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ABSTRACT: We report the formulation of siloxane polymers for high-resolution, high-accuracy stamps
for soft lithography. With this technique, a molecular, polymeric, or liquid ink is applied to the surface
of a stamp and then transferred by conformal contact to a substrate. Stamps for this technique are usually
made of a commercial siloxane elastomer with appropriate mechanical properties to achieve conformal
contact but are incapable of printing accurate, submicrometer patterns. To formulate better stamp
polymers, we used models of rubber-like elasticity as guidelines. Poly(dimethylsiloxane) networks were
prepared from vinyl and hydrosilane end-linked polymers and vinyl and hydrosilane copolymers, with
varying mass between cross-links and junction functionality. The polymer formulations were characterized
by strain at break as well as compression modulus and surface hardness measurements. This resulted in
the identification of bimodal polymer networks having mechanical properties that allow the replication
of high-density patterns at the 100 nm scale and that withstand the mechanical constraints during use
as a stamp material. We also demonstrate advantageous implementations of the formulated polymers in
hybrid stamps that achieve submicrometer-dimensional accuracy over large areas.

1. Introduction
Siloxane-based elastomers have found widespread use

as sealants,1 for encapsulation and packaging of elec-
tronic components,2 in medicine,3 and, most recently,
for soft lithography.4 In addition to their technological
importance, end-linked siloxanes are used as model
systems for rubber-like elasticity: By employing end-
linking reactions, the number of monomer units be-
tween junctions and the functionalities of the junctions
can be controlled, allowing a much better interpretation
and prediction of physical properties of siloxane rub-
bers.5,6 In this paper we use published theories of
rubber-like elasticity to predict moduli of siloxane
polymers, which are tested for specific application in soft
lithography.

Molecular theories of rubber-like elasticity are based
on network chains being Gaussian random coils with
retractive forces arising from a decrease in entropy as
a result of deformation.7-9 The models predict the
modulus or reduced force (F*) of an elastic material to
be inversely proportional to the molecular mass between
cross-links (Mc) and, for the phantom model, propor-
tional to the junction functionality φ.10-12 An additional
constant c accounts for “affine” deformations in which
cross-links move linearly with the macroscopic dimen-
sions of the sample:12

where R is the gas constant, T is the temperature (K),
and ν is the volume fraction of the cross-linked chains.
Phantom models predict smaller moduli than affine
models do because the chains can transect one another
and the cross-links fluctuate freely:13,14

where the factor ø equals (1 - 2/φ) Mc
-1. The closeness

with which a real network approaches the affine limit

depends on the firmness with which the cross-links are
embedded in the network structure by chain-cross-link
entangling. In addition to physical cross-links, molecular
entanglements also contribute directly to the small-
strain modulus, whereas there is no significant effect
on the large-strain modulus.5 Knowledge of both φ and
Mc permits a direct estimation of the modulus with good
accuracy.12 Prediction of strain at break or toughness,
however, is much more difficult, and no convincing
models have been presented in the literature.

Bimodal networks are composed of an end-linked
mixture of very short and relatively long chains. Sur-
prisingly, such short links do not constitute the “weak-
est” links but provide greater strength and toughness.
Bimodal networks can be spatially as well as composi-
tionally heterogeneous, e.g., with short, randomly dis-
tributed links, with heavily cross-linked clusters joined
to long chains, or with inorganic fillers.12 Bimodal
networks created by filling with organic or inorganic
nanoparticles require homogeneous dispersion and good
polymer-filler interaction to achieve superior mechan-
ical properties.12,15,16

Soft lithography4 relies on a stamp to bring a reactant
in contact with a substrate. Stamps are typically
replicated by molding and curing a liquid prepolymer
from a master of photoresist, silicon, or metal. Stamp
materials in soft lithography are subjected to capillary
forces, self-adhesion, and mechanical stresses during
printing. These stresses before or during printing can
deform the stamp or cause parts of it to collapse, which
leads to defective and inaccurate prints. Most of the
work on contact printing has been done using Sylgard
184 (Dow Corning, Midland), a commercially available
thermocured siloxane polymer, whose structures smaller
than 1 µm tend to merge or collapse during inking and
printing.17 Previous studies of collapse as a function of
curing time suggest that the goal to print smaller
features in accurate layouts is best accomplished with
a stamp polymer having a higher modulus and greater
surface hardness. Too high a modulus and too great a
surface hardness, however, lead to brittle materials that
can no longer adapt and conform to a substrate.
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The diverging demands on conformality, high pattern
stability, small thermal or mechanical expansion, and
runout cannot be met by one material alone but require
layered structures.18 A practical method to compensate
partially for insufficient dimensional and mechanical
stability of polymeric materials is to mold the stamp
polymer on top of a rigid glass backplane.19 Such hybrid
stamps have better overall accuracy,20 but stresses
generated upon cooling of the polymer layer cast against
rigid supports account for small nonuniform distortions.
Very thin polymer layers (<0.1 mm) appear to solve this
problem but are exposed to homogeneously distributed
stresses.21 These stamps have a limited ability to
compensate for substrate topography, however, and are
useful only for lithography applications on flat sub-
strates.19 We report the formulation of appropriate
polymers and their use in a technological implementa-
tion, and show that changes in the network parameters
directly affect the performance of the final product, the
hybrid stamp. Changes in the design of the supporting
backplane recursively require changes in the network
parameters of the polymers. The design of optimal

stamps for soft lithography is an effort involving poly-
mer chemistry, surface science, and technology.

2. Materials and Methods

2.1. Network Formation. Sylgard 184 provided the refer-
ence material for our comparative materials studies. New
blends were prepared using different vinyl and hydrosilane
prepolymers (ABCR, Germany); see Table 1. Prepolymers were
used as received from ABCR without further purification.
Preparation of polymers typically required the addition of 5
ppm w/w platinum catalyst to the vinyl fraction (platinum-
divinyltetramethyldisiloxane complex in xylene (SIP 6831.1,
ABCR, Germany) and of 0.1% w/w modulator to the mixture
(2,4,6,8-tetramethyltetravinylcyclotetrasiloxane, Fluka, Swit-
zerland) as indicated in Table 2.

The catalyst and modulator were added to the vinyl com-
pound prior to the hydrosilane component and then mixed
carefully. The mixture was left until trapped air bubbles had
escaped and then poured into glass dishes for surface hardness
measurements, or injected into molds for compression modulus
measurements, Young’s modulus, and strain-at-break experi-
ments. Samples were cured for 24 h at 60 °C unless noted
otherwise. Filler materials such as hexamethyldisilazane-
treated silica (SI6962.0, ABCR, Germany) and a specialty
vinyl-modified polymer (VQM-135, ABCR, Germany) were
worked into the vinyl component prior to mixing in the
hydrosilane component.

Model PDMS networks require formulations with a sto-
ichiometric reaction among vinyl end-functionalized prepoly-
mers and hydrosilane linkers. Two temperature-dependent
side reactions change the effective concentration of the reactive
groups22 and require an optimization of the stoichiometric
ratios to allow determination of the effective junction func-
tionality. Studying all the materials with at least three
different hydrogen-to-vinyl ratios was therefore particularly
important. Typically the best polymers were formed at hydro-
gen-to-vinyl ratios of 1.5:1, although this varied considerably
(between 1.1 and 3:1).22 Surface-hardness samples were made
and measured for almost all material mixtures. Samples for
compression modulus, Young’s modulus, and strain-at-break
measurements were more difficult to make because they
require molding and demolding. Samples with trapped gas
bubbles and very soft samples could not be demolded without
being disrupted and, therefore, did not allow measurement of
these parameters. Failure is indicated by “foam” and “too soft”
in Table 2.

2.2. Mechanical Measurements. Standard surface-hard-
ness tools23 fail to yield consistent results over the entire scope
of materials studied. This triggered the development of a
different method to determine surface hardness: Shore A and

Table 1. New Blends Prepared Using Different Vinyl and
Hydrosilane Prepolymers

Vinyl-Terminated Polydimethylsiloxanes and
Vinylmethylsiloxane-Dimethylsiloxane Copolymers

Mc (D) MW (D) % name

550 550 11 DMS-V03
770 770 7.9 DMS-V05

6000 6000 1.0 DMS-V21
9400 9400 0.5 DMS-V22

17200 17200 0.4 DMS-V25
28000 28000 0.22 DMS-V31
49500 49500 0.12 DMS-V35
7400 ∼30000 1 VDT-131
1644 ∼30000 4.5 VDT-431
987 ∼30000 7.5 VDT-731
512 >20000 12 VDT-954

<100 ∼1000 100 VMM-010

Methylhydrosilane-Dimethylsiloxane Copolymers

φ MW (D) % name

2 1950 6.5 HMS-071
4.3 1950 16.5 HMS-151
7.2 1950 27.5 HMS-301
7.4 1050 52.5 HMS-501

23 1950 100 HMS-991/PS-120

Table 2. Surface Hardness as a Function of Vinyl Ratio in the Prepolymer and Hydrosilane Ratio in the Cross-Linkera

surface hardness % of glass, H-to-vinyl ratio
%

wt % vinyl in
prepolymer Mc 1.25 1.5 2

compression
modulus (N mm-2)

elong at
break

wt % hydrosilane in 12 512 0.41 0.44 0.31 1.64 ( 0.03 8.6
cross-linker 6.5, 7.5 987 0.51 0.43 0.30 2.12 ( 0.12 6.7
φ ) 2, Mc2 ) 1950 D 4.5 1644 0.56 0.40 0.30 1.81 ( 0.05 7.5

1.0 7400 0.16 0.15 0.11 too soft 13.6
wt % hydrosilane in 12 512 2.23 1.61 1.89 7.81 ( 0.52 9.3

cross-linker 16.5, 7.5 987 1.78 1.43 1.00 3.91 ( 0.06 10.7
φ ) 4.3, Mc2 ) 1950 D 4.5 1644 1.00 0.94 0.72 4.21 ( 0.06 10.1

1.0 7400 0.22 0.24 0.2 0.60 ( 0.02 20.0
wt % hydrosilane in 12* 512 2.04 1.42 1.18 foam foam

cross-linker 27.5, 7.5* 987 2.59 2.10 1.43 8.97 ( 0.21 5.7
φ ) 7.2, Mc2 ) 1950 D 4.5 1644 1.51 1.52 1.24 6.51 ( 0.14 7.2

1.0 7400 0.26 0.28 0.24 0.79 ( 0.02 18.4
wt % hydrosilane in 12* 512 foam foam foam foam foam

cross-linker 52.5, 7.5* 987 2.02 2.77 1.61 8.57 ( 0.12 8.7
φ ) 7.4, Mc2 ) 1050 D 4.5 1644 1.15 1.75 1.40 4.67 ( 0.32 11.7

1.0 7400 0.21 0.29 0.31 0.73 ( 0.07 28.4
a Three different mixtures with hydrosilane-to-vinyl ratios of 1.25, 1.5, and 2 have been prepared for each sample. The compression

modulus and elongation at break were measured for the mixtures with the greatest surface hardness (bold). The values of the overall
optimal polymer (material A) are underlined. (asterisks indicate 0.1% modulator added).
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Shore D measurements always induce defects in the measured
area and are not surface-sensitive enough to characterize thin
layers. We determined the resistance of a surface to penetra-
tion by a hard sphere with a diameter of 1 mm and compared
it to the resistance of a glass surface.24 To improve the accuracy
of our measurements, we recorded the entire force-versus-
distance (10 mg resolution, 1 µm step size) curve on an
analytical balance, which also allowed detection of the sudden
failure of thin surface layers and of contamination-inhibited
curing at surfaces. Typically, standard deviations of three
subsequent measurements of the same area were compared
to those of three different areas to allow an estimation of the
long-range homogeneity of the material and curing process.

Compression moduli were measured on molded posts (4 mm
in diameter, 10 mm long) compressed on a balance using a
matching metal post mounted on a stiff stepper-motor-
controlled drive. Material homogeneities were checked using
force-versus-distance profiles and by averaging over several
posts. Young’s modulus and elongation at break were deter-
mined using “dog bones” with cross sections of 4 × 4 and 2 ×
2 mm2. Work of adhesion25 was measured by acquiring force-
versus-distance profiles of a 4 mm diameter post pressed onto
a gold-covered silicon wafer up to a maximal force of 2 g and
withdrawn by the same distance. The work of adhesion was
calculated by taking the difference between loading and
unloading integrals.

2.3. Master Fabrication and Molding. Masters with
structures larger than 1 µm were fabricated by contact
photolithography on silicon wafers. High-resolution masters
for molding were fabricated from silicon-on-insulator (SOI)
wafers. Electron-beam lithography was used to expose the
photoresist-coated wafers. After development of the resist, the
pattern was transferred through the silicon to the oxide layer
of the wafer, resulting in structures having well-defined
corners at the bottom. This method prevented deterioration
of the stamp geometry. Stamps were molded after coating with
a 5 nm thick, plasma-deposited, fluorinated separation layer
(STS, Bristol, U.K.) and released from the master at the curing
temperature to avoid a buildup of tension due to thermal
shrinkage. Stamps were investigated for structural stability
and integrity in a scanning electron microscope (SEM) im-
mediately after demolding and again after several inking and
printing cycles. Reliable imaging required a sputter coating
with 10 nm of Au onto the polymer surface.

2.4. Metrology. Long-range distortions of the patterns were
measured on a calibrated XY-stage with 1 µm accuracy (Leitz,
WM digital with modified optics) by comparing two prints of
the same stamp with each other and with the master. The X
and Y coordinates of 20 reference points on a 50 mm circum-
ference were recorded on the chromium master, the stamp,
and the prints. By cutting the patterned substrates in stripes
and aligning corresponding parts, relative measurements with
submicrometer resolution were taken using a high-resolution
optical microscope. Overlay accuracy tests were performed on
a modified mask aligner (MA 420, EVI Schaerding) by mea-
suring the registry of alignment marks with those on a
previously printed pattern using the split-field microscope of
this instrument. This measurement allowed overlay errors to
be assessed down to the resolution limit of the instrument
(approximately 1 µm) over an area of 50 mm2.

3. Results

Sylgard 184 is formulated from a vinyl-terminated
prepolymer linked via a short hydrosilane cross-linker
using a platinum complex as catalyst. Curing times of
24 h and a curing temperature of 60 °C at a recom-
mended mixing ratio of 10:1 (w/w resin to cross-linker)
produced a material with a compression modulus of 2
N/mm2, a surface hardness of 0.7% of glass (65 ( 1
Shore A), and strain at break of approximately 50%.
Moduli of the elastomers cured under the above condi-
tions can vary up to 15% depending on the mixing
method, catalyst, and modulator concentration.23,26

Thermal expansivity causes a linear shrinkage of the
material upon cooling on the order of 1.5% for cures at
60 °C. The modulus and surface hardness were optimal
for a resin-to-cross-linker ratio (r) of 10:1 (w/w) and
decreased as the amount of cross-linker was increased
or decreased. Longer curing times and higher temper-
atures allow at most a doubling of the modulus and
hardness of the polymer. The reason for this increase
is not clear, but we speculate that diffusion at higher
temperatures improves the accessibility of vinyl groups
for network-forming reactions. As Sylgard 184 is already
filled with silica nanoparticles, we concluded that useful
high-modulus stamp materials have to be formulated
using higher cross-linked polymers.

We experimentally studied the dependence of surface
hardness, compression modulus, and strain at break as
a function of Mc from 550 to 49 500 D (Figure 1a)27 using
a short cross-linker (φ ) 7.4; 1050 D; 52.5% hydrosilane
at the optimal hydrosilane-to-vinyl ratio). The calculated
moduli were obtained using affine models with mono-
modal28,29 and bimodal behavior.29,30 In a second set of
experiments (Figure 1b),27 surface hardness, compres-
sion modulus, and strain at break were measured at
variable φ (2-23) and constant Mc. The calculated
moduli were obtained using phantom models with
monomodal and bimodal29 behavior. As model calcula-
tions predict, F* decreases with increasing Mc (Figure
1a) and, less pronounced, with decreasing φ (Figure 1b).

The affine models underestimate the modulus even
when the fraction of effective chains in the network (ν)

Figure 1. Modulus and elongation at break of model polymer
networks as a function of (a) Mc and (b) φ. Calculated values
of the modulus are plotted as (a) a solid line using the affine
monomodal model and a dashed line using the affine bimodal
model and (b) a solid line using the phantom monomodal model
and a dotted line using the phantom bimodal model.
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is set to 1. The difference between theory and experi-
ment is 2-fold in the low-molecular-weight regime and
nearly 10-fold for long chains with an almost constant
absolute difference over the entire molecular weight
range. The model predicts that the ratio of the molecular
weights of the shortest and the longest molecular mass
between cross-links is linearly reflected in the resulting
modulus. This was not observed: we find that the
modulus scales by a factor of ∼12 instead of the
predicted factor of 63. The prediction of moduli of our
model materials with variable Mc using bimodal net-
works was more accurate.

Introduction of a constant factor of 5/3 (ref 30)
improved the prediction of short-chain networks but still
left a substantial difference in the long-chain case. If
we assume that the short hydrosilane cross-linker (Mc2

) 1950 D) contributes equally as a second mode to the
network, we can predict the appropriate difference
between the shortest and longest chains in our study
and give reasonably accurate absolute numbers.

The phantom model was used to predict moduli as a
function of cross-linker functionality. The calculated
moduli using monomodal behavior were much lower
than the experimentally observed values, and again the
use of bimodal calculations improved the accuracy.
Mechanical parameters of the networks depend on the
junction functionality at low values of φ; at higher
values (φ > 3) the dependency of the networks on this
parameter is very small. The measured surface hard-
ness was found to be linearly related to the modulus;
no attempts have been made to calculate surface hard-
ness, however. Experimentally, the surface hardness
varied from 0.28 to 1.7% for Mc decreasing from 49 500
to 550 D (Figure 1a) and from 0.21% to 0.43% for φ
increasing from 2 to 23 (Figure 1b). To the first order,
elongation at break is inversely proportional to the
modulus. Attempts to define models for strain at break
using simple linear relationships that predict absolute
numbers for toughness were not successful.

The results presented in Figure 1 demonstrate that
we are able to formulate polymers with a high modulus
but not yet with sufficient toughness (elongation at
break >3%), an important feature of a useful stamp
material. Reduced toughness leads to a brittle material
that cannot be peeled off a master without fracturing.
We therefore tested other material combinations having
similar Mc and φ values but with vinyl copolymers
instead of end-functional vinyl compounds. This ap-
proach resulted in materials having a surface hardness
of up to 2.6% of glass and compression moduli on the
order of 9 N mm-2 (Table 2). We obtained harder
materials when Mc was reduced, i.e., when the fraction
of functional group to dimethyl was higher (vinyl to
dimethyl 1%, Mc ) 7400 D up to 12%, Mc ) 512 D) or φ
was higher (hydrosilane to dimethyl between 6.5%, φ
) 2 up to 52.5%, φ ) 7.4). We did not include prepoly-
mers with higher vinyl content because initial tests
showed they do not polymerize well. Generally, the
fraction of reactive sites had to be limited because of
otherwise vigorous exothermic gas-generating side reac-
tions that cause foaming or significant shrinkage.
Optimal materials properties were found for a mixture
having Mc ) 987 D and φ ) 7.2 (VDT-731, HMS-301).
We preferred the softer mixture containing HMS-301
over the one containing HMS-501 because the latter had
a greater tendency toward side reactions. The toughness
of this material (elongation at break 5.7%) is at least

twice that of a material of similar hardness (DMS-V05)
in Figure 1.

Bimodal materials were created and tested by adding
10-30% short-chain cross-linker (VMM-010) to end-
functionalized chains (DMS-V22) and to vinylmethyl
copolymers (VDT-731). The hydrosilane-to-vinyl ratio in
these experiments was kept constant by adding an
appropriate amount of the hydrosilane component al-
ready present (either HMS-301 or HMS-501). In the
former case the modulus was improved at a relatively
good toughness but not to a level better than VDT-731.
These materials apparently already behave like bimodal
systems, and the further addition of short chains cannot
change this to a great extent. Calculations using the
model of Flory7 predict a modulus of 6.75 N mm-2 for a
uniform monomodal network (VDT-731/HMS-301, Mc )
987 D, φ ) 7.2). Taking the short cross-linker as a
second mode with Mc ) 266 and the appropriate volume
fraction, one can predict a modulus of 11.1 N mm-2.
Predictions using the affine model of Sharaf and Mark28

result in a modulus of 3.5 N mm-2 for the monomodal
theory and 7.5 N mm-2 for the bimodal theory, thus
confirming their bimodal nature.

Another parameter space that was explored with
these polymers was filling with nanophase fillers to
improve their modulus and toughness and to reduce
volume shrinkage after polymerization. Two different
types of fillers were used: a PDMS-based nanophase
filler that was dispersed in another vinyl-functionalized
prepolymer and can be linked into the polymer network
via surface vinyl-functional groups and glass nano-
particles that are surface-modified to allow dispersion
within a vinyl prepolymer: The PDMS-based filler did
not improve the mechanical properties over those of the
unfilled polymer, whereas addition of 5% (w/w) of the
glass filler resulted in a compression modulus of 9.7 N
mm-2, a surface hardness of 3.3%, and a 1% reduction
of the elongation at break.

Mixtures composed of 3.4 g of VDT-731 and 1.0 g of
HMS-301 (material A) or additionally filled with 5%
glass (material B) have a low viscosity in their precursor
state, which facilitates accurate replication of the
master structure. The high modulus of these polymers
is optimal for replication of small structures but does
not allow trimming or cutting without extensive crack-
ing and generation of debris. The chemical and thermal
shrinkage after cooling can cause the newly formed
stamp to “snap” off the master and leads to distorted
or ruptured structures; release of stamps from the
master at higher temperatures can reduce this problem,
however. Light scattering due to self-aggregation of the
glass filler causes an opaque appearance of material B
and could not be eliminated even by prolonged vigorous
stirring (potter Evelhjem). The work of adhesion of both
materials is on the order of 3 × 10-8 J mm-2 (compared
to 1 × 10-7 J mm-2 for Sylgard 184), which is sufficient
to form and maintain intimate contact with a flat
substrate.

Comparison of the stress-strain curves in Figure 2
shows a strong trend toward embrittlement as Mc is
reduced. Basically, the fracture energy for a given
material should not depend on Mc, but experimentally
a reduction of the fracture energy by a factor of 12 is
observed as Mc is reduced from 9400 to 550 D. This is a
common observation in monomodal PDMS materials
and precludes the use of such materials as stamps. Hard
bimodal materials, on the other hand, show a higher

Macromolecules, Vol. 33, No. 8, 2000 Siloxane Polymers for Soft Lithography 3045



fracture energy and allow the use of harder polymers
as stamps. Our design effort identified two polymers (A
and B), which we subjected to pattern replication and
pattern transfer tests. The advantages of these materi-
als are illustrated in Figure 3. Whereas the commercial
material (Sylgard 184), Figure 3a, is unsuitable for
replication of patterns below 250 nm (indicated by the
loss of feature definition in all but one of the quadrants),
material B continues to allow the definition of useful
reliefs down to 80 nm with an aspect ratio (depth/width
of pattern) of 1.25 (Figure 3b). The paired posts (Figure
3b, lower left) stick to each other because deformations
during stamp manipulation (demolding, inking, and
printing) have brought them into contact from which
they cannot snap back because of adhesion forces. In
addition to the replication of small features, materials
A and B allow features to be printed that have a lower
density than is possible with Sylgard 184; i.e., useful
aspect ratios can be varied over a wider range (from 5
down to 0.02). Selective surface hardening by in situ
filling with TEOS31,32 was not successful because the
low-molecular-weight monomer swelled the preformed
network hundreds of micrometers deep and severely
distorted the overall stamp geometry.

The pattern replicated on a target surface by employ-
ing a “soft” stamp can suffer from geometric distortion

during the various process steps. The origin and size of
distortions are assessed for different stamp polymers
and implementations. For a description of accuracy we
have to identify a systematic (compensable) distortion
between the master and the replicated stamp and
random variations among successive prints from the
same stamp. The latter is critical because it shows the
intrinsic limitation of the reproducibility caused by (a)
local mechanical instabilities of the structures, such as
bending or collapsing, (b) nonuniform long-range distor-
tions caused by mechanical forces during handling of
the stamp, or (c) runout due to thermal fluctuations or
solvent uptake during inking.

Rogers et al.21 quantified long-range distortions using
an elegant Moiré technique for soft elastomer stamps
and stamps with rigid glass backplanes. Two printed
patterns made with a stamp having a 0.1 mm thick
elastomer layer on a rigid backplane were accurate to
within 1 µm in an area of 1 cm2.21 Folch et al.20

measured the deviation of a printed pattern from a
reference pattern using a 4 in. stamp with a rigid
backplane and found distortions of less than 5 µm.
Structures cast with Sylgard 184 cannot be used for an
accurate transfer of features smaller than 0.5 µm and
having an aspect ratio of 1. For materials A and B, local
deformations remain small down to pattern sizes of 100
nm and aspect ratios of 1. We extended these investiga-
tions to large-area stamps using the new polymers and
concepts discussed above.

Unsupported stamps made of Sylgard 184 showed
nonuniform pattern displacements up to 20 µm between
two successive prints over areas of 5 × 5 cm2. Prints of
stamps made of material A or B were subjected to
nonuniform distortion up to 30 µm over similar areas.
We attribute the larger distortions of materials A and
B to their greater temperature sensitivity and the need
to press the rim of the stamp down manually to achieve
conformal contact over the entire area. The thermal
expansion coefficients of the stamps used were ∼260,
∼450, and ∼410 µm m-1 °C-1 for Sylgard 184, material
A, and material B, respectively.

To reduce the long-range distortion, we tested several
multilayer schemes using a glass or quartz backplane
hybridized directly to the stamp polymer (Figure 4). The
first system tested was a 90 mm diameter, 1 mm thick
Sylgard 184 slab molded directly onto a 2.39 mm (0.9
in.) quartz plate (Figure 4c). With this stamp the
maximal pattern distortions between two prints de-

Figure 2. Stress-strain curves of representative siloxane
networks. Monomodal networks (Mc ) 9400, dashed line) show
a reduction of fracture energy (integral below curve) as Mc is
reduced and the material becomes harder (Mc ) 550, dotted
line). Bimodal materials (Mc1 ) 987, Mc2 ) 266, solid line; 5%
silica filled, dashed-dotted line) show a substantial increase
in fracture energy over the hard monomodal counterpart.

Figure 3. Comparison of high-resolution pattern replication by (a) Sylgard 184 with a compression modulus of 2 N/mm2 and (b)
material B with a compression modulus of 9.7 N/mm2, bar ) 1 µm. Squares of 250 × 250 nm2 (lower right quadrant) already
appear rounded in the Sylgard 184 stamp and are not stable enough for contact printing. Material B accurately replicates structures
down to 80 nm (upper left quadrant). The height of the structures is 100 nm in both cases.
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creased to ∼1.5 µm over the entire area. We attributed
the remaining distortion to the ability of the 1 mm thick
elastomer layer to deform nonuniformly during contact.
When a rigid quartz plate is used as backplane, the
polymer material has to provide the elasticity to com-
pensate for the substrate unevenness. Because polymers
for high-resolution patterns have only a very limited
elasticity, it is difficult to achieve contact over large
areas in this implementation. With a 30 µm thick
polymer layer of material B on an elastomeric cushion
consisting of a 1 mm thick Sylgard 184 layer attached
to a quartz plate (Figure 4a,b), the requirements
concerning substrate flatness are relaxed and a layer
of high-modulus polymer can conform readily to the
substrate and transfer its pattern. The soft cushion is
first molded on the quartz backplane. The resulting
stamp is then placed on a master, precoated with the
second polymer layer, and cross-linked. Stamps with
rigid backplanes print with sufficient accuracy for many
applications and can fit into mask-aligner tools made
for “hard” contact lithography. However, they have two
severe drawbacks when large printing areas are re-
quired. First, trapped air can disrupt the propagation
of the contact front, and second, the rigid backplane

hampers a sequential release between stamp and mas-
ter or substrate, resulting in separation forces that are
great enough to damage the stamp, the master, or the
substrate.

The third approach uses thin, flexible glass back-
planes (Figure 4d) consisting of a 100 µm thick glass
foil (Schott/DESAG, AF 45, 5 × 5 cm2) coated with a 75
µm thick structured (feature dimension g3 µm) layer
of Sylgard 184 or a 30 µm thick structured layer of
material B (feature dimension g120 nm). In this ap-
proach, the pattern distortion was uniform and the
runout between two prints in the first case was ∼500
or 100 nm cm-1. In the second case with the harder
material, runout was only ∼330 or 55 nm cm-1. Stamps
with flexible backplanes avoid the limitations of unsup-
ported as well as rigid backplane stamps while sharing
their advantages: flexible stamps can be gradually
released from the mold during manufacturing or from
the substrate after printing. This helps overcome the
large adhesion forces, and the better control over the
contact front prevents air from being trapped during
printing. Flexible backplanes follow the substrate to-
pologies and allow the use of thinner polymer layers,
which minimizes distortion, or harder polymer layers

Figure 4. Examples of stamps. (a) Scheme of a trilayer stamp (glass backplane, elastomeric cushion, hard polymer, upper part)
and a trilayer stamp in contact with an uneven substrate illustrating improved adaptivity (lower part). (b) Trilayer stamp with
270 nm features, bar ) 10 mm. (c) Stamp 1 mm thick having >5 µm patterns molded in a soft siloxane polymer on a 125 mm
glass plate. (d) Example of a two-layer thin film stamp composed of a 100 µm glass backplane and a 30 µm thick film of material
B with 270 nm features, bar ) 10 mm.
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without compromising their adaptivity to form intimate
contact. If transparency of the stamp is not required,
the glass foil can be replaced by a thin metal foil, which
is less fragile and easier to handle.

4. Discussion and Summary

Stamps are the key elements in high-resolution soft
lithography because they carry the pattern on their
surface and are capable of conformal contact during
printing. Soft lithography requires adaptation of the
stamp to a potentially uneven substrate, but collapse,
deformation, and runout must be avoided simulta-
neously. In fact a careful balance between desired and
undesired deformation has to be maintained. We con-
ducted extensive studies of molding and printing using
materials with uniform properties in all dimensions.
The resulting optimal material is always a compromise
between the different competing requirements of con-
formal contact and pattern stability. Materials A (Mc )
987 D, φ ) 7.2) and B (with additional glass filler) have
been found to be a good compromise and have the
capability of replicating small features at 100 nm over
5 × 5 cm2 areas with submicrometer accuracy.

Our study of “model” compounds produced an im-
proved experimental understanding of the modulus as
a function of the main network parameters (Mc, φ,
bimodal Mc2, and filler). Moduli and especially toughness
could not be predicted with sufficient accuracy for our
application, so experimental formulation and testing of
networks composed on the basis of intuition will remain
an important part of our work. The polymers formulated
using the “copolymer” approach assuming constant Mc
(987D for VDT-731) can be predicted only inaccurately
using the model of Flory and Rehner (experimental 9,
theory 6.6 N mm-2).7 If the short cross-linker is taken
as a second phase, a modulus of 11.1 N mm-2 is
predicted. A comparison between the model and experi-
ments with the copolymer materials suggest that they
behave like bimodal networks, although the exact
chemical nature of the second mode is not entirely clear.
The limitations in modulus and toughness found in
networks from end-functionalized prepolymers were
overcome by the use of copolymers as network elements.
Another advantage of our new polymers is the higher
chance of the multifunctionalized prepolymers (>7 vinyl
groups per chain) to be linked into the network com-
pared to end-functionalized prepolymers (2 vinyl groups
per chain only). Sol fractions were 4.7% and 4.5% for
the reference material and material A, respectively.
Analysis of the prepolymers and the material extracted
from the network showed the same amounts of low
molecular cyclics. Extraction of the impurities on the
level of the prepolymers would allow fabrication of
polymers with reduced amounts of extractables in the
future.

How materials properties change in the surface region
is an additional issue of interest as the desired feature
scale goes below 100 nm, because at these scales the
modulus and other parameters of a polymer are no
longer necessarily independent of feature sizes. Qualita-
tive results demonstrate that the modulus of polymers
at the surface is higher, probably because of the smaller
number of possible chain configurations and the thereby
created entropy effect.33 With ever smaller dimensions
of the stamp patterns, surface effects are bound to
become increasingly important and will have to be
addressed thoroughly in future studies.

Using the new stamp materials, high-resolution pat-
terns of inks were printed in a classical microcontact-
printing scheme.34 The materials were also successfully
used to transfer functional biological molecules35 and
to make a patterned contact to a resist in elastomeric
light couplers.36 These experimental results obtained
with high-resolution stamps demonstrate the utility of
the new polymers and allow the resolution limits of the
various contact-printing methods to be assessed in a
more direct way. We have addressed the issues of
accuracy and overlay using our hybrid stamps: Long-
distance accuracy or runout has been reduced to levels
below 500 nm over a distance of 5 cm. Overlay accura-
cies have been determined to be on the order of 1 µm
over the same areas.

We have seen that several requirements of lithogra-
phy can be met using the newly developed materials
and the hybrid-stamp concept. One important problem
remains with all thermocured materials: Polymers
shrink upon cooling and create residual stresses in the
stamp. Stresses are not a severe problem in very thin
hybrid stamps, but a stress-free system is clearly
desirable. Possible solutions to the thermal-stress prob-
lem are ultraviolet-curable systems or thermocured
systems that cure at room temperature. Both ap-
proaches have disadvantages, which will have to be
addressed in future studies: ultraviolet-curable systems
have a high fraction of extractables, including the added
radical initiators, and require more expensive prepoly-
mers. Room-temperature cure materials are generally
softer, have a higher fraction of extractables, and
require much longer curing times than their high-
temperature cure counterparts. Generally, hard poly-
mers are very brittle and more difficult to handle than
softer materials. Additional pendant groups of mixed
copolymers might help improve this characteristic by
having greater toughness than that of similar pure
dimethylsiloxanes. Pendant groups might also be help-
ful for changing the surface properties of stamps, for
allowing the direct printing of hydrophilic inks or
molecules without harsh surface treatments, or for
acting as anchors to graft other polymers. Finally,
chemical treatments of the stamp surface can be used
to create surface functional groups or to harden top
layers by in situ filling, for example, refs 31 and 32. The
improvements of resolution and accuracy as a conse-
quence of the better stamp materials and hybrid stamp
designs as well as the potential for their further
optimization mentioned above show that work in this
area will continue to be crucial to the success of soft
lithography.
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