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A study is presented on the transfer of low surface tension
reactive monomers such as monomethacryloxypropyl-terminated
poly-dimtheylsiloxane (mPDMS) from a host bi-layer hard-PDMS
(h-PDMS) / PDMS silicone mold to cured resin coated web
surfaces in situ during UV roll-to-roll nanoimprint lithography.
Here the bi-layer silicone mold plays a dual role as both a
lithographic template as well as a release agent transfer vehicle,
accomplishing both tasks without additional in-line processing
steps. This paper is thus an early investigation into large area
multi-functional silicone designed especially for
production of low surface energy polymer resin molds via roll-to-
roll processing.

stamps

Introduction

Low and controllable surface energy in nanoimprint
lithography is of critical importance in achieving a low work of
adhesion between the mold and the patterning media in the
imprint stack and has a direct impact on feature fidelity and
process yieId.l’ 2
generally accomplished through two means: the application of
anti-stick coatings,3' 4
intrinsically

fluoropolymers or silicones.” In the context of UV roll-to-roll

Engineering of the mold surface energy is

or fabrication of the mold entirely of
low surface energy mold materials such as
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Conceptual Insights

Solid silicones are widely used in lithographic templating to
reproduce micro- and nano-scale surface textures for a wide
range of applications. Silicones are also highly permeable to
and will readily absorb a large variety of non-polar fluids. With
more recent advances in silicone materials chemistry, most
notably the production of silicones with greater crosslink
density, it is now feasible to consider exploiting both crucial
aspects of silicones in the design of nanoimprint molding
stamps. Here the concept of a multi-functional, bi-layer silicone
stamp that can pattern UV curable resin materials as well as
transfer release agent to cured resin surfaces via spontaneous
molecular diffusion-based processes is introduced. Here the bi-
layer silicone stamp is comprised of a thin, hard-PDMS (h-
PDMS) pattern carrying layer backed by Sylgard 184 PDMS. The
enhanced crosslink density of h-PDMS enables high resolution
patterning as well as reduction in the swelling response to
absorption of liquid monomethacryl-oxypropyl-terminated
polydimethylsiloxane (mPDMS), used herein as a release agent
to reduce the surface energy of UV roll-to-roll nanoimprinted

. . . . P 10-12
nanoimprinting as a subset to nanoimprinting generally,

specifically with regard to the roller mold or roll-mounted
mold, the Ilatter approach is often preferred due to
degradation issues arising with anti-stick coatings during the
UV curing and separation steps.13
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Recently, however, interest in mass produced UV roll-to-
roll nanoimprinted resin polymer molds has increased.™*"’
Resin molds produced by this means are typically negative
relief replicas of the aforementioned roll mold pattern, and are
fabricated into a cured resin coating deposited on a
continuous, flexible plastic substrate web feed.™
Nanolithography via resin molds is particularly important for
high volume applications such as nanostructured surfaces for
devit:es,ls"20 light extraction structures for
optoelectronics,n'23 and anti-wetting, self-cleaning surfaces
for building facades, photovoltaic panels, and signage.24' % For
these applications, resin polymer molds are uniquely suited as
one-time-use, disposable nanolithographic templates for low
cost processing. The short service lifetime of resin molds also
re-opens the case for using surface modification techniques to
lower the resin mold surface energy for downstream
lithographic processing, as degradative processes will not
affect release performance. Manipulation of the surface
chemistry has several advantages over the use of intrinsically
low surface energy bulk materials. First, the former allows the
bulk resin formulation to be selected for application-specific
properties such as high stiffness, hardness, scratch resistance
and transparency. Commonly employed fluorinated or
silicone-based resins generally suffer in one or more of these
areas, require lengthy curing times in an inert environment
making them unsuitable for high throughput roll-to-roll
processing,7’ & 26 or are too costly for high volume
manufacturing.26 In contrast, surface chemistry modification
allows for the use of widely available, fast-curing and relatively
inexpensive acrylate-based resin formulations to be employed
for production of resin molds. With thousands of available
monomer, crosslinker and photoinitiator combinations, the
resin mold properties can be adjusted easily to suit the target
application.

One of the major challenges relating to surface chemistry
modification to lower the surface energy of resin molds is in
devising a suitable delivery mechanism. Widely used
and silicone-based, reactive chlorosilane

bio-medical

fluorinated
chemistries require a densely hydroxylated surface that is not
common to polymerized resins, as well as lengthy exposure
times in vapor or liquid phases to deposit the self-assembled
monolayer (SAM).3' 4 These processes are generally not
compatible with a roll-to-roll line without adding multiple,
complex in-line processing steps and controlled environments.
A simpler, roll-to-roll compatible method of reducing the
surface energy of polymer resin molds would therefore be
useful, if not required; especially for dense, high aspect ratio
nanostructured resin molds.

Herein we describe a unique approach to surface chemistry
modification of polymer resin molds through the introduction
of multi-functional silicone roll-mounted stamps for UV roll-to-
roll nanoimprinting, where the latter serves as both a
patterning template as well as a release agent transfer vehicle.
Sustained release agent transfer is achieved by taking
advantage of a unique property of silicone solids to absorb
significant quantities of similar, liquid oligomeric silicones due
to entropy driven solubility.27‘ % low molecular weight

2| J. Name., 2012, 00, 1-3
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Fig. 1 (a) Chemical structure of asymmetric monomethacryloxypropyl-
terminated polydimethylsiloxane (mPDMS). (b) Schematic of the mPDMS
application approach to h-PDMS/PDMS stamps, the roll mounting strategy and
zoomed view of the layer structure after mPDMS absorption. mPDMS is
absorbed exclusively through the patterned face of the h-PDMS layer. (c) UV
roll-to-roll nanoimprinting system schematic showing how the h-PDMS/PDMS
stamp with embedded mPDMS is mounted on the imprint roller, allowing
continuous transfer of mPDMS to fabricated resin molds.

methacrylated oligomeric silicones have very low surface
tension, absorb quickly and spontaneously into silicone solids,
and can serve as polymerizable release agent monomers in a
UV-based nanoimprinting process. Here we show successful
dissolution of monomethacryloxypropyl-terminated
polydimethylsiloxane (mPDMS, MW 600-800, 6-9 mPa-s, see
chemical structure and dissolution scheme in Fig. 1) in bi-layer
silicone hard PDMS/PDMS (h-PDMS/PDMS) roll-mounted
stamps, followed by transfer of the mPDMS to fabricated resin
mold surfaces in a UV roll-to-roll nanoimprinting process for
the purpose of controlling the resin mold surface energy.
mPDMS transfer is facilitated by ensuring that it is soluble
in the liquid resin coating, such that contacting the h-
PDMS/PDMS stamp with the liquid resin creates a
spontaneous flux of mMPDMS release agent across the h-
PDMS/resin interface, as this increases the system

This journal is © The Royal Society of Chemistry 20xx
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configurational entropy.27 The objective is then to cure the
resin coating by UV exposure with a maximum sustainable flux
of release agent crossing this interface such that the release
agent polymerizes at the formed resin mold surface. A release
agent concentration gradient is then set up in the h-
PDMS/PDMS stamp as it is removed from the h-PDMS surface
layer over multiple roll-to-roll imprint cycles. This then leads
to migration of additional release agent to the silicone stamp
surface, enabling sustainable transfer to subsequent resin
molds and a sustainable reduction in their surface energy. In
summary, the main advantages of such an approach to surface
energy reduction are: 1) no modifications required to the bulk
chemistry of the resin mold, 2) no additional in-line processing
steps are required, and 3) as this is a spontaneous process, the
reduction in surface energy occurs automatically with the
production of resin molds in the UV roll-to-roll nanoimprinting
process.

Theoretical Background

To accomplish the task of dissolution of liquid oligomeric
silicone into an intermediate roll-mountable solid silicone
stamp without drastic swelling of the stamp features, h-
PDMS/PDMS bi-layer silicone stamps were fabricated such that
the stamp patterns were formed in a thin, heavily cross-linked
h-PDMS layer backed by a soft, flexible PDMS base layer (see
Supplementary Information, Table 52).29’ 0 Whereas Sylgard
184 PDMS generally obtains a Young’s Modulus of ~2 MPa,31
the most heavily crosslinked formulations of h-PDMS can
achieve up to 9 MPa.”®  The larger modulus overcomes many
issues with monolithic Sylgard 184 PDMS stamps, such as poor
mechanical stiffness, poor replication fidelity at high
resolution, and feature collapse at higher aspect ratios. The
two materials are often combined into a bi-layer composite
stamp for use in soft lithography, which has been shown to
achieve sub-40 nm feature resolution.*

An h-PDMS pattern-carrying layer was crucial in mitigating
the swelling response of the h-PDMS/PDMS bi-layer roll-
mounted stamp to mPDMS absorption. To be sure, h-PDMS
still swells with mPDMS uptake, however h-PDMS was
instrumental in keeping the degree of swelling relatively low
while retaining adequate solubility with mPDMS. Other
silicones such as Sylgard 184 PDMS are known to swell to such
a large extent when absorbing good solvents that irreversible
deformations can occur.”® The swelling response of h-PDMS to
good solvents is much smaller than conventional Sylgard 184
PDMS due to its crosslink density. For h-PDMS, the molar
mass between crosslinks in the polymerized network, My of
VDT-731is 987 g mol™, while the molecular weight of a basic
unit of dimethylsiloxane is 74, so the number of repeat units
between crosslinks N is only ~13 — 14.% In contrast, My for
Sylgard 184 is roughly double, at 1957 g mol™ giving an N, of
~26 — 27. The increase in crosslink density will increase the
thermodynamic barrier to mPDMS dissolution as given by the
well-known Flory-Rehner model at equilibrium:34' 3

This journal is © The Royal Society of Chemistry 20xx
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a
_(AGmix + AGelastic) =0= ln(l - UN) + vy +XUN2 +

dxg
PNYs ( 1 "N)
PNTs 3_U
M, \UN® T3 (1)

where x; is the mole fraction of the permeate solvent
(mPDMS), AG,,y is the free energy change upon mixing of a
polymer and solvent, AG. i is the free energy change due to
swelling of the polymer network, vy is the volume fraction of
the polymer in the swollen gel, 1/vy is the swelling ratio, x is
the Flory-Huggins interaction parameter, py is the polymer
density, My is the average chain molecular weight between
crosslinks, pn/Mc is the crosslink density of the polymer, and
V; is the molar volume of the solvent. The first three terms on
the right hand side of Egn. 1 take into consideration the free
energy change due to mixing. The final term accounts for the
negative entropy change due to swelling. It can be seen that
the swelling term becomes large with the cross-link density, or
as My becomes small. This will require vy to approach 1 so
that the free energy change of mixing terms will balance the
swelling terms, and correspondingly the swelling ratio will also
approach 1. Refinements to the Flory-Rehner model to more
accurately predict the swelling behavior of highly crosslinked
polymers where N. < 100 were made by Kovac,36 Lucht and
Peppas.37 However, at constant x all three models predict a
significant reduction in swelling with increasing pyx/M, which
is sufficient for our purposes.

Separately, if a relatively high molar volume permeate is
used then the swelling ratio required to balance Eqn. 1 will
also be small. The proper derivation of the diffusion
coefficient for the permeate-solid network pair depends on
the unit chain length of the permeate. In the present work,
mPDMS has a mean monomer chain length N = 12. This is
close to the entanglement length for h-PDMS (N, ~ 13 - 14),
but below the threshold where entanglement constraints will
influence the motion of the permeate chains.®® For cases
where the permeate chain length is less than the
entanglement length of the network, the Rouse model is
appropriate.39' % |n the Rouse model the chain center of mass
diffusion coefficient is given by the Einstein relation:

kT

Dp = Ne (2)

Where Dy is the diffusion coefficient, k is the Boltzmann
constant, T is temperature, and & is the friction coefficient of
the viscous medium experienced by each monomer of the
permeate chain of N monomers. Here, the diffusion
coefficient scales as N'.*'  Therefore it is important to
minimize N (being proportional to the molar volume of the
permeate) for the purpose of speeding up the infiltration
dynamics to practical time scales.

For permeate chains whose length is significantly greater
than the entanglement length of the solid network (there is
disagreement over the precise threshold value, but N > 2.5N,
is commonly cited),*® reptation theory better approximates
the motion of the permeate.“’ 3 The reptation-dominated
self-diffusion coefficient exhibits an even greater dependency
on N, scaling as N2.* Note that these scaling parameters are
for self-diffusion in a polymer gel and assumes the permeate
chain has precisely the same chemical composition as the host
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network. Since  mPDMS is chemically similar to the
polysiloxane backbone of h-PDMS, but differs in molecular
weight and the composition of its terminating groups, there is
a thermodynamic acceleration of the inter-diffusion of the two
species due to a negative AG,,;, in addition to Brownian
motion. Given the relatively low molecular weight of
mPDMS, the acceleration arises principally from an increase in
the combinatorial entropy on mixing,44 where the free energy
of mixing of a polymer-solvent system is given by the Flory-
Huggins equation:

AGix = RTV [p;l—? Invs + p"’:"’ In vN] + RTn,uyy (3)

M
where R is the gas constant, T is temperature, V is the total
volume, p; is the solvent permeate density, M is the molecular
weight of the permeate, u, is the volume fraction of the
permeate, and ng is the number of moles of permeate.44 For a
good solvent, y is typically ~0.5 or less and the combinatorial
entropy of mixing terms give AG,x < 0, with AG,,x becoming
increasingly negative with smaller M,. This thermodynamic
acceleration will increase the diffusion scaling law by a factor
of N. From this discussion, it can be concluded that the chain
length N of the silicone permeate should be minimized in
order to maximize the configurational entropy change upon
mixing and maintain Rouse chain diffusion behavior within the
host silicone solid. In addition, the crosslink density of the
host silicone should be maximized (My, N, minimized) in order
to minimize the swelling ratio. Finally, these quantities must
be balanced such that co-miscibility is maintained and the
materials can be processed into a suitable stamp with
embedded release agent.

Results & Discussion

500 nm diameter, aspect ratio 1 hexagonal pillar, and 500 nm
half-pitch, aspect ratio 4 grating h-PDMS/PDMS stamps were
obtained using reformulated h-PDMS as described above (see
Table S1 for precise master mold geometries). In order to
control the convexity of the h-PDMS/PDMS stamps, all such
stamps were exposed to pure liguid mPDMS exclusively
through the h-PDMS pattern-carrying face for a period of 3
minutes (see Fig. 1b), which was determined empirically
through high resolution video as the time where a 2.5 x 2.5 x
0.3 cm bi-layer stamp begins to visibly curl with the pattern-
carrying face bending slightly outward in a convex manner.
This serves as a visual indication that the mPDMS has fully wet
the h-PDMS layer and is proceeding to swell the PDMS
backing. Recommended mPDMS exposure time will of course
vary according to the h-PDMS layer thickness (~10 um in the
present work). Mild curling was removed with tension during
wrap mounting onto the imprint roller of our UV roll-to-roll
nanoimprinting apparatus.

h-PDMS/PDMS bi-layer stamps with embedded mPDMS
were thus integrated into the UV roll-to-roll nanoimprinting
scheme for resin mold fabrication shown in Fig. 1c. The
process involves an unwind stage for the flexible substrate

4| J. Name., 2012, 00, 1-3

web line, continuous inkjet dispensing of resin onto the h-
PDMS/PDMS roll-mounted stamp, stack formation with a
spreading roller where the inkjet dispensed drop curtain is
spread against the web to form a coating, curing of the resin
coating against the h-PDMS/PDMS stamp by 395 nm UV LED
irradiation through the web, followed by separation and
rewinding of the finished resin mold reel. The h-PDMS/PDMS
stamp was mounted onto the imprint roller of our UV roll-to-
roll nanoimprinting apparatus as shown in Fig. 2a. Our
apparatus is capable of mounting multiple discrete sheet
molds that are shorter than the total circumference of the
imprint  roller. Further details on our
nanoimprinting system can be found elsewhere.™

roll-to-roll

Fig. 2 (a) Large area 160 x 75 x 4 mm, 500 nm diameter aspect ratio 1 hole, h-
PDMS/PDMS composite stamp mounted in our UV roll-to-roll nanoimprinting
system, post-mPDMS exposure, after an initial imprint cycle to remove residual

surface mPDMS. (b) corresponding resin mold fabricated via UV roll-to-roll
nanoimprinting with transferred surface mPDMS.

In terms of resin selection for fabrication of resin molds, a
test bed resin comprised of 59% wt. 1,6 hexanediol diacrylate
monomer, 39% wt. neopentyl glycol diacrylate crosslinker, and
2% wt. 4,4'-bis(diethylamino)benzophenone photoinitiator
was formulated. The mixture has a low viscosity of ~¥9 mPa's
for compatibility with inkjet dispense, which is the mode of

This journal is © The Royal Society of Chemistry 20xx
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resin deposition used by our UV roll-to-roll nanoimprinting
system. The resin components were selected to be silicon-free
for the purpose of later detection of transferred mPDMS via
XPS characterization. mPDMS is also miscible in the chosen
formulation and testing in our lab has shown that phase
segregation does not occur on polymerization in thin film form
until the concentration exceeds 4% wt. Spontaneous diffusion
of highly soluble solvents out of swollen silicone solids into
less-soluble  solvent well documented
experimentally, so long as both solvents are miscible in each
other.”® From thermodynamics, this occurs because the resin
host liquid is not cross-linked and therefore the system
configurational entropy will further increase with diffusion and
mixing of mMPDMS upon contact with a resin coating (assuming
predominantly dispersive intermolecular interactions, i.e. no
overriding positive enthalpy contribution to the free energy
change). The present method to lower replicated resin mold
surface energy thus relies entirely on spontaneous entropy-
driven processes.

Demonstration of large area fabrication against h-
PDMS/PDMS  stamps with embedded mPDMS was
accomplished with a 160 x 75 mm, 500 nm diameter, aspect
ratio 1 hexagonal pillar array stamp, with the fabricated resin
mold result shown in Fig. 2b. Separation of the resin mold was
greatly assisted by the use of 395 nm UV LED exposure to cure
the resin, as the narrow-band emission of the LED array
ensured that the mPDMS did not self-polymerize in the bulk of
h-PDMS/PDMS stamp, leading to significant polymerization
across the h-PDMS/resin interface and locking the imprint
stack together. Early test results in batch mode indicated that
mPDMS will self-polymerize in this manner with mercury-arc
lamp illumination due to 200 - 254 nm emission present in the
lamp spectrum.“'47

Contact angle with  XPS
measurements were used to characterize the degree of
mPDMS release agent transfer from h-PDMS/PDMS silicone
roll-mounted sheets to blank (flat, featureless) cured resin
mold surfaces, transfer sustainability over 20 imprint cycles,
and the increase in hydrophobicity over reference samples.
For these experiments, the native un-crosslinked
dimethylsiloxane oligomers present in the h-PDMS/PDMS
silicone sheets were extracted with solvents. Here it must be
noted that highly soluble solvents such as diisopropylamine,
triethylamine and hexanes could not be used to extract un-
crosslinked oligomers from h-PDMS/PDMS composite sheets
due to swelling mismatch. Because these solvents cause such
dramatic swelling of PDMS, with swelling ratios in the range of
~1.3 — 2.13,28 the mismatch stress with h-PDMS becomes so
great that the h-PDMS fails due to cracking. Thus, lower
solubility solvents were used to extract the h-PDMS/PDMS
sheets such that while the native un-crosslinked oligomers
were not completely removed from the h-PDMS surface, their
concentration was greatly reduced relative to the amount of
mPDMS release agent introduced to the h-PDMS/PDMS sheets
(see Supporting Information).

The surface energy of all sequentially imprinted blank resin
mold samples and reference samples were obtained by static

immersions s

measurements in concert

This journal is © The Royal Society of Chemistry 20xx

solid-air-liquid contact angle goniometry, using the Owens-
Wendt method with water and diiodomethane as the polar
and dispersive test liquids, respectively.48 Fig. 3 shows the
total surface energy of sequentially imprinted blank resin
molds, where the error bars represent the standard deviation
for N = 5 measurements per sample per test liquid. For
comparison, a second series of 20 roll-to-roll nanoimprinted
blank resin molds was also analyzed where the h-PDMS/PDMS
sheet was substituted for a thin sheet of flexible glass with
physisorbed mPDMS, where the glass was treated with an h-
PDMS pre-polymer mixture via spincoating, which was then
subsequently removed prior to gelling with hexanes in an
ultrasonic bath. This gave the effect of a h-PDMS surface
without the capacity to absorb any significant quantity of
mPDMS into the material bulk. This serves as a useful
reference for isolating the presence of a release agent flux
across the h-PDMS/resin coating interface and migration of
mPDMS release agent from the bulk h-PDMS/PDMS sheet to
this interface (i.e. the presence of an active reservoir of release

w| it
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Fig. 3 Plot of the total surface energy (y), calculated by the Owens-Wendt
method, of sequentially imprinted blank resin molds cured against extracted bi-
layer h-PDMS/PDMS sheets with embedded mPDMS (squares), as well as
against h-PDMS treated glass that had been immersed in liquid mPDMS
(circles). The former series was fit to a first-order exponential function with
adjusted R-squared of 0.98 of the form y = Ae™*/* +y,, where A=-13.05,
A=5.82, and y,=48.31. Error bars show the standard deviation calculated from
N=5 measurements per sample per test liquid.

agent embedded in the silicone mold) through its contrasting
effect on the output resin mold surface energy. The lowest
mean recorded surface energy was recorded for the first
sample cured against an h-PDMS/PDMS sheet with embedded
release agent at 38 mJ m'z, whereas the reference counterpart
Approximately the next 10
samples record an upward sloping trend in surface energy,
stabilizing at about 47 mJ m? for the bi-layer silicone sheet
case. The h-PDMS treated glass series also trends upward in
surface energy however it maintains a 5-7 mJ m? gap with the
h-PDMS/PDMS sheet series, indicating that the h-PDMS/PDMS
sheet case benefits from a release agent flux across the h-

was measured at ~45 mJ m™.

J. Name., 2013, 00, 1-3 | 5
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PDMS/resin interface, leading to an increase in surface

mPDMS concentration on the resin mold. If this were not the
case, it was expected the two data sets would eventually
coincide as surface mPDMS is removed.

The leveling off of the h-PDMS/PDMS trend after about the
10" sample also indicates migration of mPDMS release agent
from the bulk h-PDMS / PDMS sheet to the h-PDMS/resin
coating interface to stabilize transfer. A first-order exponential
fit to the h-PDMS/PDMS sheet data extrapolates a stable
surface energy of ~47 m) m? with an adjusted R-square of
0.98. An additional silicone-free reference, where the blank
resin mold is cured against a flat (featureless) nickel shim, was
recorded at 55 mJ m™ (SD £ 1, see Table S1). This indicates
that mPDMS transfer can sustainably reduce the surface
energy of our blank resin mold by ~8 m) m2at1lm min®
(approx. 1 sample min'l) throughput. For comparison, mPDMS
transfer from h-PDMS treated glass leveled off at a higher

sample sets as above was utilized. Fig. 4 shows the trend of
silicon (Si) atomic concentration at the surface of blank resin
molds with increasing sample count, which is proportional to
mPDMS surface concentration. The solvent-extracted h-
PDMS/PDMS mold with embedded mPDMS series clearly
exhibits a shallower initial downward slope in comparison with
mPDMS transferred from h-PDMS treated glass. Along with
the consistent improvement in transferred Si, the shallower
initial downslope and subsequent leveling off after ~11 imprint
cycles also indicates that mPDMS is migrating to the h-
PDMS/resin interface and producing a flux across the interface
into the liquid resin prior to UV curing. If additional mPDMS
reaches the h-PDMS/resin interface, the
transferred mPDMS will

decrease with subsequent samples relative to the h-PDMS
treated glass case as shown, where for the latter case mPDMS
is only physisorbed at the surface and migration from the bulk

loss rate of

Measured Quantity Mean Water CA [°]

Mean Diiodomethane CA [°]

Owens-Wendt Total
Surface Energy [mJ) m'Z]48

Surface Energy
Standard Deviation®

Sample 1 85
(Maximum mPDMS Transfer)
Average of Samples 71

46

34

38 1.8

47
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X 4- - -_‘l._._ does not occur. However, the measured Si atomic
Z L4 ih_."‘i‘t--.—-!_l_.__l__. concentration still declines for about the first 10 imprinted
N 34 samples as mPDMS is lost from both the surface and bulk of
2 o N the h-PDMS/PDMS sheet, similar to the surface energy results.
2 ° After the 11" imprint cycle, the Si concentration levels off to
14 ®q oo . about 3.6%. This shows not only that mPDMS release agent is
L)
0 P Standard deviation (SD) calculated fror: c.on?ac,a&IO(@) variances; ® Mean of mean contact angles and surface energies for Samples 11-20; © See

15
Imprint Sample Sequence No.

Fig. 4 Plot of the surface silicon atomic concentration (Si2p peak, ~102 eV), as
measured by XPS for sequentially imprinted blank resin molds cured against
extracted bi-layer h-PDMS/PDMS sheets with embedded mPDMS (squares), as
well as against h-PDMS treated glass that had been immersed in liquid mPDMS
(circles). The former series was fit to a first-order exponential function with
adjusted R-squared of 0.98 of the form y = Ae /% + y,, where A=4.46, A=5.02,
and y,=3.42.

surface energy of about 51 mJ m? after sample 6, with the
average measured surface energy continuing on a gradual
slope higher with subsequent samples toward the silicone-free
surface energy. This secondary slope can be attributed to
radical scission and mechanical removal of surface h-PDMS
chains, similar to what has been recorded for other anti-stick
coating treatments.”®

To further confirm sustainable transfer of mPDMS to blank
resin molds, XPS analysis of neighboring areas of the same 20

6| J. Name., 2012, 00, 1-3

transferred to UV roll-to-roll nanoimprinted resin molds but
that the use of an h-PDMS/PDMS stamp with embedded
mPDMS enables sustained transfer of mPDMS to resin mold
Again, an exponential decay fit to the data
extrapolates a stabilized Si concentration beyond 20 samples
of 3.4% with an adjusted R-square of 0.98. Finally, for the h-
PDMS treated glass case, the loss of h-PDMS chains is shown
clearly after surface mPDMS is removed from the 6" sample
onwards, in agreement with the secondary slope
interpretation of the surface energy results. XPS confirmation
was useful here as the surface energy measurements were not
sensitive enough to fully resolve the secondary slope in the h-
PDMS treated glass case above the noise level defined by the
standard deviation (Fig. 3 error bars). By the 20" sample, the Si
surface concentration is negligible.

A helpful summary of experimentally determined
quantities is provided in Table 1. Contact angle data as well as

surfaces.

This journal is © The Royal Society of Chemistry 20xx

E{pe’rinientaléedioh for fa'bjii%tion'me'théd' P7 Contact an'glﬁ'éf h-PDMS / PDMS sheet with embedded mPDMS after 20 imprint cycles; ® Sylgard 184 PDMS.
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total surface energy results are provided for blank resin molds
with transferred mPDMS from mPDMS-embedded h-
PDMS/PDMS sheets as in Fig. 3, as well as reference surfaces
for comparison. The data presented shows that the maximum
surface energy reduction achieved was ~17 mJ m? relative to
silicone-free blank resin molds cured against flat nickel shims.
The maximum possible surface energy reduction achievable is
~29 mJ m™ with respect to pure, self-polymerized mPDMS
films. The pure mPDMS film surface energy of ~26 m)J m~ was
similar to that recorded for h-PDMS/PDMS sheets with
embedded mPDMS after 20 imprint cycles, though the latter is
a combination of surface mPDMS, h-PDMS and residual
organics from the resin and therefore the similarity is likely
coincidental. However, the 20" imprint cycle result helps to
confirm that resin organics are not caking onto the h-
PDMS/PDMS sheet surface to a noticeable extent. Finally,
pristine h-PDMS and PDMS contact angle and surface energy
measurements are provided for comparison to the other
results obtained as well as similar measurements in the

SEI 5.0kV  X10,000 Tum WD 7.5mm SEI

5.0kV
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expansion of line cavities is visually observable. Quantification
of these dimensional changes is provided in Table 2 in the form
of percentage changes in length of the measured dimension
with respect to the equivalent master mold dimension. For
reverse-tone measurements, such as the fabrication of an h-
PDMS/PDMS stamp against a silicon master, the change in the
opposing dimension is given (for example, the line width of the
silicon master was compared to the line cavity width in h-
PDMS to calculate the dimensional change, e.g. 2.1%). This
allows a given feature dimension on the master to be followed
out to the resin mold fabrication step, which has the same
tone as the master. The acrylate resin shrinkage of 2.5 — 2.8%
was determined by performing a batch UV-NIL process with
the resin against the silicon master directly and measuring the
dimensional changes. Finally, the variation in line height was
doubled for consistency with line width measurements which
capture the dimensional change from both ends of the feature.

The observed absolute dimensional variations for the h-
PDMS curing step (1.8 — 2.1%), as part of the h-PDMS/PDMS

WD 7.2mm

50KV X10000 Tam

X10,000 WD 8.3mm 1um

Fig. 5 Representative SEM cross-section images of 500 nm half-pitch, aspect ratio 4 grating molds following the fabrication process from (a) the silicon master, (b) an
h-PDMS / PDMS stamp replicated from the Si master (patterned h-PDMS layer shown) prior to mPDMS exposure, (c) a UV roll-to-roll nanoimprinted resin mold with
transferred mPDMS fabricated against the aforementioned h-PDMS / PDMS stamp.

literature.

While the h-PDMS layer of h-PDMS/PDMS bi-layer silicone
stamps has a reduced swelling ratio compared to Sylgard 184
PDMS, h-PDMS does undergo some swelling upon absorption
of mPDMS. In addition, the acrylate resin formulation used
will also shrink upon polymerization. Dimensional variation of
500 nm half-pitch, aspect ratio 4 grating structures was
investigated by cross-sectional field-emission scanning
electron microscopy (FESEM) through the entire fabrication
sequence from the silicon master to the h-PDMS/PDMS
intermediate stamp (prior to liguid mPDMS exposure) and
finally the UV roll-to-roll nanoimprinted resin mold (Fig. 5).
The effect of mMPDMS swelling can then be inferred from these

stamp fabrication, were consistent with literature values for
linear shrinkage of h-PDMS (1.6 i0.5%).49 As for the resin
mold fabricated with transferred mPDMS, the absolute
dimensional changes varied from 4.3 to 9.8%. This is the
combined dimensional change produced by the entire
fabrication process. In particular, the line height increased as a
result of the effect of mPDMS swelling, while the line width
shrank, causing an increase in the grating aspect ratio from
~4.3 to ~4.8. This is a very interesting effect as there are very
few, if any, techniques that can replicate an existing feature
set and then incorporate an increase to the aspect ratio of that
set. Moreover, the aspect ratio increase was accomplished in
part by an increase in the line height, which is especially

Change in Line Width (%)

Change in Line Cavity Width (%) Change in Line Height (%)*

h-PDMS/PDMS Stamp® 2.1

Acrylate Resin? -2.5
Fabricated Resin Mold w/ 9.8
Transferred mPDMS

mPDMS Absorptiond) -9.4

-1.8 -1.8
1.6 -2.8
8.3 4.3
8.6 9.0

measurements since mPDMS is slightly volatile and is
incompatible with a high-vacuum SEM chamber.
Comparing the silicon master (Fig. 5a) with the fabricated

resin mold (Fig. 5c), shrinkage of the fabricated lines and

This journal is © The Royal Society of Chemistry 20xx

unique. This occurred in spite of line height losses introduced
by h-PDMS and acrylate resin curing shrinkages. In contrast,
the aforementioned shrinkages led to offsetting changes in
line width and line cavity width upon fabrication of the resin

J. Name., 2013, 00, 1-3 | 7

Positive values indicate expansion while negative values indicate shrinkage. a) Measured variations were doubled for consistency with width measurements (see text);
b) Features were fabricated in h-PDMS. As this is a reverse-tone replica of the master, the change in the opposing dimension relative to the master mold is given.; c)
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mold, which led to a larger overall variation in line width and
line cavity width. Direct measurement of all other dimensional
changes allows the dimensional change caused by swelling due
to mPDMS absorption to be backed out. In absolute terms the
swelling effect caused dimensional variation ranging from 8.6
to 9.4%. While comparatively large relative to ordinary curing
shrinkage values, the swelling effect was still sufficiently small
such that major deformations in feature shape or contour
were not observed beyond linear changes in feature width,
height and aspect ratio. A positive increase in feature height
of 9% induced by mPDMS swelling could furthermore be
viewed as a desirable characteristic and closer study would be
worthwhile to see if the effect can be magnified.

Conclusions

The present work introduces a unique method of transferring
methacrylated, silicone-based release agent molecules onto
cured resin surfaces via UV roll-to-roll nanoimprinting as a
means of reducing the surface energy of resin molds during
fabrication without adding additional processing steps in-line.
In particular, dissolution of mPDMS into bi-layer h-
PDMS/PDMS silicone roll-to-roll compatible stamps is unique
in that the stamp plays a dual role as both a lithographic
template as well as a release agent transfer vehicle. This study
is thus an early inquiry into multi-layer, roll-to-roll compatible
silicone stamps with multiple process functions. Additionally,
the reactive nature of mPDMS monomers allows participation
in the resin polymerization reaction such that the mPDMS will
become part of the polymerized network at the surface of the
resin mold upon transfer from the silicone roll stamp. This
approach thus reduces the surface energy without modifying
the bulk chemistry of the resin, allowing the bulk resin
formulation to be selected for application-specific properties
such as high stiffness, hardness, scratch resistance and
transparency.

There are additionally, multiple avenues for further
performance improvement. First, since mPDMS is
progressively lost while the embedded h-PDMS/PDMS stamp is
held in contact with the liquid resin coating during the UV roll-
to-roll nanoimprinting process, significant improvements in
performance and sustainability could be realized by minimizing
the contact time, which can be accomplished by simply
increasing the throughput. In the present study, it is expected
that most of the near-surface mPDMS embedded in the h-
PDMS layer is lost during the first few imprint cycles as contact
with the liquid resin coating is lengthy at ~1 minute per cycle.
The near-surface mPDMS of a newly processed h-PDMS/PDMS
stamp creates a steep concentration gradient against the
release-agent free resin coating, and hence a maximized
release agent flux across the h-PDMS/resin interface. At high
throughput, where the contact time is a few seconds or less,
more of the near-surface mPDMS embedded in the h-PDMS
layer can be captured at the surface of polymerized resin
molds. Moreover, the surface concentration of mPDMS should
be significantly greater with the larger flux. The challenge
would then be to maximize the release agent flux across the h-

8| J. Name., 2012, 00, 1-3

PDMS/resin interface without exceeding the release agent
migration rate to the h-PDMS surface, or else implement a
release agent deposition and absorption step to the silicone
mold in-line to maintain a large flux back into the resin coating.

A significantly higher molecular weight acrylate resin
formulation, or one with more polar (insoluble) components,
would also help prevent the h-PDMS/PDMS stamp from
absorbing those resin components that could polymerize into
the h-PDMS bulk over a large number of imprint cycles and
gradually form a diffusion barrier to mPDMS. This was not
directly observed over 20 imprint cycles in the present study,
as the photoinitiator used in the acrylate resin formulation is
not soluble in silicones at 1 — 2% wt. concentrations typical for
UV curing and long-wavelength UV exposure precludes self-
polymerization of embedded acrylates. However, gradual
polymerization into the h-PDMS bulk over a much larger
number of imprint cycles would not be surprising.

Various improvements to the process chemistry could also
be implemented. For example, an even lower molecular
weight oligomeric silicone release agent would tend to have
lower surface tension as well as faster diffusion dynamics that
could enable greater amounts of sustained transfer to resin
mold surfaces at higher throughput. Furthermore, adding
fluorinated groups to the silicone release agent would improve
both its hydrophobicity and oleophobicity relative to mPDMS.
This could allow the release agent to have a lower surface
tension than the surface energy of pristine h-PDMS, which
would accelerate surface migration with successive resin mold
fabrication cycles thanks to a negative enthalpy contribution in
addition to the potential increase in entropy provided by the
concentration gradient that would form at the h-PDMS
surface. However, the addition of fluorine groups would come
at the expense of solubility in h-PDMS. Migrating the entire
network-permeate system to fluorosilicone elastomers with
reactive fluorosilicone release agent monomers might
therefore be a worthwhile alternative system to study.
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A novel bi-layer silicone nanoimprint mold capable of dual-functionality as both a lithographic

template and a release agent transfer vehicle.
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