity for a nanoscopic particle is not trivial.
For particles smaller than 2 nm, the classical description breaks down and
jellium or quantum-chemistry models must be used [65,67]. For the particles
in the 10–50 nm range considered here, a local permittivity can still be used
to describe the metal, but the bulk value must be modiﬁed as the particle
size becomes comparable to the bulk electron mean free path (the average
path of a conduction electron between two scattering processes). In that
case, electron scattering at the particle surface becomes a dominant eﬀect. It
reduces the electron mean free path, which in turn leads to an increase of the
imaginary part of the permittivity. This has been shown experimentally for
spherical particles by Kreibig et al. [59,63,84]. They showed that for particle
sizes below 40 nm the resonance width becomes broader, and in particular
they found that near the plasma resonance frequency the imaginary part can
be well described by the relation:
ε = 0.23 +

2.64
,
a

(2)

where a is the particle size in nanometers [58,84].
More recently, the electron dynamics in silver and copper particles in
the 5–10 nm range was investigated using femtosecond laser pulses [64]. It
was found that for a 6.5 nm particle size the resonance width is between
3 and 4 times larger than expected from the bulk permittivity, thereby indicating a larger absorption. The resonance was also slightly blue shifted,
indicating that the real part of the permittivity can also be aﬀected for such
a small particle size [64]. Similar results have been obtained for silver particles in the 3–13 nm range by another group [85]. For spherical particles in the
20 nm range investigated here, only the imaginary part of the permittivity
seems to be aﬀected by the particle size [58,59].
No experimental data are available for the modiﬁcation of the dispersion
relation in non-spherical particles of a given shape. One can, however, expect
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that corners produce additional electron scattering, thereby locally increasing
the absorption. Following (2), and to gain insights in the inﬂuence of the
absorption on the particle response, we investigate three diﬀerent absorptions.
Figure 12 shows the SCS and the near-ﬁeld distribution for the same
right-angled triangular particle as in Fig. 5, using three diﬀerent values for
the imaginary part ε of the permittivity. The original values of Johnson
and Christy, as measured for the bulk, produce four well-resolved resonances.
The main resonance is quite narrow (FWHM=16 nm). This resonance broadens when the absorption increases: it is FWHM = 28 nm for ε + i2 ε and
FWHM = 52 nm for ε + i4 ε (Fig. 12a).
Further, the absorption has a strong inﬂuence on the higher-order resonances, which progressively merge into one broad resonance, as the imaginary
part of the permittivity increases. Note in Fig. 12a that the resonances are
not shifted, since only the imaginary part of the permittivity changes (the
plasmon resonance condition being solely determined by the real part of the
permittivity).
The inﬂuence of the damping factor on the near-ﬁeld enhancement is investigated in Fig. 12b, for the same particle. This eﬀect is quite dramatic, as
the ﬁeld amplitude for the main resonance at 0.5 nm from the surface drops
from 112 (ε + i ε ) to 65 (ε + i 2ε ) and 36 (ε + i 4ε ). This inﬂuence of
the particle absorption remains visible at larger distances from the surface
(Fig. 12b). A similar behavior is observed for higher-order resonances, although in that case the ﬁeld dies out rapidly when one moves away from the
surface [53].
Let us ﬁnally study the inﬂuence of the particle background on the resonance spectrum. This is evidently important for experiments in solutions,
as well as for many experiments on surfaces, as a thin water layer is often
80

300

(a)

(b)

SCS [nm]

60

Amplitude enhancement

1ε’ + i ε’’
2ε’ + i 2ε’’
4ε’ + i 4ε’’
40

20

0
300

400
500
Wavelength [nm]

600

ε’1 + i ε’’

250

ε’2 + i 2ε’’
200

ε’4 + i 4ε’’

150
100
50
0

0

1

2
3
Distance [nm]

4

5
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present in that case. Figure 13 shows the SCS for a triangular particle in air
( B = 1) and in water ( B = 1.78, water dispersion is negligible in the visible
range and the permittivity can be assumed constant [86]).
We observe that for a higher background permittivity the resonance spectrum is red-shifted and broadened, very similarly to the case where the particle size increases (e.g. compare with Fig. 4a,b). As a matter of fact, for larger
background permittivity, the particle simply becomes larger with respect to
the eﬀective illumination wavelength in the background; retardation – which
is responsible for the size eﬀect – then comes into play for smaller particle
sizes.

7

Conclusions and Outlook

Our results shed new light on the very old problem of the relation between
a nanoparticle shape and its plasmon resonance spectrum. For the ﬁrst time it
is clearly demonstrated for particles with a non-regular shape, that the number of resonances strongly depends on the form of the particle. The higher the
particle symmetry, the simpler is its spectrum (e.g. a small cylindrical particle
exhibits only one resonance, whereas a square has two and an equilateral triangle at least three distinct resonances). Several additional resonances are observed for right-angled triangular particles with a high perpendicular-to-base
ratio.
These complex scattering cross-sections are also associated with a dramatic near-ﬁeld enhancement in the close vicinity of the particle. We found
the strongest enhancement for particles with dimensions smaller than 50 nm.
Right-angled triangular particles produce a ﬁeld amplitude many hundred
times stronger than the incident ﬁeld at short distances from the surface. This
dramatic near-ﬁeld enhancement corresponds to a huge Raman enhancement,
similar to that required by recent SERS experiments, where single molecule
detection was possible [8,9,87].
The strong localization of the near-ﬁeld at speciﬁc positions around the
metallic particle, as well as its rapid decay when one moves further away
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from the particle surface, can also explain the “hot-spots” observed in SERS
experiments, where speciﬁc sites appear to be particularly active. This is also
conﬁrmed by our results on the average Raman enhancement, which indicate
that a limited number of molecules can contribute the major part of the
SERS signal, even in experiments in which large numbers of molecules are
used.
The topology of the ﬁeld distribution inside and in the vicinity of the particle can be easily understood in terms of the polarization charges. To each
plasmon resonance corresponds a speciﬁc charge distribution, which produces
a particular ﬁeld. The ﬁeld distribution associated with each plasmon resonance is diﬀerent, in particular its decay rate as one moves away from the
particle surface. This can be useful for near-ﬁeld optical microscopy and other
local probe techniques that rely on strongly localized electromagnetic ﬁelds.
The nanowires investigated here can now be fabricated in a controlled
manner using diﬀerent nanofabrication techniques. A direct experimental
veriﬁcation of our results is therefore possible. The next challenge however,
is a fully three-dimensional (3D) model, which can handle arbitrary shape
particles. Our 2D results indicate that at the plasmon resonance the ﬁeld
distribution strength depends on the conﬁnement of the polarization charges
at speciﬁc locations in the particle. For nanowires, this conﬁnement can take
place in the two transverse dimensions. Therefore, for 3D particles, where the
charges can be conﬁned in all three directions, we expect an even stronger
enhancement.
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37. K.-P. Charlé, L. König, S. Nepijko, I. Rabin, W. Schulze: The surface plasmon
resonance in free and embedded Ag-clusters in the size range 1, 5 nm < D <
30 nm, Cryst. Res. Technol. 33, 1085 (1998) 185, 187
38. J. Gersten, A. Nitzan: Electromagnetic theory of enhanced Raman scattering
by molecules adsorbed on rough surfaces, J. Chem. Phys. 73, 3023 (1980) 185
39. M. Weber, D. L. Mills: Interaction of electromagnetic waves with periodic gratings: Enhanced ﬁelds and the reﬂectivity, Phys. Rev. B 27, 2698 (1983) 185
40. F. J. Garcı́a-Vidal, J. B. Pendry: Electromagnetic interactions with rough metal
surfaces, Prog. Surf. Sci. 50, 55 (1995) 185
41. S. J. Oldenburg, R. D. Averitt, S. L. Westcott, N. J. Halas: Nanoengineering of
optical resonances, Chem. Phys. Lett. 288, 243 (1998) 185
42. F. J. Garcı́a-Vidal, J. B. Pendry: Collective theory for surface enhanced Raman
scattering, Phys. Rev. Lett. 77, 1163 (1996) 185
43. M. Kahl, E. Voges, S. Kostrewa, C. Viets, W. Hill: Periodically structured
metallic substrates for SERS, Sens. Actuators B 51, 285 (1998) 185
44. M. Kahl, E. Voges: Analysis of plasmon resonance and surface-enhanced Raman
scattering on periodic silver structures, Phys. Rev. B 61, 14078 (2000) 185
45. R. Fuchs: Theory of the optical properties of ionic crystal cubes, Phys. Rev. B
11, 1732 (1975) 185

Plasmon Resonances in Non-regular Nanowires

207

46. W.-H. Yang, G. C. Schatz, R. P. van Duyne: Discrete dipole approximation for
calculating extinction and Raman intensities for small particles with arbitrary
shape, J. Chem. Phys. 103, 869 (1995) 185, 188
47. T. R. Jensen, G. C. Schatz, R. P. van Duyne: Nanosphere lithography: surface plasom resonance spectrum of a periodic array of silver nanoparticles
by ultraviolett-visible extinction spectroscopy and electrodynamic modeling,
J. Phys. Chem. B 103, 2394 (1999) 185, 188
48. N. Félidj, J. Aubard, G. Lévi: Discrete dipole approximation for ultravioletvisible extinction spectra simulation of silver and gold colloids, J. Chem. Phys.
111, 1195 (1999) 185, 188
49. J. P. Kottmann, O. J. F. Martin: Accurate solution of the volume integral equation for high permittivity scatterers, IEEE Trans. Antennas Propag. 48, 1719
(2000) 185, 189, 190
50. J. P. Kottmann, O. J. F. Martin, D. R. Smith, S. Schultz: Dramatic localized
electromagnetic enhancement in plasmon resonant nanowires, Chem. Phys.
Lett. 341, 1 (2001) 185, 186, 198
51. J. P. Kottmann, O. J. F. Martin, D. R. Smith, S. Schultz: Non–regularly shaped
plasmon resonant nanoparticle as localized light source for near–ﬁeld microscopy, J. Microscopy 202, 60 (2001) 185, 195, 200, 201
52. J. P. Kottmann, O. J. F. Martin, D. R. Smith, S. Schultz: Plasmon resonances
of silver nanowires with a non–regular cross–section, Phys. Rev. B 64, 235 402
(2001) 185, 190
53. J. P. Kottmann, O. J. F. Martin: Inﬂuence of the cross section and the permittivity on the plasmon-resonance spectrum of silver nanowires, Appl. Phys. B
73, 299 (2001) 185, 202
54. J. P. Kottmann, O. J. F. Martin, D. R. Smith, S. Schultz: Spectral response of
Silver nanoparticles, Optics Express 6, 213 (2000) 185, 192, 195, 198
55. J. P. Kottmann, O. J. F. Martin, D. R. Smith, S. Schultz: Field polarization and
polarization charge distributions in plasmon resonant particles, New J. Phys.
2, 27.1 (2000) 185, 192, 193, 195
56. J. P. Kottmann, O. J. F. Martin: Plasmon resonant coupling in metallic nanowires, Optics Express 8, 655 (2001) 185, 195
57. J. P. Kottmann, O. J. F. Martin: Retardation–induced plasmon resonances in
coupled nanoparticles, Opt. Lett. 26, 1096 (2001) 185, 195
58. C. F. Bohren, D. R. Huﬀman: Absorption and Scattering of Light by Small Particles (Wiley, New York 1983) 186, 188, 189, 201
59. U. Kreibig, M. Vollmer: Optical Poperties of Metal Clusters, Springer Ser.
Mater. Sci. 25 (Springer-Verlag, Berlin, Heidelberg 1995) 186, 187, 201
60. P. B. Johnson, R. W. Christy: Optical constants of the noble metals, Phys. Rev.
B 6, 4370 (1972) 186, 187
61. R. Ruppin: Spherical and cylindrical surface polaritons in solids, in A. D. Boardman (Ed.): Electromagnetic Surface Modes (Wiley, Chichester 1982) 186
62. U. Kreibig, C. von Fragstein: The limitation of electron mean free path in small
silver particles, Z. Physik 224, 307 (1969) 187
63. L. Genzel, T. P. Martin, U. Kreibig: Dielectric function and plasma resonances
of small metal particles, Z. Physik B 21, 339 (1975) 187, 201
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