
Simulation of Near-field Photolithography
Using Finite-difference Time-domain Method

著者 田中  秀治
journal or
publication title

Journal of applied physics

volume 89
number 7
page range 3547-3553
year 2001
URL http://hdl.handle.net/10097/35518

doi: 10.1063/1.1351866



JOURNAL OF APPLIED PHYSICS VOLUME 89, NUMBER 7 1 APRIL 2001
Simulation of near-field photolithography using the finite-difference
time-domain method

Shuji Tanakaa) and Masayuki Nakao
Department of Engineering Synthesis, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-8656, Japan

Mariko Umeda and Kenchi Ito
Central Research Laboratory, Hitachi Ltd., 1-280 Higashi-Koigakubo, Kokubunji-shi,
Tokyo 185-8601, Japan

Shigeru Nakamura
Digital Medea Products Division, Hitachi Ltd., 1410 Inada, Hitachinaka-shi, Ibaragi 312-8505, Japan

Yotaro Hatamura
Department of Engineering Synthesis, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-8656, Japan

~Received 25 September 2000; accepted for publication 3 January 2001!

Illuminating a transparent mold under total internal reflection condition generates evanescent light.
Near-field photolithography uses such light, and we simulated this exposure in two dimensions
using the finite-difference time-domain~FDTD! method. Our simulation suggests the feasibility of
resolving a 130 nm pitch grating pattern, which is finer than the diffraction limit of light. The
simulation results showed fair agreement with our experimental results, confirming the strong
influence of exposure light polarization to the distribution of optical near fields in photoresist films.
This indicates that the FDTD simulation is promising to predict exposure results for designing
molds. We further extended the simulation varying the thickness and refractive index of a
photoresist film. Based on the simulation results, showing the good exposure contrast in the thin
surface layer of the photoresist film, we suggested two methods to resolve a thick resist film: the
multilayer resist method which allows us to use a sufficiently thin photoresist film, and the surface
imaging technology which can completely dry develop a thick photoresist film even if its exposure
area is confined in the surface layer. ©2001 American Institute of Physics.
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I. INTRODUCTION

A scanning near-field optical microscope~SNOM! real-
izes spatial resolution finer than the diffraction limit of lig
by using near-field light which is generated by illuminatio
under total internal reflection condition or through an ap
ture smaller than the light wavelength. This high resolut
served by such near-field light has led to studies for apply
it to microfabrication. Mitsuokaet al.1 fabricated 100 nm
wide grooves, which are narrower than the diffraction lim
of light, on a photoresist film by scanning near-field lig
with a wavelength of 442 nm generated at the tip of a sh
optical-fiber-based SNOM probe. Ono and Esashi,2 Alkasi
et al.,3 and Goodberlet4 experimentally confirmed that con
formal contact photolithography using near-field light c
transfer photomask patterns finer than the exposure l
wavelength to photoresist films. Alkasiet al.used broadband
UV light from a mercury arc lamp to fabricate a 140 n
pitch grating pattern. McNab and Blaikie5 investigated light
intensity contrast in the optical near field of subwavelen
period gratings using the multiple multipole technique. Oth

a!Electronic mail: shuji@cc.mech.tohoku.ac.jp
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reports include methods using an elastomeric phase ma6

an elastmeric light-coupling mask,7 and a solid immersion
lens.8

In our former article,9 we reported near-field photoli
thography to accomplish resolution higher than the diffra
tion limit of light by using a transparent mold with a m
crorelief which is illuminated under total internal reflectio
condition. Further study revealed, however, the complica
nature of the exposure which sometimes produces phot
sist patterns different from microrelief patterns on the mo
an example is the dependence on the illumination direc
found in the different widths of groove pairs fabricated on
photoresist film, whereas the pair of ridges on the mold w
of the same size.

To better understand such complicated nature of the
posure and theoretically model our near-field photolithog
phy process, we applied the finite-difference time-dom
~FDTD! method to calculate optical near-field distribution
photoresist films. FDTD method is promising for simulatin
optical near fields, as already proven in many calculations
optical near-field distribution at the end of SNOM probe
This article explains our FDTD simulation and compares
simulation results with experimental results.
7 © 2001 American Institute of Physics
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II. EXPOSURE METHOD AND PROCESS OF THE
NEAR-FIELD PHOTOLITHOGRAPHY

Figure 1 illustrates the exposure method of near-fi
photolithography. A transparent mold with microrelief
used in place of a conventional photomask. The mold is
cated close to a photoresist film at a distance much sm
than the exposure light wavelength, and is illuminat
through a prism under total internal reflection condition. T
photoresist film is exposed to near-field light modulated
the microrelief on the mold. The near-field light, includin
evanescent light, decays exponentially with a distance fr
the mold surface. Therefore, exposure of the photoresist
facing the protruding part of the micorelief is much strong
than that facing the bottom part, and a feature defined by
microrelief is transfered into the photoresist film. Note th
the near-field light contains high spatial frequencies mo
lated by microrelief structures finer than the diffraction lim
of light, producing a spatial resolution beyond the diffracti
limit of light.

For practical near-field exposure, the mold contacts
photoresist film, because a constant gap on the order of
nometers between the mold and the photoresist canno
kept due to the imperfect flatness of the mold and photore
film surface. Thus, the mold has to follow the surface of
photoresist for the contact. The mold also has to be repla
at low cost when damaged by contact with the photore
film. Therefore, we replicated a hard master mold using fl
ible transparent plastic, and the flexible replica molds w
used for the exposure. For our experiment, we replicate
silica glass master mold, which was fabricated by elect
beam lithography and fast atom beam etching, using ac
cellulose films.

III. SIMULATION MODEL

Using the two-dimensional FDTD method, we calc
lated the distribution of optical near-field intensity in phot
resist films exposed by the method illustrated in Fig. 1. T
two-dimensional calculation cannot handle some cases
when the exposure light is incident parallel to linear ridg
on the mold, however, it saves computing time and resou

FIG. 1. Exposure method of the near-field photolithography. The trans
ent mold with the microrelief is illuminated under total internal reflecti
condition. The photoresist film is exposed to evanescent light generate
the near field of the mold surface.
Downloaded 09 Nov 2008 to 130.34.135.83. Redistribution subject to AS
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Figure 2 shows a 1.6932.94mm simulation model con-
sisting of a mold, an air gap, a photoresist film, a silic
substrate and a light source. The refractive indices of
mold, the air, the photoresist and silicon aren151.5, n2

51, n351.720.008i , andn454.720.2i respectively. At the
right and left boundaries of the simulation model, period
boundary conditions were introduced. This virtually repr
sents an infinitely wide simulation area. At the top and b
tom boundaries, no boundary conditions were introduc
because the calculation terminated when light reached
top boundary. Note that no light reaches the bottom bou
ary because of the opaque silicon substrate.

A plane wave light source with a wavelength ofl
5442 nm is located at the band ofz51.45– 1.89mm in the
mold, as shown in Fig. 2. This band-shaped light sou
moderates the change of light intensity within/around
light source, reducing its noise. A 1.5mm gap between the
light source and the mold surface reduces noise from
light source to the mold surface. The light source emits lig
at an incident angle,f, which satisfies total internal reflec
tion condition,f.arc sin(n2 /n1)541.8°. The incident angle
also satisfiesf5arc sin(ml/n1wx), which produces light with
the same phase at the right and left boundaries of the l
source to meet the periodic boundary conditions. In t

r-

in

FIG. 2. Simulation model for the FDTD method. The refractive indices
the mold, the air, the photoresist and the silicon aren151.5, n251, n3

51.720.008i , andn454.720.2i , respectively. At the right and left bound
aries of the simulation model, periodic boundary conditions are introduc
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp



he

on
lle
lie

of

0
A
la-
ld
and

ar-
p-
ity

of

l
na-
ac-
of
i-
r-
ar
is
n-
en

ap

-

3549J. Appl. Phys., Vol. 89, No. 7, 1 April 2001 Tanaka et al.
equation,m and wx represent a natural number and t
x-directional width of the simulation model respectively.

Cell sizes, depending on its location in the simulati
model, vary in the range of 2–20 nm, which is much sma
than both the exposure light wavelength and the microre
feature on the mold. The time step, 6310218s, satisfies

FIG. 3. Distribution of optical near-field intensity obtained with an air g
of 10 nm. TE and TM polarization were used in panels~a! and~b!, respec-
tively.
Downloaded 09 Nov 2008 to 130.34.135.83. Redistribution subject to AS
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Courant condition with only a small margin. The number
calculated steps was approximately 23103, in which the
amplitude of an electric field reached steady state.

IV. CALCULATION RESULTS AND COMPARISON
WITH EXPERIMENTS

We first performed simulation using the mold with 13
nm pitch grating protrusions of 50 nm in height and width.
photoresist film was 180 nm in thickness through all simu
tions. Figure 3 shows the distribution of optical near-fie
intensity obtained when an air gap was 10 nm, where TE
TM polarization were used in panels~a! and ~b!, respec-
tively, ~TE and TM polarization are defined in Fig. 2!. In this
figure, curved lines represent the contours of optical ne
field intensity, and color bar indicators linearly show the o
tical near-field intensity relative to the light source intens
defined as 1000.

Figure 3 confirms clear difference on the distribution
optical near-field intensity between TE polarization~a! and
TM polarization~b!. In the case of TM polarization, optica
near-field intensity from the surface to several tens of
nometers deep inside of the photoresist film distributes
cording to the grating protrusions on the mold. In the case
TE polarization, in contrast, the distribution is nearly un
form. This is because the electric field vector of TM pola
ization is perpendicular to the running direction of the line
protrusions on the mold, whereas that of TE polarization
parallel. Similar dependence of the optical near-field inte
sity distribution on the exposure light polarization has be
confirmed in other near-field photolithography.2–5

FIG. 4. Distribution of optical near-field intensity obtained using TM
polarized light without an air gap.
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Next, we changed the air gap from 10 to 0 and 50 n
Figures 4 and 5 show the distribution of optical near-fie
intensity in cases of 0 and 50 nm air gap setting, resp
tively. Note that the uniform distribution in case of TE p
larization, like in Fig. 3~a!, is omitted. Comparing Figs. 4
3~b!, and 5 demonstrates that the contrast of optical ne
field intensity in the photoresist film reduces as the air g
increases. This suggests the advantage of close contac
tween the mold and the photoresist film.

FIG. 6. Scanning electron micrograph of an acetyl cellulose replica m
The groove pairs with a width of 70 nm show pitches of 200, 220, 240,
260 nm from the right.

FIG. 5. Distribution of optical near-field intensity obtained using TM
polarized light with a 50 nm air gap.
Downloaded 09 Nov 2008 to 130.34.135.83. Redistribution subject to AS
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As well known, the resolution of projection photolithog
raphy is limited by the diffraction limit of light,l/(2nNA),
where NA is the numerical aperture. In our near-field pho
lithography, the diffraction limit of light is approximately
150 nm with l5442 nm, n5n151.5, and NA→1. These
simulation results indicate that near-field photolithograp
can potentially resolve a 130 nm pitch grating pattern fin
than the diffraction limit of light.

The earlier-mentioned simulation results, howev
shows poor agreement with experimental results. Figur
shows an acetyl cellulose replica mold. Figures 7~a! and 7~b!
show positive photoresist films which were exposed to T
and TM-polarized light, respectively, using the replica mo
shown in Fig. 6. The photoresist film was 180 nm in thic
ness as it was in the simulation model. Exposure light w
incident perpendicularly to ridges on the replica mold, th
is, grooves on the photoresist film. We have already repo
the experimental method and setup in another paper.9

As Fig. 7 shows, the photoresist film exposed to T
polarized light~a! had four pairs of grooves transferred fro
the microrelief on the replica mold, whereas that exposed

.
d

FIG. 7. Scanning electron micrographs of patterned positive photore
films. The photoresist films shown in panels~a! and~b! were exposed to TE-
and TM-polarized light, respectively, using the replica mold shown in F
6.
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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TM-polarized light ~b! had only an interferometric gratin
and not the pattern expected from the microrelief. These
perimental results contradict with the earlier-mention
FDTD simulation results in terms of the relation betwe
polarization and pattern transferability.

We then conducted additional FDTD simulation using
model which better matched the experimental condition,
stead of using the grating mold which was different from th
used in the experiments. In the following simulation, w
changed the grating pattern on the mold into one pair
ridges.

Figure 8 shows the distribution of optical near-field i
tensity obtained when the mold and the photoresist film w
in contact with each other, and Fig. 9 shows that obtai
when the air gap was 50 nm. Panels~a! and ~b! in these
figures are the simulation results in cases of TE and
polarization, respectively, like those in Figs. 3–5. The dis
bution of optical near-field intensity in the photoresist film
is apparently complicated and different from the earli
mentioned simulation results obtained with the grating mo
Now we consider patterns expected to be fabricated o
photoresist film, assuming that a positive photoresist film
developed only down to several tens of nanometers de
from the surface. Note that this assumption does not con
dict the experimental method. When exposed positive ph
resist films were completely developed, the large parts of

FIG. 8. Distribution of optical near-field intensity obtained without an
gap. TE and TM polarization were used in panels~a! and ~b!, respectively.
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photoresist films were removed from the substrates. This
be predicted from Figs. 8 and 9 showing strong light inte
sity deep in the photoresist films.

On the photoresist film exposed to TE-polarized lig
two grooves with different widths are expected from Fig
8~a! and 9~a!. On the photoresist film exposed to TM
polarized light in contact with the mold, two grooves wi
different widths as well as an interferometric grating patte
running to light incidence side are expected from Fig. 8~b!.
On the photoresist film exposed to TM-polarized light wi
the 50 nm air gap, only an interferometric grating patte
running to light incidence side is expected from Fig. 9~b!.

Comparing the simulation results with the experimen
results under the earlier-mentioned assumption, the sim
tion results shown in Fig. 9 fairly agree with the experime
tal results shown in Fig. 7; the photoresist film exposed
TE-polarized light showed two grooves with different width
and that exposed to TM-polarized light showed the interfe
metric grating as the simulation predicted. The experimen
results agree better with the simulation result shown in Fig
than that shown in Fig. 8 in the case of TM polarization. Th
indicates that there was an air gap of about 50 nm betw
the mold and the photoresist film during exposure. The
gap could be caused by a low height of the ridge pairs co
pared to that of the mesa surrounding the ridges on the
lica mold shown in Fig. 6.

FIG. 9. Distribution of optical near-field intensity obtained with a 50 nm
gap. TE and TM polarization were used in panels~a! and ~b!, respectively.
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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V. DISCUSSION

Our FDTD simulation results fairly agreed with our e
perimental results. This proves that our FDTD simulation
an optical near-field is useful for predicting exposure resu
This FDTD simulation is especially essential for designi
microreliefs on molds, because patterns fabricated on ph
resist films sometimes differ from the microrelief patterns
molds.

We applied FDTD simulation to predict exposure resu
obtained when photoresist films with different thickness
and refractive indices were used. The first FDTD simulat
used a thinner photoresist film. Both the FDTD simulati
and experiment showed that evanescent light generates
in the near field of the mold surface, and transfers the
crorelief features on the molds only to the thin surface lay
of the photoresist films. Thus, the photoresist film has to
as thin as the smallest microrelief feature to completely
solve through the photoresist film thickness. Figure 10 sho
the simulation result obtained with a 50-nm-thick photores
film. This figure does not show the uniform distribution
optical near-field intensity in the case of TE polarizatio
This figure indicates that a 130 nm pitch grating patte
which is finer than the diffraction limit of light, can be com
pletely resolved through the entire 50 nm thickness of
photoresist film. Combining the near-field photolithograp
using a sufficiently thin photoresist film with multilayer re
sist methods10,11 would allow us to produce a resist mas
thick enough for the following process like etching and li
off.

Next, we varied the refractive index of the photores
film. Other conditions were kept the same as those for

FIG. 10. Distribution of optical near-field intensity in the 50-nm-thick ph
toresist film exposed to TM-polarized light without an air gap.
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previous simulation shown in Fig. 4. Figure 11 shows t
simulation result obtained when the refractive index of
photoresist film was set atn351.720.1165i . This refractive
index represents one hundredth of the original transpare
The result indicates that the smaller transparency localize
exposed area in the surface layer of the photoresist fi
improving the exposure contrast in the surface layer. Fig
12 shows the simulation result obtained when the refrac
index of a photoresist film was set atn351.520.008i , a
refractive index with a smaller real part compared to t
original one. The result shows deeper penetration of li
from the mold into the photoresist film improving the exp
sure contrast in the surface layer again. Other papers12,13

have reported that surface imaging technology can dry
velop a photoresist film whose exposed area is confine
the surface layer for the next-generation photolithography
we apply such surface imaging technology to the near-fi
photolithography, we can completely resolve photores
films exposed like in Figs. 11 and 12 through the ent
thickness of the thick photoresist film.

VI. CONCLUSION

Near-field photolithography uses evanescent light gen
ated on a transparent mold by illumination under total int
nal reflection condition. We simulated its exposure in tw
dimensions using the FDTD method. The simulation resu
confirmed that the near-field photolithography can resolv
130 nm pitch grating pattern, which is finer than the diffra
tion limit of light. They also confirmed the strong influenc

FIG. 11. Distribution of optical near-field intensity in the photoresist fil
with a refractive index of 1.720.1165i . TM-polarized light was used for
exposure.
CE license or copyright; see http://jap.aip.org/jap/copyright.jsp
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of exposure light polarization to the optical near-field dist
bution in a photoresist film, and showed their fair agreem
with experimental results. FDTD simulation is, thus, a pro
ising method to predict exposure results for designing mo

The near-field photolithography has the problem tha
exposes only the thin surface layer of a photoresist film

FIG. 12. Distribution of optical near-field intensity in the photoresist fi
with a refractive index of 1.520.008i . TM-polarized light was used for
exposure.
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evanescent light localizing in the near field of the photore
surface. Based on our simulation results showing the g
exposure contrast in the photoresist surface, we sugge
two solutions to this problem: the multilayer resist meth
which allows us to use a sufficiently thin photoresist film
and the surface imaging technology which can complet
dry develop a thick photoresist film even if its exposure a
is confined in the surface layer.
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