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he choice of template material for use
Tin patterning nanoparticles and poly-

mers is critical to the ultimate resolu-
tion, fidelity, and registration capability of
the resulting features. In the case of soft
lithographic techniques such as nano-
imprint lithography (NIL)," micromolding
in capillaries (MIMIC),? solvent assisted micro-
molding (SAMIM), solvent absorption micro-
molding,” and microfluidic molding (MM),?
the elastomer poly(dimethylsiloxane) (PDMS)
remains the material of choice for the tem-
plates. However, the low elasticity of PDMS
has led to a substantial research effort into
alternative template materials such as h-PDMS,°
polyacrylates,” polyolefins® polycarbonates,’
polyurethanes,'® and various fluoropolymers
such as Dupont Teflon AF 2400'' and
PFPE.'> However, with the exception of
h-PDMS, which provides only a modest
increase in the Young's modulus at the
expense of higher susceptibility to brittle
fracture, all such alternative polymers sacri-
fice the high vapor and solvent permeability
that is characteristic of PDMS. This solvent
permeability is critical to solvent-assisted
micromolding, solvent absorption micro-
molding and microfluidic molding, and sol-
vent and gas permeability is beneficial to
applications of nanoimprint lithography
and micromolding in capillaries where
solvents and trapped gases must escape
through the template.!?*'*'* As shown in
Figure 1, separation of the solvent from the
solutes in an ink by permeation is a simple
method by which reflow of ink can be
prevented once the template is removed
from the substrate.">™> Solidification by
solvent depletion avoids energy intensive
thermal processing and eliminates the
need for chemical modifications of the ink,
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Soft lithography methods are emerging as useful tools for high-resolution, three-dimensional
patterning of polymers and nanoparticles. However, the low Young's modulus of the standard
template material, poly(dimethylsiloxane) (PDMS), limits attainable resolution, fidelity, and
alignment capability. While much research has been performed to find other more rigid polymer
template materials, the high solvent and vapor permeability that is characteristic of PDMS is often
sacrificed, preventing their use in those processes reliant on this property. In this work, a highly
rigid, chemically robust, optically transparent and vapor-permeable poly(4-methyl-2-pentyne)
template is developed. The combination of high rigidity and high vapor permeability enables high
resolution patterning with simplified ink handling. This material was nanopatterned to create a

template for patterning polymers and nanoparticles, achieving a resolution of better than 350 nm.

KEYWORDS: polymeric materials - nanoparticles - patterning -
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Figure 1. PMP as a template material. This rigid, polymer derives its vapor permeability from a high fractional free volume
rather than explicit porosity. Solvents can permeate through the free volume of the polymer, while solutes are trapped in the
template features. Together with high rigidity, high transparency, and low surface energy, this material can be used in a

variety of patterning processes to achieve high feature quality.
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Figure 2. FT-IR spectrum of synthesized PMP. (a) The entire
spectrum, with the chemical structure of PMP shown in the inset.
(b) A magnified view of the "fingerprint” region of the spectrum.

blocking solutes. Explicitly porous materials are not
desired since, given the extremely small size of certain
nanoparticles or macromolecules, the surface of the
template would be prone to fouling if any pores are
larger than the critical dimension of the solute material,
resulting in degraded performance over time. Rather,
the vapor permeability should be the result of a high
fractional free volume in the material wherein solvent
molecules can pass through the loose structure of the
bulk material, which can be achieved using certain
polymers.'” Fortunately, mechanically rigid polymers
with a high fractional free volume have been studied
extensively for applications in gas separations.'”~'°
Substituted polyacetylenes, such as poly(1-trimethyl-
silyl-1-propyne) (PTMSP) and poly(4-methyl-2-pentyne)
(PMP), have a carbon backbone with alternating single
and double bonds and bulky side groups, resulting in a
stiff chain which does not pack well.'® The result is a
rigid polymer with a high fractional free volume which
is vapor permeable without being explicitly porous.

DEMKO ET AL.

TABLE 1. Solubility of Various Vapor Permeable Polymers
in Common Solvents. X = Soluble, O = Insoluble

solubility

solvent PDMS PTMSP PMP
cyclohexane 0 X X
toluene 0 X 0
chloroform 0 X 0
tetrahydrofuran 0 X 0
dimethylformamide 0 0 0
methanol 0 0 0
n-heptane 0 X 0
carhon tetrachloride 0 X X
acetone 0 0 0
methyl ethyl ketone 0 0 0
n-methylpyrrolidone 0 0 0
refs 22 23-26 20

In fact, the vapor permeability for these materials is
higher than PDMS for many common gases.'® PMP, the
structure of which is shown in Figure 2, is particularly
interesting as this polymer consists exclusively of
carbon and hydrogen atoms, giving the polymer a
high degree of thermal stability, resistance against a
large variety of solvents, and a low surface energy that
prevents fouling and allows for simple release of the
patterned material when used as a template.’*?' The
resistance of this polymer to solvent commonly used in
nanoparticle or polymer inks is greater than the higher-
permeability PTMSP, but slightly less than the com-
monly used PDMS, as shown in Table 1. The polymer
has no glass transition temperature, enabling its usage
at elevated temperatures, and is optically transparent,
allowing registration by optical alignment.

PMP SYNTHESIS, CHARACTERIZATION, AND
TEMPLATE CASTING

Poly(4-methyl-2-pentyne) was synthesized follow-
ing the method of Morisato et al.® The structure of
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TABLE 2. Permeabilities of PDMS and PMP to Some
Common Gasses

gas permeability (barrer)

gas PDMS PMP
H, 890 5800
N, 400 1300
0, 800 2700
0, 3800 11000
CH, 1200 2900
GHs 3300 3700
GHg 4100 7300
n-C4Hyo 16000 26000
ref 29,30 31

TABLE 3. Permeabilities of PDMS and PMP to Some
Common Solvents

solvent permeability (<10~ g cm/s cm?)

solvent PDMS PMP
acetone (23 °C) 23.1 14.1
NMP (75 °Q) 10.9 5.2
terpineol (75 °C) 59 26

the synthesized polymer was confirmed using FT-IR
spectroscopy, and the resulting spectrum, shown
in Figure 2, matches well to those reported in the
literature.?®?” The cast PMP polymer had a measured
density of 0.73 & 0.09 g/cm? and a water contact angle
of approximately 105°, which is similar to that found
in previous works.?”?® The modulus of elasticity for the
PMP was determined to be 1.6 + 0.3 GPa. For com-
parison, the modulus of elasticity of the PDMS was
measured to be only 950 + 70 kPa, a difference of
3 orders of magnitude.

The permeabilities of PMP to a variety of common
gases and solvents are given in Tables 2 and 3. The gas
permeability, which can be important to the release
of trapped gases and solvent vapors in nanoimprint or
gravure processes, is higher than PDMS for all common
gases. The solvent permeability, which was measured
by monitoring the mass loss of solvent through the
membrane of interest from a closed container, is
similar but only slightly less than PDMS for the solvents
used in subsequent experiments. These results show
that neither solvent nor gas permeability is substan-
tially affected by using PMP instead of PDMS in the
patterning templates.

PMP templates were created from the synthesized
polymer by solvent casting. Standard polymer pro-
cessing methods, such as injection molding or hot
embossing, are not possible with PMP due to the lack
of a glass transition temperature; the PMP breaks down
before softening. Solvent casting is a viable alterna-
tive which, similar to injection molding or embossing,
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Figure 3. Fabricated PMP templates. Optical images of (a)
the master mounted in a casting ring, and (b) the released
PMP mold after solvent casting. SEM micrograph of a PMP
template, showing (c) microchannels with nanochannels
branching off, and (d) a close-up view of the nanochannels.

allows multiple templates to be created from a single
master, reducing the cost per template. The PMP films were
then mounted on PDMS backings, using only the natural
van der Waals forces for adhesion, allowing for easy hand-
ling and an even distribution of pressure across the PMP
films when pressing into the substrate during patterning.

Optical and SEM micrographs of the PMP template
are shown in Figure 3. The dimensions of the template
in the lateral and vertical dimensions were character-
ized by measuring the ratio of the pitch and height of
the both micro- and nanolines on the template to
those on the master. The dimensions on the template
were found to match those on the master to within
the margin of error for the measurement, indicating
excellent pattern transfer.

RESULTS AND DISCUSSION

The use of PMP as a template material was demon-
strated and characterized by patterning various poly-
mer and nanoparticle inks using the microfluidic
molding process.®> This process, illustrated schemati-
cally in Figure 4, relies explicitly on the vapor perme-
ability of the template material, using the evapora-
tion of the solvent through the template as a means
of filling template cavities with solute. As a result, high-
resolution, three-dimensional patterns of a variety of
materials can be created on various substrates in a simple
and completely additive manner. Previously, when
poly(dimethylsiloxane) (PDMS) was used as a template
material, the resolution was limited to approximately
10 um due to the collapse of smaller features, and fea-
tures that were successfully patterned often exhibited
some distortion of template features.” These patterning
imperfections are caused by the low modulus of elasticity
of the template combined with the pressure applied
to the template to ensure good conformal contact with
the substrate as well as from the fluid motion through
template features.
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Figure 4. The microfluidic molding patterning process.
(a) A vapor-permeable template is pressed into a substrate
that is coated in clean solvent. (b) Nanoparticle or polymer
ink is applied to the ends of channels. (c) Evaporation
of solvent through the template causes the ink to fill the
features and concentrate the solutes. (d) When the inkis dry,
the template is removed, leaving only the patterned solutes
on the substrate.

An initial characterization of the process was per-
formed using cellulose acetate dissolved in acetone at
room temperature. A direct comparison of the proces-
sing capabilities of the PMP template with the current
standard PDMS template was made by patterning
similar microscale structures on silicon substrates
using each of the two different types of template.
The process used for both template materials was
identical, except that a higher contact pressure was
used for the PMP to ensure good contact with the
substrate due to its much higher Young's modulus.
That is, the PDMS was held in contact with the sub-
strate with approximately 7 kPa of pressure, and PMP
was held with approximately 28 kPa of pressure. The
results of the patterning are shown in Figure 5. Feature
definition is greatly improved using the PMP tem-
plates, which are much better able to retain their shape
under the pressures applied to the template during

DEMKO ET AL.

PDMS Template PMP Template

Figure 5. A comparison of features created with PDMS and
PMP templates. (a) Lines created with PMP are smoother
and straighter with little to no dimensional distortion.
(b) The cross sections of features created with PMP are
much cleaner, again showing little to no distortion of the
template.

patterning due to the higher Young's modulus of the
material. The patterning fidelity is improved insofar as
the patterns created with the PMP template much
better match to the designed patterns on the master.
In the cross-section, while the features patterned with
the PDMS template show some bowing of the walls
and the tops, those patterned with the PMP template
have very smooth, vertical sidewalls and flat tops. It is
noted that, while the specific deformation is depen-
dent on the specific process used, the properties of the
ink being patterned and the designed geometry of
template features, the higher Young's modulus of the
PMP will always result in higher resolution and pattern-
ing fidelity as compared to the more elastic PDMS for a
similar set of process conditions.

High resolution and multiscale patterning was also
demonstrated using the PMP template material. A
master was fabricated which contained 25 um wide
and 2 um tall lines at a pitch of 50 um, between which
are nanolines with 336 nm width, 840 nm pitch, and
283 nm depth. After patterning, micro- and nanolines
were observed to be successfully patterned over a
large area. The results are shown in Figure 6a. Both
types of lines are patterned simultaneously, despite
their very different lateral and vertical dimensions. The
dimensions of patterned lines match those of the
template to within our measurement uncertainty, in-
dicating proper pattern transfer. It is noted that, com-
pared to PDMS template, the use of PMP templates
enables patterning of nanoscale features not normally
resolved with PDMS templates while also maintaining
a high level of dimensional fidelity on microscale
features.

Following initial characterization of the patterning
process using cellulose acetate, silver, and gold nano-
particles were patterned. The silver nanoparticles were
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Figure 6. Patterning results using a PMP template. (a) SEM micrographs of multiscale patterns of cellulose acetate on silicon,
imaged at a 30° tilt to show the heights of patterned features. (b) SEM micrograph and EDX spectrum of silver nanoparticles
patterned on a polyimide substrate. (c) SEM micrograph of gold nanoparticles patterned at high resolution on a silicon
substrate. (d) Cellulose acetate patterned on top of gold electrodes (left) and the resulting zinc oxide nanoparticle patterns

that result after deposition and mechanical lift-off (right).

encapsulated in a hexanethiol monolayer and sus-
pended in toluene, while the gold nanoparticles are
encapsulated in a hexanethiol monolayer and sus-
pended in alpha-terpineol. The silver nanoparticles
were patterned into microlines on a polyimide sub-
strate at room temperature. A thin layer of gold was
sputtered on the resulting patterns to allow for SEM
imaging of the lines on the polymer substrate, and
energy-dispersive X-ray spectroscopy (EDX) was used
to characterize the patterning. The results are shown in
Figure 6b. Strong peaks of silver and gold are seen in
the patterned areas, resulting from the nanoparticles
and the thin layer of gold used for imaging, with small
peaks of carbon and oxygen resulting from the hex-
anethiol monolayer and polyimide substrate. Only
carbon, oxygen, and gold are detected between the
patterned lines, and no trace of silver is observed. This
analysis indicates that no residual layer is formed
between patterned lines in the PMP template, and a
good seal formed between the PMP and the substrate
despite the increase in Young's modulus of the poly-
mer as compared to PDMS templates.

Gold nanoparticles were patterned on a silicon
substrate into nanolines having a width of 314 nm
and a pitch of 810 nm, as shown in Figure 6c. The
patterning was done at a temperature of 90 °C to
facilitate evaporation of the solvent. The results were
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similar to those of the cellulose acetate patterns cre-
ated previously, showing that release of higher resolu-
tion nanoparticle features is indeed possible using this
template material. However, the heights of the gold
nanoparticle features show some slight variation along
the length of lines, which could be due to oxidation of
the hexanethiol monoloayer on the particles and some
resulting reflow of the material in the template due to
capillary forces and the corresponding reduction in
volume. The ratio of the height of the gold nanolines to
the measured height of the template used in pattern-
ing was 0.85 + 0.05, indicating that some volume
shrinkage did indeed occur. Since this volume reduc-
tion occurs while the template is still in place, the side
walls remain straight and only the vertical dimension is
reduced. The nonuniformity of the height is suspected
to be the result of a Plateau-Rayleigh instability that
forms as the vertical dimension is reduced. The dis-
tance between peaks of this waviness were measured,
and it was found that the wavelength was 1.4 £+ 0.5 um.
This is similar to the calculated wavelength at which
instabilities would grow fastest, which is calculated to
be 1.38 um for lines of these dimensions.>* The results
for the silver and gold nanoparticles suggests that
proper release of nanoparticle features does occur
with PMP templates, enabling the use of this material
with a wide variety of polymer and nanoparticle inks.
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Finally, the ability to create multilevel patterning was
demonstrated by patterning zinc oxide nanoparticles
on top of previously defined gold electrodes, using a
mechanical lift-off process demonstrated previously.>
Breifly, the zinc oxide nanoparticle patterns were made
by patterning a perforated cellulose acetate sheet
using the method described above, depositing zinc
oxide nanoparticles into the patterned perforations
using the natural evaporation of a sessile droplet,
and removing the weakly adhered cellulose acetate
sheet mechanically using crepe paper masking tape,
leaving the nanoparticle patterns behind. The align-
ment between the PMP template and the gold electro-
des was done using a press consisting of precision
vertical and horizontal alignment stages together with
an optical microscope with a long working distance.
The alignment was done through the optically trans-
parent PMP template, which was mounted on PDMS
and adhered to glass by van der Waals forces. Unlike
the process described previously, the more rigid PMP
template was used as the template material, rather
than the rubbery PDMS, allowing the template to be
aligned to the substrate much more easily and elim-
inating the Poisson expansion of the template with
applied pressure. Quantitatively, the lateral strain ¢’ can
be expressed as

g = —— (1)

where v is the Poisson ratio, o is the applied stress, and
E is the Young's modulus. Since the Poisson ratio is of
the same order of magnitude for both PDMS and PMP

METHODS

To synthesize the poly(4-methyl-2-pentyne) (PMP), a catalyst
solution was created by combining niobium pentachloride
(0.264 g) with triphenyl bismuth (0.428 g) in toluene (21.6 mL)
and stirring for 10 min at 90 °C in a nitrogen environment.
A monomer solution was created by combining 4-methyl-2-
pentyne (2 g) in toluene (2.8 mL). The monomer solution was
added dropwise to the catalyst solution and reacted for 1 h at
90 °C. The resulting gel was washed in methanol (40 mL) to
remove excess catalyst solution and unreacted monomer,
filtered to recover the polymer, and dried under vacuum. The
polymer was dissolved in cyclohexane (200 mL), reprecipitated
in methanol and filtered, twice, to separate the catalysts,
unreacted monomers, and oligomers from the polymer. The
resulting polymer was dissolved in cyclohexane (120 mL) and
filtered once more to remove any dust or debris. The resulting
solution was measured to be approximately 1%, and the
polymerization yield was therefore approximately 63%.

To create templates from PMP, the polymer in solvent was
poured over a silicon template affixed onto an aluminum
casting ring with epoxy. A 1 cm thick PDMS gasket was placed
over the casting ring and held in place with a custom-built
acrylic clamp to control the evaporation rate of the cyclohexane.
The cyclohexane was allowed to evaporate slowly at room
temperature for approximately 96 h, after which the PMP
templates were gently removed by pulling with tweezers.

To create PDMS templates, poly(dimethylsiloxane) (Sylgard
185-Dow) prepolymer and cross-linker were mixed in a 10:1 ratio,

DEMKO ET AL.

and the Young's modulus of PMP is 3 orders of
magnitude higher than PDMS, the lateral strain is
substantially reduced for a given applied stress result-
ing in substantially easier alignment over larger tem-
plate areas. Experimentally, the patterned cellulose
acetate sheet and the final zinc oxide nanoparticle
patterns are shown in Figure 6d, showing that good
alignment was in fact achieved.

CONCLUSIONS

Poly(4-methyl-2-pentyne) is an extremely suitable
material for use as a template for high resolution,
large area, three-dimensional patterning of nanoparti-
cles and polymers with alignment. The high vapor-
permeability greatly simplifies large-area and high-rate
nonphotolithographic patterning processes by allow-
ing for a very straightforward and versatile method
for changing ink rheology inside of the template by
simple evaporation. Additionally, the mechanical rigid-
ity, thermal and chemical stability, and optical trans-
parency are ideal for creating high quality patterns. In
this work, this material was used to pattern both
nanoparticles and polymers, achieving a resolution of
less than 350 nm with very high patterning fidelity. The
patterned features had very straight lines with smooth
and vertical sidewalls and good registration capability.
The properties of this polymer are highly amenable
for future deployment as next generation templates
for use in a variety of other patterning technologies,
such as gravure, nanoimprint, micromolding in capillar-
ies, and solvent-assisted and solvent absorption
micromolding.

poured over the silicon master and cured on a hot plate at 65 °C
for 1 h.

SEM images of the polymer and patterned features were
obtained by first sputtering a thin layer of gold on top of any
samples containing polymer using a Polaron SEM Coating
System. The images were obtained using a Hitachi S-2460N
SEM. Dimensions were measured from the images using Adobe
lllustrator CS3 software. Multiple measurements were averaged,
and the standard deviation of these measurements was taken
as the uncertainty.

FT-IR spectra of the synthesized polymer were obtained
using a Thermo Nicolet Nexus 870 with Continuum XL IR
Microscope.

The modulus of elasticity of the PMP was measured by
deflecting a cantilever beam of the PMP polymer mounted
on a rigid support with a second cantilever of polyimide
with known modulus of elasticity mounted on a moving
stage and measuring the ratio of the displacement at the
point of contact between the two beams to the applied
displacement.

Energy-dispersive X-ray spectroscopy (EDX) was performed
using a Kevex Sigma KS2 inside of the Hitachi S-2460N SEM.
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