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A solid immersion lens~SIL! combined with near-field probes which are the conic dielectric probe
and the local metallic coating on the SIL probe is designed for optical recording by means of a
three-dimensional rather than two-dimensional finite difference time domain method to gain more
insight in the near-field distribution. Our computation model is realistic to match the real SIL-probe
system. The optical properties of near-field distributions between the SIL probe and recording layers
are investigated. A promising idea for fabricating a type of the SIL-probe system is proposed.
Results of our designation of an optimal SIL-probe system can achieve higher performance~in terms
of high throughput and low reflection of the light beam! for optical data storage and microscopy
than the conventional metal NSOM probe or SIL used alone. ©2004 American Institute of
Physics. @DOI: 10.1063/1.1650541#

I. INTRODUCTION

As the demand for data storage capacity continually
grows, data storage technologies are being driven to higher
area densities. Because they produce small spot size, near-
field optical techniques using evanescent light are being de-
veloped to overcome the diffraction limit of far-field optics
and have been applied to optical data storage achieving high
recording densities. In this case, small aperture, scattering
points or solid immersion lens~SIL! have been used to
record or retrieve small marks beyond the diffraction limit.
In particular, Betziget al. first applied a small aperture for
magneto-optical recording to record and retrieve small
marks.1 The resolution of the metal coated taper in a scan-
ning near-field optical microscope~SNOM! probe is not lim-
ited by the far-field diffraction limit and the resolution is less
than 60 nm. However, low efficiency of the throughput of
this probe limits the speed if readout and recording. Martin
et al.adapted an oscillation aperture-less media.2 Plannar ap-
erture flying heads have also been developed.3–5 SIL has
been applied to magneto-optical recording.6,7 The SIL system
has been analyzed by using numerical simulation and also
static experiments.8,9 An advantage of the SIL lens is high
optical throughput, which is several orders of magnitude
larger than that of a conventional SNOM probe. However,
there is technical difficulty in keeping the position of the
relatively large flat bottom of the SIL in the near-field zone
of the recoding medium. In order to overcome this issue, a
sharp conical shape attached at the bottom of the SIL can
improve the position of the SIL probe.10 Therefore, estima-
tion of the field behavior about the signal readout process
includes the interaction of the electromagnetic fields between
the near-field probe and the marks is a very important factor
in the SIL-probe system. However, analytical methods face

difficulty when the SIL-probe system has complicated geom-
etry. Kusatoet al. first designed a tapered dielectric near-
field probes for optical recording using a commercial finite
difference time domain~FDTD! code for the FDTD
computations.10 In order to simplify their computational
model, a perfect electric conductor as a recorded mark, is set
into the dielectric medium in order to calculate the scattered
field from the mark. Since metal taken as a perfect
conductor11–14causes concern that the optic in the near-field
region surrounded by metal may not be simulated accurately,
and the recording layers regards as a single dielectric me-
dium is not realistic to the real SIL-probe system. For the
purpose of improving this problem, the computational model
we used is approached to the real system and we designed an
alternative tapered probe whose bottom is flat, table shape,
coated with a thin metal film on the local surface and 1/n
wavelength in diameter. This diameter is large enough to
propagate the incident light without significant decay of the
amplitude and the diameter significantly than the spot size
achievable with the SIL uses alone. For conventional optical
simulation programs that are not directly transferred to ana-
lyze near-field phenomena and some commercial codes can
not grasp the detailed properties in SNOM which we intend
to realize, we have developed a near-field optical program
which is written in Fortran language by a three-dimensional
~3D! FDTD15–17 method basing on the Maxwell’s equations
to calculate the field distribution around the SIL-probe sys-
tem. This FDTD method is a very useful method to obtain
the field distribution between the probe and the sample in the
near-field interaction.18,19

In this article, we describe our simulation results on the
optical properties of field distribution between the SIL-probe
and the recording-layers system. An optical system that com-
bines a SIL with a probe tip exhibits certain merits. The main
advantage of this system is small spot size, which is mainlya!Electronic mail: yangtj@cc.nctu.edu.tw
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determined by the size of probe apex, because the light spot
illuminating the probe apex is smaller than is possible with
fiber base or far-field illumination. Another fundamental ad-
vantage of the SIL-probe is in the detection process. In order
to fabricate an optimal SIL-probe system, the local surface of
SIL base and the local surface of probe tip are coated with
metallic thin film. An idea to implement the fabrication of a
type of the SIL-probe system is proposed.

II. SIMULATION MODEL

A system using a hemispherical SIL with a conical di-
electric probe between an objective lens and the recording
layers is shown in Fig. 1, in which the optical spot diameter
s in the recording layers is reduced by a factor equal to the
refractive indexnsil-probe. That is, the full-width-at-1/e2 spot
size s is approximately s5l/NAeff , where NAeff is the effec-
tive numerical aperture andl is the wavelength of laser light
in air. For the hemispherical SIL, NAeff5nsil sinu, nsil is the
refractive index in the SIL, andu is the angle between the
outmost rays and the optic axis. In this system NAeff.1 can
be easily realized with a high index SIL. The SIL is a perfect
hemisphere that combined with a conical probe. By placing
the flat surface exactly on the focal plane of the objective
lens and centering the lens under the objective, the laser
beam focused on the optic axis will unrefractly pass the lens
and continue to focus directly on the flat surface. The probe,

which is in near contact with the recording layers, reduces
the wavelength by some factors and produces a small spot
size. The reflected light is collected by the objective lens and
directed to the detectors. The probe shape can be easily fab-
ricated by using a conventional lithographic technique and
applied to a flying head for near-field optical recording. In
our simulation model, we assume that the truncated Gaussian
light beam is focused throughout a hemispherical lens sur-
face as shown in Fig. 1, and the incident beam on the SIL is
simulated in the polarized plane wave. The Gaussian beam is
emulated by ten voltage excitation ports on the meshes at the
top of the plane in computation-cell space. The incident elec-
tric field is a sinusoidal wave. The dimension of each cell are
set asDx5Dy5Dz5D and each time stepsDt<D/(cA3)
~where c is speed of light!. The wavelength of the incident
light is l5633 nm. The incident linearly polarized light
along they direction is used to illuminate an objective lens of
0.5 NA that focused through the SIL probe and propagating
to the recording layers. The focal point in each case is lo-
cated at the entrance of the probe. The process time of one
calculation is about 40–120 min using a personal computer
with an Intel Pentium 4 processor~2.4 GHz CPU, 1024 MB
DDR RAM!. The total number of time steps for computation
are 2000 time steps.

III. NUMERICAL RESULTS

A. NSOM image in a SIL-probe system without effects
of recording-layers interactions

First, we examine the material for the SIL-probe
~LaSFN9 glass; its refractive indexn51.843). In order to
understand the detailed mechanism for the incident light
passing through the SIL probe, the interactions between the
SIL probe and recording layers are neglected for simplicity.
The calculated intensity distributions in the SIL-probe sys-
tem without the recording layers are shown in Figs. 2 and 3.
An acute probe is chosen to be an aperture angle of 28° and
divided the model into 141(x)3141(y)3141(z) unit cells.
The dimension of each cell are chosen asDx5Dy5Dz5D
55 nm. The entrance and the exit diameter of the probe are
w15300 nm and w25100 nm, respectively. The probe
height ish15400 nm. Although this model is rotational sym-
metric system, the electric field distributions formed in the
two orthogonal cross sections are different from each other
due to the difference between the boundary conditions on the

FIG. 1. Simulation model for SIL and probe combination inserted between
a focusing objective and the recording-layers.

FIG. 2. ~a! and ~b! show the gray-scaled map of the
total electric field modulus on anx–z sectional plane
~at y571D) and y–z sectional plane~at x571D) for
y-polarization illumination, respectively. In the gray-
scaled we used, white signifies higher intensity values.
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edge interface. In the usual experiments, the 3D probes sup-
port both polarizations simultaneously. Figures 2~a! and 2~b!
present the linear gray-scaled map of the total electric field
modulus onx–z sectional plane~at y571D) and y–z sec-
tional plane~at x571D) for y-polarization illumination, re-
spectively. In the gray-scaled, white is used to signify higher
intensity values. The radiated beam profile in thex–z sec-
tional plane is slightly narrower than that ofy–z sectional
plane and the field distributions of them including two high-
intensity regions along the probe axis. The incident wave is
focused on the central part of SIL bottom by an objective
lens. The large index of refraction of the LaSFN9 glass re-
duces the effective wavelength inside the SIL probe and the
y-direction polarized wave is easily guided down the apex
direction of the SIL probe. For both Figs. 2~a! and 2~b!, the
intensity becomes stronger near the base of the SIL and the
conic side of the probe. The light is mainly split into two
parts, one escaping from lateral sides at the intersection sur-

face between the SIL and the probe~these far-field compo-
nents will contribute to illuminate on a large spatial zone!,
the other one propagating inside the tip as far as this one is
wide enough. The reflection light from the conic side of the
probe couples with the incident light to become the incom-
plete standing wave and the light start to escape from the
lateral surfaces as long as the diameter of conic shape larger
than (0.27)l/nsil-probenm. These will also contribute far-field
component. The light generated by the apex of the probe is
essentially evanescent, since most propagating components
escaped laterally before reaching the top of the probe apex.
The near-field effect is confined to the surface area located in
front of the probe extremity and the illumination process is
mainly supported by the evanescent fields in this region. This
is a phenomenon of near-field scattering. By way of our
simulation in this case we find the electric field distribution
of Fig. 2~a! presents a strong field intensity near the central
part of the probe apex. The behavior of they–z sectional

FIG. 4. The scattered electric fields in
time domain snap shot of~a! x–z ~at
y561D) and ~b! y–z sectional plane
~at x561D), respectively.

FIG. 3. Distribution of total electric-field and field
components in the plane away from probe apex of z50,
50, 90 nm~from left to right!. From top to bottom:uEtu,
43uExu, uEyu, uEzu.
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plane shown in Fig. 2~b! is found the strongest near the rim
of the probe apex and presents the edge enhancement effect.
LaSFN9 probes produce a well-confined and intense central
spot, from thex–z sectional plane for they-direction polar-
ization, sometimes with a small central decay due to depo-
larization effects occurring in they–z sectional plane. The
well-confined spot which size is smaller than (3/4)l/nsil-probe

should be dominant if the probe-surface distance is small
enough for an efficient coupling of the evanescent field from
the probe to the recording layer.

The polarized incident wave is decayed gradually by the
dielectric tip, after exiting the apex of the probe, produces
two perpendicularity polarized electric-field components,
that is the incident field is entirely polarized along they axis,
the scattered field has also components along thex axis and
z axis, respectively. These components produce depolariza-
tion at this interface between the probe tip and the air. Figure
3 shows the distributions of total electric-field and field com-
ponents in the plane away from probe apex ofz50, 50, 90
nm ~from left to right!. From top to bottom:uEtu, 43uExu,
uEyu, uEzu. The size of each image plane displayed is
6003600 nm2 in front of the probe. Thex component of the

electric field is distributed symmetrically along the rim of the
probe apex showing four petals distributions much smaller
than that of they andz component. Thez component of the
electric field is also smaller than they component of the
electric field at the exit plane of the probe apex showing two
petals distributions, an interesting enhancement occurs at the
rim of the tip apex. BothuExu and uEzu decay rapidly as the
distance away from the probe increases. They component of
the electric field leads to propagation mainly in the forward
direction along the probe axis. This component is the same
as that of the polarization direction of the incident field. The
depolarization phenomenon of components is the near-field
effect. Consideration of the evanescent decay is of primary
importance in the design SIL-probe system. Recall that under
the weak scatterer approximation the strongest intensities are
found near the center of the tip apex.

B. NSOM image in a SIL-probe system with effects of
scattering field from a recording mark

The calculated intensity of images will be discussed in
this section when the SIL probe and recording layers are

FIG. 5. The steady state electric field
intensity plots of~a! thex–z sectional
plane and~b! y–z sectional plane, re-
spectively.

FIG. 6. Electric field distribution of the dielectric SIL
probe along thex andy axis in the plane ofz55, 15, 25
nm, respectively.
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taken into account. The spacing between the SIL probe and
the recording layers is chosen ash2550 nm~see Fig. 1!. The
particular recording-layer structure investigated for the SIL-
probe system recording is a four-layered medium:/ZnS–SiO2

(n52.15, thicknessd590 nm)/GeSbTe (nX54.4511.65i ,
nA54.412.1i , thickness d520 nm)/ZnS–SiO2 (n52.15,
thickness d515 nm)/Al alloy (n51.215.8i , thicknessd
5150 nm)/glass (n51.5), wherenX is the refractive index
for the crystalline state andnA is the refractive index for the
amorphous state. The optical spot sizes and signal constrasts
of this medium have been described for several conditions.20

The scattered electric fields in time domain snap shot ofx–z
~at y561D) andy–z sectional plane~at x561D) are shown
in Figs. 4~a! and 4~b!, respectively. The dimension of each
cell are Dx5Dy5Dz5D55 nm, and the total space vol-
ume considered measures 121(x)3121(y)3151(z) cells.
These results imply that the probe can work in the reflection-
detection mode because of the scattered electric fields from
the recorded mark can propagate into the probe. The steady
state of electric field intensity plots of thex–z sectional
plane andy–z sectional plane are illustrated in Figs. 5~a! and
5~b!, respectively. The beam diameter~in 1/e2 maximum in-
tensity! in the x–z andy–z sectional plane directions at the
inside of the recording layers is 220 and 150 nm, respec-
tively. These sizes are smaller than the wavelength light
l5633 nm.

The more detailed calculation using the 3D FDTD
method is shown in Fig. 6, which illustrates the beam profile
along x and y axis in the plane ofz55 nm, z515 nm, z
525 nm from the exit surface of LaSFN9 glass probe, re-
spectively. The results show that the outgoing light from the
probe apex is weaker than that emitting from the lateral side
and base of the SIL probe, and behaves as a strong contrast
to the outgoing light of the probe apex. It implies that, for a
dielectric SIL probe, propagating wave emitting from the in-
tersection base of the SIL probe and from the conic side is
stronger than that the outgoing light from the probe apex. It
dominates the near-field distribution, while a film of metal is
coated, the coated film can confine the light more strictly
inside the probe tip and reduce the light of leakage from the
SIL probe. The SIL-probe coated metallic film will provides
a dramatic improvement in this regard. This will be under-
stood in the Sec. III C.

C. A promising idea of fabricating a SIL-probe system

In the following, we will discuss one of the possible
approaches and simulations about our idea of an optimal
design of the SIL-probe system. It may be possible to fabri-
cate a local metallic aperture in combination with a SIL.
Experimental results show that the large background reflec-
tion from the metallic film that surrounds the apertures limit
the detectable signal. Although the background reflection
from the dielectric apertures is negligible, consider the
aperture-only system where poor contrast is a result of the
collection system not gathering enough spatial frequency in-
formation. Basically, laser light is focused by an objective
lens onto a moving recording layer. The SIL probe which is
in near contact with the recording layers, reduces the wave-
length by a factor ofn ~refractive index of the SIL probe! and
produces a small spot size. Reflected light is collected by the
objective lens and directed to the detectors. The angular
range of collected information is determined by the SIL
probe, the objective lens, and the detector. If the angular
range of collected information from the path between the
recording layers and the SIL probe can be avoided by the
light passing the metallic thin film, an optimal SIL probe
with metallic film will be realized possibly. We can use both
the advantage of high transmission efficiency with no ab-

FIG. 7. The optimized geometry of the sectional diagram of the improved
SIL-probe system.

FIG. 8. The gray-scaled map of the
total electric field modulus on thex–z
sectional plane~at y571D) and y–z
sectional plane ~at x571D) for
y-polarization illumination, respec-
tively.
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sorption of the dielectric SIL probe and local enhancement of
the metallic coating one~probe tip coated with metallic film
which could be used to produce spots smaller than that gen-
erated with dielectric SIL-probe, but detection of the modu-
lation is not efficient when uses it alone! to create a type of
probe. Probe tips are fabricated directly on the bottom of a
hemispherical SIL. The bottom face of SIL near to the en-
trance of probe is coated with aluminum film of 30 nm
height with ring shape at the base of the SIL probe which
external part and interior part are 480 and 300 nm, respec-
tively. Detailed of the design and the fabrication process of
dielectric aperture probe combined with the SIL are dis-
cussed in Refs. 21 and 22. Fabrication of our improved SIL-
probe system is illustrated as following steps:~1! mount SIL-
probe in carrier; ~2! coat with photoresist;~3! expose
photoresist to cross-grating pattern;~4! develop photoresist;
and ~5! metal coating. In the process of coating the alumi-
num thin film, we keep the tip apex exposed to fabricate a
local uncoated metal tip. That is to say, the probe is based on
the metal probe and extends the internal dielectric material
outside the metal probe. In order to avoid the large back-

ground reflection from the metallic layer that surrounds the
apertures limit the detectable signal, the length of the metal-
lic coating must be short enough with the ratio to the SIL
probe. So the background reflection from the metallic film in
the reflection process can be neglected. Note that the incident
light is accurately focused on the central part of the SIL
bottom. The ratio to the length between the metallic film and
the noncoated part of the probe is approximately 2:1. The
diameter of the probe apex, the large end of the probe, and
the height of the probe are approximately 0.3l/n, 0.87l/n,
1.1l/n nm. The purpose of metallic coating is to conceal the
lateral passing light and to enhance the field intensity locally
inside the probe. Figure 7 shows a sectional diagram of a 3D
FDTD model with recording layers of the improved probe to
be analyzed. The dimension of each cell areDx5Dy5Dz
5D55 nm, and the total space volume considered measures
141(x)3141(y)3151(z) cells.

Here, let us choose the coordinate of probe apex to be
x571D, y571D, z5101D. Figure 8 shows the linear gray-
scaled map of the total electric field modulus on thex–z
sectional plane~at y571D) and they–z sectional plane~at

FIG. 10. Electric field distribution of the local metallic
coating SIL-probe along thex andy axis in the plane of
z55, 15, 25 nm, respectively.

FIG. 9. The scattered electric fields in
time domain snap shot of thex–z ~at
y571D) and y–z sectional plane~at
x571D) are shown in Figs. 8~a! and
8~b!, respectively.
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x571D) for y-polarization illumination, respectively. The
scattered electric fields in time domain snap shot ofx–z ~at
y571D) andy–z sectional plane~at x571D) are shown in
Figs. 9~a! and 9~b!, respectively. Figure 10 shows the electric
field distribution of the local metallic coating SIL probe
along thex and y axis in the plane ofz55, 15, 25 nm,
respectively. Obviously, Fig. 10 compares with Fig. 6, the
field intensity of improved probe is stronger than the dielec-
tric probe at the border between dielectric and metal, but on
the contrary at the center of the probe tip. We can regard the
incident wave from the uncovered part of the improved SIL
probe as the outgoing light passing through the dielectric
one. This is to be expected since the propagating process in
the uncovered part is similar to the dielectric SIL probe. In
the sectional plane atx571D (y–z sectional plane!, the light
mainly escapes to the lateral side and has the strongest field
intensity at the intersection place between dielectric and air.
In the sectional plane aty571D (x–z sectional plane!, the
maximum distribution occurs along thez axis down to the
probe tip.

IV. CONCLUSION

In this article, we report a series of 3D FDTD simula-
tions to obtain more insight in the mechanisms responsible
for the SIL-probe system in NSOM architecture and a prom-
ising idea to fabricate an optimal SIL-probe system is pro-
posed. It is found that the electric field leaking from the base
and conic side of the SIL-probe system is much stronger than
the output of the probe apex. Our optimal SIL-probe system
shows that the local metallic coating on the base of the SIL
and the lateral side of the probe demonstrate high throughput
and low reflection of the light beam compared with the con-
ventional metal NSOM probe used only. The beam size in-
side the recording-layers, using the case of LaSFN9 glass, is
estimated to be smaller than (3/4)l/nsil-probe ~in 1/e2 maxi-
mum intensity!. The computed field from the recording lay-
ers supports the hypothesis that the optimal SIL probe which
we have designed can work in the reflection-detection mode.

In the near future, we intend to consider other detailed ef-
fects involving, e.g., the influences of taper angles, probe
diameter, refractive index of inner dielectric material of the
SIL probe, the polarization, focus positions, and the nonlin-
ear response of the irradiated recording layers.
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