Effect of Silanization Film
Thickness in Soft Lithography
of Nanoscale Features

Soft lithography was used to replicate nanoscale features made using electron beam li-
thography on a polymethylmethacrylate (PMMA) master. The PMMA masters were
exposed to fluorinated silane vapors to passivate its surfaces so that polydimethylsiloxane
(PDMS) did not permanently bond to the master. From scanning electron microscopy,
the silanization process was found to deposit a coating on the master that was a few hun-
dreds of nanometers thick. These silane films partially concealed the nanoscale holes on
the PMMA master, causing the soft lithography process to produce PDMS features with
dimensions that were significantly reduced. The thickness of the silane films was directly
measured on silicon or PMMA masters and was found to increase with exposure time to
silane vapors. These findings indicate that the thickness of the silane coatings is a critical
parameter when using soft lithography to replicate nanoscale features, and caution
should be taken on how long a master is exposed to silane vapors.

Lucas H. Ting
Shirin Feghhi
Sangyoon J. Han
Marita L. Rodriguez
Nathan J. Sniadecki

Department of Mechanical Engineering,
University of Washington,
Seattle, WA 98195

[DOI: 10.1115/1.4005665]

Keywords: silane, soft lithography, PDMS, PMMA, e-beam lithography

1 Introduction

Soft lithography is a set of fabrication methods, in which an
elastomeric polymer is cast against a master [1,2]. The master is
made from silicon and photoresist and has surface features which
are fabricated using lithography methods. PDMS is a polymer
commonly used in soft lithography applications [1]. The advant-
age of soft lithography and PDMS is that it is relatively simple to
replicate a device with nanoscale features without incurring addi-
tional costs in a clean-room [3]. Due to its ease of use, soft lithog-
raphy has been applied to manufacture the channels in
microfluidic platforms [4—6] or stamps for microcontact printing
[7]. Since PDMS is biocompatible, it can also be used for applica-
tions with biological cells [8]. In particular, PDMS and soft lithog-
raphy are crucial to manufacturing arrays of flexible posts for
measuring cellular forces at the nanoscale [9]. The post arrays
have helped to elucidate the role of cellular forces in migration,
morphogenesis, mechanotransduction, and stem cell biology
[10-16]. Despite these insights, there is a critical need to make
these posts with even smaller dimensions [17]. However, it is
unclear if PDMS and soft lithography are capable of manufactur-
ing posts at the nanoscale [18,19].

In order to use PDMS, the surface of a master needs to be passi-
vated in order to prevent irreversible bonding with PDMS. Mas-
ters are typically treated under vacuum with vapors from a
fluorinated silane agent, which deposits a “nonstick™ film on the
master [3,20]. This silane film is particularly important if the mas-
ter is made from silicon because it can form covalent bonds (Si—
0O-Si) with PDMS [3]. For masters made with electron beam
(e-beam) lithography and PMMA photoresist, the need for passi-
vation is less clear. Initial reports have suggested that PDMS does
not bond irreversibly to PMMA [3]. However, PDMS has been
bonded successfully to PMMA for microfluidic applications
[21,22].

Here, we investigated whether e-beam lithography and PMMA
could be used with PDMS and soft lithography to manufacture
nanoscale features. A pattern of nanometer-sized holes was
formed in PMMA masters and when PDMS was cast from the
masters, the replica had positive features (“posts”) that were
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significantly smaller than the dimensions of the original holes in
the master. The dimensions of the holes were found to be reduced
in size as a direct result of silanization, which deposited a silane
film that backfilled the PMMA hole. The main finding of this
work is that silane coatings can adversely affect the nanoscale
dimensions of the PDMS structures made with soft lithography.

2 Materials and Methods

2.1 E-Beam Lithography. All features were created on 4-in.
(100) oriented silicon wafers (Silicon Quest Intl.). The wafers
were spin coated with 495PMMA A11 resist (MicroChem Corp.)
at 1000 rpm for 4 min for a film thickness of 1.9 um or with
495PMMA A4 resist at 2500 rpm for 1.5 min for a film thickness
of 200 nm. After spin coating, the resist was cured at 180 °C for
4 min to evaporate the solvent inside the photoresist. E-beam pat-
terns were designed using KLAYOUT CAD software and then written
using a JEOL JBX-6300FS system with a beam intensity dosage
of 750 uC. After writing, the wafers were developed in a solution
with a 1:1 ratio of methyl isobutyl ketone (Sigma) and isopropyl
alcohol (Sigma) for 2 min. The wafers were then dried with
nitrogen.

2.2 Plasma Treatment and Silane Deposition. The PMMA
masters were treated with plasma to activate the surface using a
plasma chamber (Plasma prep II, SPI) for 1.5 min at a pressure of
0.3 mbar, current of 100 mA, and power of 100 W. The masters
were placed inside a plastic desiccator and a 5-10 pl droplet of
(tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane ~ (T2492-
KG, United Chemical Technologies) was placed on an aluminum
tray that was placed at the center of the desiccator. The masters
were arranged at equal distances from the tray to eliminate any
effects from spatial variations. A vacuum was applied to the desic-
cator for 5 min so that the chamber pressure reached 0.35 bars.
The valve of the desiccator was then closed and masters were kept
under vacuum with silane vapor for 30 s, 1 h, or 18 h before
removing them from the chamber.

2.3 PDMS Casting. Uncured PDMS was prepared by mixing
its base and curing agent (Sylgard 184, Dow Corning) in a 10:1 ra-
tio, and then degassing this mixture under vacuum pressure until
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the air bubbles were removed. After degassing, the uncured
PDMS was then poured onto the PMMA masters, and plasma-
treated glass slides were placed on top of the PDMS in order to
create a backing for the PDMS replicas as well as aid in the peel-
ing process. The PDMS was then thermally cured in a gravity
oven at 110°C for 2 h. After curing, the glass-backing was slowly
peeled away from the PMMA masters to release the cured PDMS.

2.4 Scanning Electron Microscopy. High resolution images
were obtained from both PDMS and PMMA samples using a
scanning electron microscope (SEM) (FEI Sirion). Since PDMS
and PMMA are insulating materials, the samples were prepared
for electron microscopy by fixing them onto a metal stand using
carbon tape and painting them with carbon ink around the perime-
ter to increase the conductivity. A film of gold-palladium alloy
was sputtered onto the samples to a target thickness of 7 nm. SEM
imaging was done using a 2 kV accelerating voltage and with a
working distance of 5 mm.

2.5 Profilometry. Bare samples of PMMA and silicon were
silanized for 30 s, 1 h, or 18 h. A glass coverslip was placed on
top of each sample to block half of the surface from silane deposi-
tion. After silanization, the glass was removed and the height of
the silane film was measured using a profilometer (Alpha Step
200, Tencor). The scanning tip was brought into contact with the
surface of the unsilanized portion of a sample and traced across
the surface toward the deposited silane film. From the profilome-
ter data, the change in height of the tip was used to measure the
height of the silane film. The measurements were done using a
2 um scanning length and had a vertical resolution of 5 nm. Tilt in
the wafer was corrected using two reference points along the por-
tion of the trace that was within the unsilanized region. Each sam-
ple was scanned at least 5 times across different portions of the
interface between the silanized and unsilanized regions in order to
obtain measurements of the average thickness of the silane film.

3 Results

3.1 PDMS Structures Have Smaller Dimensions Than
PMMA Structures. E-beam lithography was used to create
arrays of holes in a 1.9 um thick layer of PMMA photoresist. The
holes were designed to have 200 nm diameters, 3 pm spacing
between the centers of the posts, and arranged in hexagonal pack-
ing. From inspection of the PMMA master under SEM, the holes
fabricated with e-beam had diameters that were 290 = 3 nm and
were spaced 3 um apart (Fig. 1). The arrays of holes in the

500 um

Fig. 1 SEM micrograph of a PMMA master. Holes were created
in a 1.9 um thick PMMA photoresist on a silicon wafer using
e-beam lithography. The holes are arranged hexagonally,
spaced 3 um apart, and had an average diameter of 290 nm.

041006-2 / Vol. 2, NOVEMBER 2011

Fig. 2 SEM micrograph of PDMS nanoposts. PDMS was cast
from the PMMA master shown in Fig. 1 after silanizing it for 1 h.
The replica nanoposts had an average height of 465 nm and di-
ameter of 227 nm, which are smaller than the dimensions of the
master. View is at 45 deg off-vertical.

PMMA master were suitable for testing whether soft lithography
with PDMS is capable of replicating nanoscale features.

After the PMMA masters were treated with plasma for 90 s and
silanized for 1 h, an array of nanoposts were made in PDMS by
casting against the PMMA masters (Fig. 2). The diameters of the
posts were 227 = 6 um, which was significantly less than the orig-
inal dimensions of the holes in the PMMA master. Moreover, the
heights of the posts were 465 = 10 nm, which was significantly
shorter than the thickness of the PMMA layer. These results indi-
cated that the conventional process in soft lithography was not
reliable in producing nanoscale PDMS structures that were the
same size as the features on the master.

3.2 Plasma Erodes the PMMA Master but Silane Backfills
the Holes. To understand the loss in dimensions during soft
lithography, a group of three identical PMMA masters were made
using e-beam lithography on a 200 pm thick film of PMMA resist.
Holes in the masters were designed to be 50 nm in diameter. It
was not possible to analyze the same sample after each processing
step since a metal film needed to be sputtered onto the surface of
the samples for SEM imaging. Instead, the samples were proc-
essed in the same batch and one master was removed from the
group after e-beam fabrication, plasma treatment, or silanization
and subsequently inspected under SEM.

From the micrographs taken, the diameters of the holes in the
PMMA master after e-beam lithography were 58 = 1 nm, which
was slightly larger than the design of the layout (Fig. 3(a)). After
plasma treatment, the diameters of the holes were measured to be
17724 nm (Fig. 3(b)). Plasma treatment likely caused the
enlargement in the diameters by etching away PMMA with oxida-
tive plasma [23]. After 1 h of silanization, the holes in the master
were measured to be 119 = 3 nm (Fig. 3(c)). Reduction in the di-
ameter of the holes after silanization was likely due to deposition
of a silane film onto the surface of the PMMA, which led to back-
filling the holes.

3.3 Longer Deposition Time Causes a Loss in PDMS
Dimensions. To examine the effect of silanization on the dimen-
sions of PDMS structures cast from the masters, a set of holes
with 280 = 3 nm diameters and 1.9 um depths were fabricated in
PMMA. The PMMA masters were plasma treated and then silan-
ized together in the same chamber. After 30 s, 1 h, or 18 h, one of
the samples was removed from the batch and the chamber with
the remaining masters was evacuated back to the original negative
pressure. Each master was used to cast PDMS nanoposts, which
were then examined under SEM. As a control, one sample was
plasma treated, but was not silanized. PDMS did not permanently
bond to the unsilanized PMMA master, but it was difficult to peel
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Fig. 3 SEM micrographs of PMMA masters after silanization process. Starting
with (a) 200 nm deep PMMA resist, e-beam lithography was used to create 58 nm
diameter holes. (b) The masters were then exposed to plasma for 90 s, which wid-
ened the holes to 177 nm. (¢) They were then silanized for 1 h, which backfilled the
holes and narrowed their diameters to 119 nm. The cracks observed on the surface
are due to the sputtered metal film, which was needed for SEM imaging.
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Fig. 4 Silanization time reduced nanopost diameter. A set of
masters were created using e-beam lithography on 1.9 um thick
PMMA photoresist. The masters were plasma treated for 90 s
and then silanized for 30 s, 1 h, or 18 h. The diameters of the
nanoposts were measured from the SEM micrographs.

the PDMS from the master. From SEM imaging, a large portion
of the nanoposts were missing and were likely ripped-off during
the peeling process. Measurements on these substrates were taken
from the few regions where the nanoposts were still left intact.

The diameters of the nanoposts were observed to decrease in
size with silanization time (Fig. 4). A one-way analysis of var-
iance (ANOVA) with a Bonferroni’s posthoc analysis was applied
to the data and the diameters were found to have a statistically sig-
nificant decrease with silanization time. Additionally, the heights
of the PDMS posts were also observed to decrease in size with
silanization time (Fig. 5). ANOVA and posthoc analysis revealed
that the decrease in height was statistically significant for each
time point. The nanoposts cast from a PMMA master that was
silanized for 18 h were barely detectable under SEM and appeared
as “stumps” (Fig. 6).

3.4 Measurement of Silane Deposition. To confirm that sil-
ane is capable of depositing a film with a substantial thickness
onto a substrate, bare silicon and PMMA substrates were passi-
vated. First, each substrate was treated with plasma for 90 s, and
then silanized together in the same chamber. After each time
point, a silicon and PMMA substrate were removed from the
batch and the chamber was then evacuated back to negative pres-
sure. The thickness of the silane films on the samples was meas-
ured on a profilometer (Fig. 7). From the measurements, silane
thickness was confirmed to increase with exposure time to silane
vapor. In addition, PMMA was found to have a higher propensity
for silane deposition than silicon because it had the thickest films

Journal of Nanotechnology in Engineering and Medicine

1500

*

1000 1
500 | 1
0 I [

Osec 30sec 1hr 18hr
Silanizing Time

Micropost Height (nm)

Fig. 5 Silanization time reduced nanopost height. The same
set of PMMA masters as described in Fig. 4 were treated with
plasma for 90 s and then silanized for 30 s, 1 h, or 18 h. The
heights of the nanoposts were measured from the SEM
micrographs.

500 um

Fig. 6 SEM micrograph of PDMS nanoposts cast from a PMMA
master silanized for 18 h. Due to silanization, nanoposts were
small bumps, had reduced diameters, and almost negligible
height. View is at 45 deg off-vertical.

at each time point. After 30 s, there was a measureable film of
silane on the PMMA surface, but the film on silicon was not
detectable because its measurement was below the resolution of
the profilometer. Overall, these results indicate that short silaniza-
tion times are sufficient to passivate the surface of silicon or
PMMA.
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Fig. 7 Measurement of silane film thickness. Flat samples of
silicon and PMMA were half-covered with a glass coverslip and
silanized for 30 s, 1 h, or 18 h. The height of the deposited sil-
ane film was measured using a profilometer.

4 Discussion

Silanes are known to form self-assembled monolayers when
dissolved in hexane and deposited onto a silicon or glass surface
[24-26] The vapor phase silane used here formed a film that was
substantially thicker than a single molecular layer, which suggests
that the silane molecules arrange themselves in a disorganized
fashion and with multiple layers. From visible inspection of
vapor-deposited silane films on glass slides, there was an opaque,
white-colored film that could not be removed with ethanol,
isopropanol, acetone, or hexane. It could, however, be scratched
away with a razor blade. The robustness of the silane film suggests
that strong bonds hold the film together, but that there is weakness
in the overall strength of the film, which is likely due to its disor-
ganized arrangement.

From the measurements of the PDMS nanoposts, there was a
large change in height with silanization time as compared to the
change in diameter. From the SEM micrographs of the holes
(Fig. 3), it was not clear whether there was a change in their depth
after each processing step. However, if one compares the
images of the holes after plasma treatment and after silanization
(Figs. 3(b) and 3(c)), it can be determined qualitatively that there
is a loss in depth after silanization by the different degree of shad-
ing at the bottom of the holes. Thus, it is likely that that there is
anisotropic deposition of silane on PMMA; horizontal surfaces
have a larger deposition rate while vertical surfaces have a lower
deposition rate. It should be noted that a different variant of silane
((3-aminopropyl)trimethoxysilane) has been reported to diffuse
into PMMA [27], so swelling of PMMA might contribute to the
dimensional changes of the master. However, since the silane film
was found to be thicker with silanization time, it is more likely
that the film is grown on the surface.

Silane may not be completely necessary in soft lithography
when using a PMMA master. In our control experiments, PDMS
cast from an unsilanized PMMA master was difficult to peel, but
it did not form irreversible bonds. However, many of the nano-
posts were ripped off, which is likely because PDMS came in con-
tact with the silicon surface at the bottom of the holes. Therefore,
it is recommended that before PMMA is spun on a silicon wafer, a
base coating should be applied so that PDMS does not bond
directly to silicon. This base coating would also need to be rela-
tively impervious to e-beam lithography so that it does not get
removed during the direct-write process.

5 Conclusions

The main finding of this work is that silane coatings can
adversely affect the nanoscale dimensions of PDMS structures

041006-4 / Vol. 2, NOVEMBER 2011

made with soft lithography. Since a silicon wafer is typically used
in combination with PMMA photoresist, it is a generally useful to
passivate the entire master to prevent bonding between PDMS
and silicon surfaces. However, silane deposition time should be
closely monitored or else the features may not be properly
replicated.
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