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This article presents experimental and computational studies of a phase shifting photolithographic
technique that uses binary elastomeric phase masks in conformal contact with layers of photoresist.
The work incorporates optimized masks formed by casting and curing prepolymers to the elastomer
poly�dimethylsiloxane� against anisotropically etched structures of single crystal silicon on SiO2/Si.
Scanning optical microscopy and full-vector finite element computations reveal the important near
field and proximity optical effects. Representative structures fabricated with this technique,
including several that exploit subtle features in the intensity distributions, illustrate some of the

capabilities. © 2006 American Vacuum Society. �DOI: 10.1116/1.2184321�
I. INTRODUCTION

Advances in nanoscience and nanotechnology depend on
nanofabrication techniques that can form optical, electronic,
or biological structures, simply and inexpensively. In addi-
tion, as the requirements in resolution in microelectronics
increase, so does the need for low cost and high throughput
alternatives for projection mode lithography and electron
beam lithography. As a result, there is a growing interest in
photolithographic techniques that use optical near field or
proximity effects for nanopatterning. Methods that exploit
scanning subwavelength light sources1–4 can achieve high
resolution, but they are inherently slow unless they can be
implemented with massively parallel arrays of light sources.
Contact mode exposures through rigid chromeless phase
shifting masks,5,6 embedded-amplitude masks,7–11 or elasto-
meric masks12–17 provide powerful patterning capabilities
that can be applied to large areas in a single step. A detailed
understanding of the optics of these methods is critical to
optimizing their performance and maximizing the range of
structures that can be patterned with them. Such an under-
standing is also important to related optical techniques that
can pattern three dimensional �3D� structures in transparent
photosensitive polymers.18,19 This article presents compre-
hensive experimental and computational studies of a class of
technique that uses conformable, elastomeric phase masks.
Scanning optical microscopy, photolithographic exposures,
and full-vector finite element computations reveal the near
field and proximity optics associated with masks that have
well controlled geometries. Patterning capabilities that rely
on subtle structures in the intensity distributions are pre-
sented. The results may be useful for a variety of applica-
tions that can benefit from the ability to perform low cost,
two and three dimensional nanopatterning over large areas
with simple experimental setups.
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II. EXPERIMENT

A. Fabrication of phase masks with well controlled
geometries

Figure 1 summarizes the steps for forming phase masks
with well controlled geometries. The process uses a casting
and curing procedure to produce elastomeric masks from
structures of relief �i.e., “masters”� defined by lithography
and anisotropic etching. First, dry thermal oxidation
�1100 °C, 30 min� of a silicon-on-insulator �SOI� wafer
�University Wafer; �110� top silicon orientation with a thick-
ness of 2.5±0.5 �m, SiO2 with a thickness of 1 �m, and
�100� substrate silicon with a thickness of 500 �m� formed a
SiO2 layer with a thickness �60 nm. Photolithography �Karl
Suss Mask aligner; Model MJB3� defined lines of a thin
layer of photoresist �Shipley 1805; spin cast at 3000 rpm for
30 s; thickness �500 nm� oriented along the �110� direction.
Reactive ion etching �RIE� �Plasma-Therm 790 Series� of the
SiO2 not protected by the photoresist with CF4 for �4.7 min
�40 SCCM �SCCM denotes cubic centimeter per minute at
STP� of CF4, pressure=50 mTorr, power=100 W� created a
SiO2 etch mask for the underlying silicon. Removing the
resist with an oxygen plasma �20 SCCM of O2, pressure
=50 mTorr, power=200 W, and time= �5 min� and then
etching the top silicon layer with 50% KOH solution at
90 °C removed the silicon in the regions not protected by the
SiO2. The �110� orientation of the top silicon leads to ex-
tremely smooth, vertical etched sidewalls. This procedure
formed structures consisting of parallel lines and spaces �be-
tween 1 and 20 �m� that served as the masters for elasto-
meric phase masks. Other, nonoptimized, masters consisted
of patterns of photoresist, defined by contact or projection
mode photolithography, on silicon wafers. The profiles of
relief in these cases were roughly vertical with reasonably
smooth surfaces, although not as well controlled as those on
the SOI wafers.

Exposing the masters to a vapor of a fluorinated silane

formed a nonstick layer on the SiO2 surfaces. Casting and
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thermally curing �65 °C, 2 h� a prepolymer to the elastomer
polydimethylsiloxane �PDMS� �Sylgard 184, Dow Corning�
against these masters,14,15 and then peeling away the PDMS
yielded the phase masks. Many such masks could be gener-
ated from a single master; each mask could be used many
times without degradation.

Polyurethane �PU� replicas of these masks were used for
the optical imaging measurements, because sticking of the
tips of our scanning near field optical microscope �described
below� to the PDMS made it difficult to measure the inten-
sities at the surface of the PDMS masks. The replicas were
made by bringing a mask into contact with three or four

FIG. 1. Schematic illustration of the steps for fabricating PDMS phase
masks with vertical sidewalls. Growth of a thin layer ��60 nm� of thermal
SiO2 on the SOI wafer followed by photolithography and RIE generates a
SiO2 etch mask for the silicon. Vertical sidewalls are produced by aniso-
tropic chemical etching with KOH. Casting and curing PDMS on top of
such a structure, after forming a fluorinated silane monolayer to prevent
adhesion between the PDMS and SiO2, generate the phase masks. Many
masks can be generated from a single master.
drops of polyurethane �Norland Optical Adhesive 73, Nor-
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land Products Inc.� on a glass slide, curing the PU by flood
exposing it to UV light from a mercury lamp
�350–380 nm, dose of 70 J /cm2, and PU thickness �1 mm�
through the PDMS and then peeling away the mask.

B. Scanning optical microscopy

Measurements with a near field scanning optical micro-
scope �NSOM� �Alpha SNOM from WITec Instruments
Corp.� revealed the distributions of intensity formed by pas-
sage of laser light �HeCd at 442 nm� through PU replicas of
line and space relief gratings with periods between 600 nm
and 10 �m and depths between 330 nm and 1.42 �m, re-
spectively �Fig. 2�a��. We used specialized routines and set-
ups with the NSOM to measure both the near fields at the
surface of the mask as well as the propagating fields in prox-
imity �i.e., within a few microns� to its surface. The central
part of the NSOM is the scanning head, which consists of a
tip holder and a scanning stage that serves as a mount for the
samples. The tip and the focused output of the laser �focus-
ing with a microscope objective lens, magnification of 6.3,
numerical aperture of 0.20, and spot size on the sample
�60 �m� were fixed in the plane of the mask. A stepper
motor attached to the sample mount controlled the separation
between the tip and sample. A separate, piezoscanning stage

FIG. 2. Schematic illustrations for near field optical imaging and photolitho-
graphic use of PDMS phase masks. Part �a� shows the arrangement for near
field scanning optical microscope �NSOM� measurements on a polyurethane
replica of the PDMS phase mask. �PDMS is not used directly because its
soft surface is difficult to measure using the AFM style tip of our micro-
scope.� The NSOM tip is fixed in the plane of the mask; a stepper motor
controls the distance between it and the mask. A piezoscanner translates the
mask relative to the tip without changing the separation of its surface from
the tip. Part �b� shows the method for using the mask to expose a thin
uniform layer of photoresist on a substrate. The low modulus of the PDMS
mask enables it to establish conformal contact with the resist, without ap-
plied pressure. After exposing the resist to ultraviolet light that passes
through the transparent PDMS mask, the mask is removed and the photore-
sist is developed. The resulting structures are defined by the pattern of
intensity at the surface of the mask.
moved the sample laterally relative to the laser and tip. This
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stage, together with control electronics, has nanometer pre-
cision in lateral movement. The same unit provided tip-
sample distance control by employing a feedback loop,
which was activated in our measurements only when the tip
was in contact with the sample. The images consist of data
scans collected by holding the tip-sample distance fixed,
scanning the lateral position of the sample, changing the tip-
sample distance, and then repeating this process.

C. Near field phase shift lithography

The PDMS masks form conformal, atomic scale contacts
with flat, solid layers of photoresist.20 This contact is estab-
lished spontaneously, without applied pressure, when the
mask contacts the resist. Generalized adhesion forces20,21

guide this process and provide a simple and convenient
method to align the mask �in angle and position in the sur-
face normal direction� and to establish perfect contact �i.e.,
no physical gap� with the resist. PDMS is transparent to UV
light with wavelengths greater than �300 nm.22 Passing
light from a mercury lamp through the PDMS while it is in
conformal contact with a layer of resist exposes the resist to
the intensity distribution that forms at the mask surface �Fig.
2�b��. The patterning process involved establishing contact
between the mask and resist, shining UV light through the
mask, removing the mask, and then developing the resist. We
note that optical micrographs collected in reflection mode
through the transparent stamps while in contact with the re-
sist showed no evidence �e.g., variations in interference col-
ors� of mechanical sagging of the recessed features of relief,
for the range of geometries studied here.

D. Finite element modeling

Computations were performed using FEMLab �Comsol,
Inc.�, a commercial partial differential equation solver that
uses the finite element method with adaptive meshing, error
control, and a variety of numerical solvers. We used a sta-
tionary linear and direct solver using Gaussian elimination;
in one dimension �1D� and two dimensions �2D� this type of
solver is faster and requires less tuning than iterative solvers.
The electromagnetics module/electromagnetic waves
submodule/in-plane waves application mode of this package
modeled plane waves propagating through binary phase
masks with infinite spatial extent along the grating and per-
pendicular to it. The in-plane waves application mode modu-
lates problems with no variation in the z direction and with
the electromagnetic field propagating in the x-y plane, which
also is the modeling plane.

Modeling was performed for cases with the mask in free
space and in contact with a thin layer of photoresist on sili-
con for both the transverse magnetic �TM� �electric field per-
pendicular to the grating wave vector� and the �transverse
electric �TE� �electric field parallel to the grating wave vec-
tor� modes, and full-vector solutions of Maxwell’s equations
were obtained. The wavelengths of light were 365 and
442 nm for simulations of the lithography and microscopy
measurements, respectively. �The effects of the finite chro-

matic bandwidth of the mercury lamp, particularly when that

J. Vac. Sci. Technol. B, Vol. 24, No. 2, Mar/Apr 2006
spectrum is convolved with the spectral response of the re-
sist, are relatively small for most cases examined here.� The
low-reflecting boundary condition ez ·n���H+��Ez

=2��E0z �ez is the polarization vector, n is the unit vector
perpendicular to the boundary, � is the permeability of
vacuum, H is the magnetic field, � is the permittivity of
vacuum, Ez is the incident field, and E0z is the inwards
propagating field through the boundary; the electric field
propagates in the x-y plane which is also the modeling plane
and the z direction is then perpendicular to this plane� was
used to define the boundaries that do not represent physical
borders �i.e., top and bottom surfaces of the modeled sys-
tem�. This boundary condition allows for only a small part of
the wave to be reflected; most of the incident wave propa-
gates through this boundary. The incident wave was defined
coming from the top surface of the phase mask by setting
Ez=1. To capture the infinite extent along the grating of the
binary phase mask, periodic boundary conditions were cho-
sen for the lateral edges. A perfect magnetic conductor
�PMC� boundary condition was chosen for the TM mode of
light, which imposes the tangential component of the mag-
netic field to be zero at the lateral edges. For the TE mode, a
perfect electric conductor �PEC� boundary condition was
used, meaning that the tangential component of the electric
field at the lateral edges is zero.

The mesh can be controlled by adjusting the global ele-
ment size of the mesh or the element size on an edge, do-
main, etc. In all computations a minimum of ten mesh ele-
ments per wavelength were used. The values of the refractive
index of the materials used here were taken from the litera-
ture �nPDMS=1.43, nNOA=1.56, nsilicon=6.54+2.89i, and
nphotoresist=1.7426��.23–26

III. RESULTS AND DISCUSSIONS

A. Masters and PDMS phase masks

The SOI masters provided a precise and reproducible abil-
ity to achieve well defined, smooth vertical sidewalls and
horizontal surfaces in PDMS masks. This level of control is
critically important in establishing meaningful quantitative
comparisons between experiment and computations. Figure 3
shows low- and high-resolution scanning electron micros-
copy �SEM� images of a master with linewidths and spacings
of 11 and 8.8 �m, respectively. This figure also shows a
PDMS phase mask made from this same master. The mask
faithfully replicates the vertical sidewalls in the SOI master.
The photoresist masters �not shown here� offer less control
over the relief shapes, although the sidewall slopes were
typically within �10° of vertical.

B. Optical measurements and computations

Figure 4 shows optical measurements obtained from poly-
urethane replicas of PDMS phase masks with different peri-
odicities �from 600 nm to 10 �m�; a corresponding sche-
matic of the phase mask is represented in the top part of each
NSOM image. Finite element computations appear in the left

insets. Figure 5 presents measured and simulated linecuts
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corresponding to the depth locations illustrated by lines in
Fig. 4. Parts �a� and �b� correspond to TM polarized light and
phase masks with periodicities of 10 and 3.85 �m and relief
depths of 1.42 and 1.25 �m, respectively. �The TE polariza-
tion differs only slightly from the TM case for both of these
masks�. Parts �c� and �d� show measurements for a phase
mask with lines and spaces with 300 nm widths and relief
depths of 330 nm with TM and TE polarizations, respec-
tively. In all cases, the modeling agrees well with the experi-
ment. Some previous work on lithography with these type of
PDMS masks which have periodicities larger than the optical
wavelength exploited the nulls in intensity that appear near
the step edges of relief in the phase masks to pattern thin
layers of photoresist.14–17 The measurements and simulations
shown in Figs. 4�a� and 4�b� for the NOA replicas illustrate
that the widths of these features increase with the distance
from the surface of the mask. The ability of the PDMS masks
to form intimate contact with layers of resist therefore en-
sures maximum resolution when these nulls are used for pho-
tolithography. Other subtle features of this type of lithogra-
phy process, such as the slight shift of the center positions of
the nulls toward the recessed regions of the masks, were
previously inferred from lithography experiments with
PDMS masks but not well understood based on simple scalar

15

FIG. 3. Parts �a� and �b� show a low- and a high-resolution SEM image of a
SOI master, respectively. Parts �c� and �d� show a low- and high-resolution
SEM image of a PDMS phase mask with vertical sidewalls made from those
masters. The grating phase mask has linewidths and spacings of 11 and
8.8 �m, respectively, and a relief depth of 1.62 �m.
theory; they were suggested in some other more sophisti-
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cated computational work.17,27 These effects are clearly ob-
served in the optical measurements of the PU replicas and
are quantitatively reproduced in the simulations of Fig. 4.

The contrast ratio associated with the deepest nulls is only
a weak function of polarization for grating periods substan-
tially larger than the optical wavelength, although the details
of the features in the intensity distribution can depend on
polarization. The polarization has an increasing importance
as the period of the phase mask decreases; polarization de-
pendent effects are pronounced for periods comparable to or
less than the optical wavelength. The simulations and NSOM
measurements of Figs. 4�c� and 4�d� for a 300 nm line and
grating mask show that there is a difference in contrast for

FIG. 4. Near field optical measurements and simulations �left insets� of light
propagation through phase masks with different periodicities. The phase
mask is represented on top of these linecuts for clarity. A HeCd laser pro-
duced the 442 nm light used for these measurements. Part �a� shows results
for TM polarized light passing through a grating mask with linewidths and
spacings of 4.4 and 5.6 �m, respectively. Part �b� shows results for TM
polarized light passing through a grating mask with linewidths and spacings
of 2.45 and 1.4 �m, respectively. Part �c� shows results for TM polarized
light passing through a grating mask with linewidths and spacings of
300 nm each. Part �d� shows results for TE polarized light passing through
a grating mask with linewidths and spacings of 300 nm each. The effects of
polarization are significant only for small relief structures on the masks. In
all cases, the computations accurately capture the features observed in the
data.
the two different modes of polarization of light, with the TM
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mode exhibiting a higher contrast. In this same short period
regime, the intensity at the raised regions of relief is much
larger than that at the recessed regions. This phenomenon
can be considered as a subwavelength focusing effect where
the raised and recessed relief features act effectively as con-
vex and concave lenses, respectively. This effect can also be
viewed as a result of the merging of adjacent nulls �center
positions at the step edges but slightly shifted toward the
recessed regions� and of adjacent peaks �center positions
near the step edges, displaced toward the raised regions�, as
the period of the grating structure decreases. This same
qualitative effect occurs in masks that have complex relief
geometries �i.e., not just simple grating-type geometries� and
can be exploited for patterning. Aspects of this phenomenon
have been used by us and, in independent efforts, by a group
at IBM.12,13,15

As Fig. 4 shows, for grating structures the bright and dark

FIG. 5. Linecuts of the simulations �full line� and of the near field optical
measurements �dashed line� from Fig. 4 made in the closest plane to the
phase mask that exhibits maximum contrast in the intensity distribution.
Parts �a�–�d� of this figure correspond to linecuts shown in Figs. 4�a�–4�d�,
respectively.
regions periodically vary from bright to dark, etc., with the
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distance from the surface of the mask. This recurrence with
depth of particular patterns of intensity, which is pronounced
for the case of the 600 nm period gratings but is also observ-
able at longer distances in the larger period gratings, is due to
the well known self-imaging, or Talbot effect for
gratings.28,29 For the 600 nm period mask, the Talbot self-
imaging distances can be computed analytically using the
equation z=n*ZT=n*�� / 	1− �1− �� /d�2�1/2
�=n*1365.2 nm
since d /��10,29 where d is the grating period, � is the
wavelength of the light �442 nm�, and n is an integer. We
measured a Talbot distance of z=1360 nm from the NSOM
measurement and a distance of 1330 nm from the simulation,
which are both close to the theoretical value. These types of
two and three dimensional patterns of intensity can be ex-
ploited to form complex shapes using thick, transparent lay-
ers of resist.18

C. Near field phase shift lithography and
computations

With low exposure doses and short development times, it
is possible to produce relief structures in positive photoresist
that reveal the intensity distributions near the surface of the
PDMS, in a manner similar to that described previously for
image reversal resists.30 Comparing these structures to com-
putations that include the PDMS mask in contact with resist
on a silicon wafer provides a way to examine the validity of
the computations for the actual lithographic process �in con-
trast to the transmission studies of Figs. 4 and 5�. Figure 6
shows atomic force microscope �AFM� images, SEM im-
ages, and computations for the case of a PDMS mask with
linewidths and spacings of 5.6 and 4.4 �m, respectively, and
with a relief depth of 1.42 �m. This relief modulates the
phase of the transmitted 365 nm light by �3.3�. The mer-
cury lamp in the mask aligner emits UV light at 365, 405,
and 436 nm with relative intensities of 100%, 40%, and
50%, respectively. The lamp has other spectral lines at the
wavelengths of 302, 313, and 334 nm but their relative in-
tensities are below 35%. The 365 nm wavelength was used
in the computational work for comparison with the experi-
ment. The resist was �490 nm thick �Shipley 1805, spin
coated at 3000 rpm for 30 s� and was exposed for 1.5 s
�10 mW/cm2� and developed for 15 s �Shipley developer
452�. Figures 6�a� and 6�b� show SEM and AFM images
of the patterned photoresist; Figs. 6�d� and 6�e� show
computations.

The computed relief profiles were obtained by applying a
cutoff filter to the intensity distribution evaluated at a depth
of 50 nm into the photoresist. This cutoff filter simulates, in
a simple way, the exposure and development processes: re-
sist exposed at a level above or below the filter is removed or
retained, respectively. This approach does not, of course, ac-
curately account for all of the important aspects of the prob-
lem �e.g., the kinetics of dissolution of the resist, the nonlin-
earity of the exposure process, etc.�, but at low exposure
doses and short development times it does yield, with a suit-
able choice of cutoff intensity value, results that compare

well with the experimental observations, including the subtle
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fine structure, as illustrated in Fig. 6. This modeling, there-
fore, can provide a useful and predictive means to gain in-
sight into the process. As an example, we note that the com-
putations indicate that for this phase mask, the positive peaks
of intensity are narrower �by a factor of �0.4� than the
“nulls” �as measured at 0.7 of the maximum; peak width
�225 nm a null width �575 nm�. This feature may provide
a route to generating finer structures than have been possible

FIG. 6. Photoresist structure defined by near field phase shift lithography
using a grating mask of linewidths and spacings of 5.6 and 4.4 �m, respec-
tively, and a relief depth of 1.42 �m. Parts �a� and �b�: SEM and AFM
images of the photoresist �PR� structure, respectively. Part �c�: experimental
photoresist profile obtained from the AFM image on part �b� by generating
an averaged linecut by averaging a set of individual linecuts collected along
the patterned structure. Parts �d� and �e�: computed photoresist profile and
linecut for the TM mode of light passing through the grating phase mask
described above.
in the past with this technique.
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Figure 7 compares computations and experimental results
for a fully developed photoresist structure formed by expo-
sure through a PDMS mask with 300 nm lines and spaces
and a relief depth of 330 nm. As in the previous case, the
modeling results correspond well to the observed structures.
The oscillations in the out-of-plane direction correspond to

FIG. 8. Patterned metal structures �bottom of each image� formed by lift-off
using patterns of photoresist �top of each image� defined by near field phase
shift lithography. Three different phase masks, with different exposure and
development conditions, were used to illustrate the variety of patterns that
can be formed. The results of part �a� used a phase mask with 2 �m lines
and spaces, and a relief depth of 420 nm. The exposure times �2.5, 4, and
5 s� increase from left to right; the development time �6 s� was the same in
all cases. The results of part �b� used a phase mask with 1.4 �m lines and
2.45 �m spacings and a relief depth of 1.25 �m. The exposure times �1.5,
1.5, and 3 s� and development times �10, 20, and 10 s� varied from left to
right, respectively. The results of part �c� used a phase mask with 5.6 �m
lines and 4.4 �m spacings and a relief depth of 1.42 �m. The exposure
times �1.5, 1.5, and 3 s� and development times �5, 20, and 5 s� varied from

FIG. 7. Simulation �image on the left� and fully developed photoresist struc-
ture �image on the right� defined by near field phase shift lithography using
a grating mask with 300 nm lines and spaces and a relief depth of 330 nm.
left to right, respectively.
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standing waves generated from reflections at the interface
between the resist and the underlying silicon wafer. This ca-
pability of directly printing subwavelength features that have
the same geometry as the relief features on the mask pro-
vides a powerful tool for a range of applications in photonics
and other areas.

In addition to the patterning of narrow lines of positive
tone photoresist, as described in past work,14,15,17 Fig. 8
shows a range of types of structures that can be produced, by
exploiting other features of the distributions of intensity re-
vealed by the computations. In the contact regions of the
mask, there are positive peaks in the distribution of intensity
adjacent to the nulls in intensity that occur at the phase mask
edges. These peaks provide sufficient contrast to allow the
development of trenches in the positive resist. The computed
intensity distributions also show that this contrast increases
with the relief depth of the phase mask; experimentally this
effect was demonstrated by patterning different numbers of
trenches by changing the mask relief depth. Figure 8�a�
shows patterning of one trench in the resist using a phase
mask with a relief height of 420 nm and periodicity of 4 �m
�linewidth=2 �m�, while Fig. 8�c� shows patterning of two
trenches using a phase mask with a relief height of 1.42 �m
and periodicity of 10 �m �linewidth 5.6 �m�. Also illus-
trated in Fig. 8 is the capability of using the PDMS phase
mask to form resist features in the overall geometry of the

FIG. 9. Part �a� shows a simulation of TM polarized light propagating
through a phase mask with linewidths and spacings of 10 �m and a relief
depth of 1.4 �m in conformal contact with a 500 nm layer of photoresist on
top of a silicon layer. Part �b� shows a linecut of the intensity of light made
at a depth of 50 nm into the photoresist from the plot of part �a�. Both
images show a small difference in intensity between the contact and no
contact regions of the phase mask.
relief on the mask. The simulation results of Fig. 9 �TM
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polarized light propagating through a PDMS phase mask of
linewidths and spacings of 10 �m and a relief depth of
1.4 �m in conformal contact with a thin layer of photoresist
on top of a silicon substrate� provide some explanation for
this experimentally observed patterning capability. This op-
tical behavior, possibly amplified by the chemistry associated
with exposure and development of the resist and other effects
that were not directly modeled, allows the PDMS phase
mask to be used effectively as a relatively weak amplitude
mask that shadows the resist located under the recessed re-
gions of relief.

IV. CONCLUSIONS

Near field optical microscopy measurements and full-
vector finite element computations contribute to an improved
understanding of the optics �near field and proximity� in-
volved with phase shifting lithography using elastomeric and
conformable phase masks. Representative structures that ex-
ploit this understanding demonstrate the range of patterning
capabilities associated with these types of approaches.
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