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Deep subwavelength nanolithography using localized surface plasmon

modes on planar silver mask
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University of California, Berkeley, California 94720-1740

(Received 6 July 2005; accepted 29 August 2005; published 1 December 2005)

The development of a near-field optical lithography is presented in this paper. By accessing short
modal wavelengths of localized surface plasmon modes on a planar metallic mask, the resolution
can be significantly increased while using conventional UV light source. Taking into account the
real material properties, numerical studies indicate that the ultimate lithographic resolution at 20 nm
is achievable through a silver mask by using 365 nm wavelength light. The surface quality of the
silver mask is improved by adding an adhesion layer of titanium during the mask fabrication. Using
a two-dimensional hole array silver mask, we experimentally demonstrated nanolithography with
half-pitch resolution down to 60 nm, far beyond the resolution limit of conventional lithography
using I-line (365 nm) wavelength. © 2005 American Vacuum Society. [DOI: 10.1116/1.2091088]

I. INTRODUCTION

Due to the diffractive nature of the light, the resolution of
conventional optical lithography is limited to the wavelength
of the illumination light. According to Abbe’s theory, the
resolution can be improved by using either shorter wave-
lengths or higher numerical apertures. Although the semicon-
ductor industry has made significant progress in increasing
the lithography resolution in the past decades, further im-
provement of the resolution by accessing shorter wave-
lengths is facing critical challenges due to the availability of
suitable optical materials.' Yet, efforts in using the high nu-
merical apertures are constrained by the highest refractive
index being available from the nature materials. While Ab-
be’s theory describes the limit of optical resolution at the far
field, people soon realized the high optical resolution can be
practically obtained at the near field. By collecting the eva-
nescent waves at the near field, several near-field optical
lithographies2 have been developed with the resolution be-
yond the diffraction limit while using near-UV or visible
wavelength light sources. However, due to the nature of the
exponential decay of evanescent waves through subwave-
length structures, the optical intensity is strongly attenuated.
Thus, the low optical throughput limits practical application
of such lithography methods. To solve this problem, the
transmitted optical field needs to be strongly amplified. For-
tunately, the surface plasmon resonance effect offers a
unique solution to solve this problem. In plasmonic
lithography,3 the evanescent field is strongly enhanced using
the resonant excitation of surface plasmons that can be ex-
cited at given conditions. However, the resolution is limited
by the surface plasmon wavelengths. In our previous study,
an effort to utilize ultrashort modal wavelengths of surface
plasmons has been plroposed.4 The numerical simulations
suggested that, using a silver mask, an optical lithography
down to 30 nm could be achieved, and a preliminary lithog-
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raphy result of features as small as 100 nm on a periodicity
of 200 nm has been demonstrated. However, due to the chal-
lenges in mask fabrication at such a small scale, the experi-
mental results at this resolution were not provided at that
time.

In this paper, we present the study of the high-resolution
plasmonic lithography to further understand the underlying
physics along with the experimental demonstrations. We in-
vestigate the resolution limit of the proposed nanolithogra-
phy method both through analytical and numerical studies.
Concurrently, we are optimizing the fabrication process to
improve the quality of the plasmonic mask. Finally, we
conduct a lithography experiment using a two-dimensional
(2-D) nanohole array silver mask to confirm the theoretical
prediction.

Il. PRINCIPLE AND NUMERICAL MODELING

Surface plasmons (SPs) are the collective electron oscil-
lations at the interface between a metal and an insulator. SPs
have become very attractive among the scientific community
after being introduced as the underlying mechanism of the
extraordinary transmission through subwavelength holes on
an opaque metal film.” "% The potential of using SPs to ma-
nipulate light in the subwavelength spaces opens up a mul-
titude of new possibilities for subwavelength litho-
gralphy,3’4’ll optical data storage,lz’13 microscopy, and
biophotonics.m’15 SPs exhibit very unique dispersive behav-
ior, which could lead to the optical lithography at a resolu-
tion beyond the diffraction limit. The dispersion relation of
SPs at an interface of dielectric metal is given by16 ksp
=\ &,/ (e +¢,)(2m/\g) where kgp is the transverse wave
number of the eigenmode of the SPs, A\ is the light wave-
length in vacuum, and &, and ¢, are the permittivities of the
dielectric and metal layers, respectively. In order to achieve
higher resolution, it is essential to access high wavenumbers
of SPs which correspond to short wavelengths of SPs. Ac-
cording to the SP dispersion curve, the short modal wave-
lengths of SPs can be accessed at the SP frequency when the
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FIG. 1. Transmitted amplitude of varied wave numbers (transfer function)
through a 40 nm thick silver slab for p-polarized waves.

localized SP (LSP) condition (g,,=-¢,) is satisfied.'® As a
result, it is possible to resolve very small feature patterns
with very high intensity. Silver is chosen since it is known as
the superior low loss material and its LSP condition (e,
=-g;) can be satisfied in UV wavelength range. For ex-
ample, silver film at 365 nm wavelength (I-line) has the per-
mittivity of g,=-2.5+0.69i as interpolated from Ref. 17,
which requires the refractive index (n) of the surrounding
dielectric medium ~1.58 to satisfy the condition.

In order to estimate the resolution limit of the proposed
lithography method, the transmission amplitude of each
wave-number component is considered. Here, we use the
transfer function of a nonperforated homogeneous silver film
to understand the optical transmission through the mask
qualitatively. The amplitude transmitted (H-field) at M\,
=365 nm for p-polarized waves as a function of transverse
wavenumber (k) through a 40 nm thick silver slab shows that
evanescent waves can be transmitted with a large amplitude
for the wave numbers between 2.5k, and 8k, (where k
=2ar/\), as shown in Fig. 1. Consequently, any grating with
the periodicity corresponding to the wave numbers within
that range can excite the SPs efficiently leading to the poten-
tial of lithography at deep subwavelength resolution. It
should be noted that the wave number is inversely propor-
tional to the wavelength of SPs where the lithographic reso-
lution is approximately half of the wavelength. Roughly, this
result predicts that feature size as small as 20 nm (\,/16;
corresponding to half of the SP wavelength \,/8 at the wave
number of 8k,) could be practically achieved. Recently the
“superlensing”18 concept—high-resolution imaging through
a silver slab—was experimentally demonstrated.'® In this ex-
periment, a one-dimensional grating pattern (60 nm lines
with 120 nm period) perforated on a chromium layer as an
object was imaged through a silver slab (superlens) and re-
corded in photoresist on the other side of the silver. The
result strongly confirms the high transmission of the large
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FIG. 2. (a) Simulated amplitude of E-field at the cross section of silver hole
array; silver film thickness 40 nm, hole diameter 20 nm, periodicity 40 nm.
(b) Silver hole array with titanium adhesion layer (3 nm) at the same con-
dition as (a).

evanescent wave-number components of evanescent field
through the silver slab as described in the transfer function
(Fig. 1). However, the above analytical investigation is based
on the optical transmission property through a nonstructured
homogeneous silver film. To understand the transmitted field
profile through a structured silver mask would require further
theoretical and numerical studies.

A number of numerical simulations of the lithography at
SP resonant frequency were conducted to further investigate
the field transmitted through the structured silver mask. The
three-dimensional simulations were done by using commer-
cial finite-difference time-domain (FDTD) software (Micro-
wave Studio). The simulated structure is a 2 by 2 hole array
perforated on silver film where the boundary conditions
along x and y are set to be periodical. The hole diameter,
periodicity, and silver layer thickness are 20, 40, and 40 nm,
respectively. The refractive indices (n) of the quartz sub-
strate, photoresist, and silver used in the simulation are 1.48,
1.57, and 0.218+1.596i, respectively. The incident plane
wave illumination is linearly polarized along the x direction
with an E-field amplitude of 1 V/m. Figure 2(a) shows the
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FIG. 3. (a) Schematic of lithography setup using a silver mask. (b) Scanning
electron microscope image of a silver hole array fabricated by FIB; silver
film thickness 40 nm, hole diameter 60 nm, periodicity 120 nm.

simulated E-field amplitude at the cross-sectional view at the
center of the holes. It should be emphasized that the E-field
amplitude is strongly enhanced on the silver film by a factor
of 7 compared to that of the incident while the E-field am-
plitude upon the holes is much weaker. This implies the con-
tribution of the short wavelengths of SPs at the SP resonant
frequency where features as small as 20 nm can be resolved.

lll. NANOLITHOGRAPHY EXPERIMENT

The mask designed for lithography at the wavelength of
365 nm is composed of a silver layer perforated with a 2-D
periodic hole array pattern and sandwiched between quartz
and OmniCoat (MicroChem) layers (refractive indices are
1.48 and 1.57, respectively) as schematically shown in Fig.
3(a). The surface roughness of silver film is a critical param-
eter from the practical viewpoint, since short wavelengths of
SPs are strongly scattered on a rough surface. Here, we re-
duced the surface roughness of silver film by adding an ad-
hesion layer of titanium between the silver and the quartz
substrate. Owing to the better adhesion, the surface rough-
ness of the silver film is significantly reduced from 3 nm rms
to 1 nm rms over 10 um X 10 pum square area. This configu-
ration enables us to fabricate small features on silver film
with significantly small surface roughness as shown in Fig.
3(b). A FDTD numerical study suggested that the E-field
profile on the exit side of silver mask is not perturbed by the
thin titanium layer [Fig. 2(b)] as compared to the simulation
result without the adhesion layer of titanium [Fig. 2(a)].

In the lithography experiment, the plasmonic mask is pre-
pared as follows: a 3 nm titanium film is deposited by an
E-beam evaporator on a quartz substrate, and next a 40 nm
thick silver film is deposited on the titanium adhesion layer.
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FiG. 4. AFM image of an exposure pattern on 120 nm period, where the
hole size of 60 nm, the silver film thickness of 40 nm, the spacer layer
thickness of 15 nm, and the exposure dose of 80 mJ/cm?.

Hole arrays with a variety of dimensions are fabricated on
silver film by focused ion-beam (FIB) milling (FEI Strata
201 XP). Subsequently, a 15 nm thick spacer layer of Omni-
Coat™ is spun on the patterned silver film. To demonstrate
the resolution of the proposed method, a negative near UV
photoresist (SU-8) is directly spun on the top of the spacer
layer and polymerized on the mask. This configuration can
eliminate the gap variation between the mask and the photo-
resist in the lithography process. The sample is exposed us-
ing a filtered mercury lamp with a radiation peak at 365 nm.
After the development, the topography of the recorded fea-
tures is characterized by an atomic force microscope (AFM,
Dimension 3100, Veeco).

The AFM image in Fig. 4 is an exposure result obtained
from a mask that consists of an array of holes 60 nm in
diameter and 120 nm in period. The exposure time is 10 s,
corresponding to the exposure dose of 80 mJ/cm? at the
mask. The exposure result shows the remaining features of
negative photoresist SU-8 on the area corresponding to the
silver film in between the holes. This result implies the
strong field is located on the silver surface rather than the
holes of the mask and it is in good agreement with the simu-
lation study. Features as small as 60 nm (equivalent to \y/6)
have been obtained. It should be noted that the fidelity of the
transferred pattern is significantly high due to the particularly
short propagation length of SPs in this case (<20 nm). It
should be noted that the resolution demonstrated in the li-
thography experiment was limited mainly by the resolution
of the mask. Further demonstration of higher resolution is
still ongoing. Furthermore, as suggested in the transfer
function," the silver layer is capable of transferring a broad
spectrum of the wave numbers from 2k, to 8k,, which im-
plies the method presented in this paper can be further ap-
plied for patterning the arbitrary geometry with the ultimate
resolution at A/16.
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IV. CONCLUSIONS

In conclusion, we presented a systematic study of high-
resolution near-field optical lithography at SP resonant fre-
quency. By accessing shorter modal wavelengths of SPs at
the resonant frequency, higher lithographical resolution can
be obtained while using a conventional UV light source. The
FDTD simulation indicated a strongly enhanced near-field
profile with the spatial confinement down to the order of
20 nm. With the success in optimizing the mask fabrication
process, we then conducted the lithography experiment. The
result revealed that a sub-diffraction-limited field profile at a
half-pitch resolution at 60 nm (A\/6) can be achieved using a
2-D hole array sliver mask.
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