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ABSTRACT: The use of bulk metallic glass (BMG) for the
nanoimprint of high-aspect-ratio (>3) features into functional
polymers is investigated. To accomplish this, the most critical
aspect is the successful demolding of the imprinted polymer.
By fluorosilane functionalization of the BMG surface and opti-
mization of processing temperature, high aspect pore features

down to 45 nm diameters are introduced into the surface of

two organic photovoltaic systems: poly(3-hexylthiophene-2,5-diyl)
(P3HT) and 1:1 mixtures of P3HT with Phenyl-C61-butyric
acid methyl ester (PCBM). The crystallinity of PBHT demands

higher forming temperatures and pressures that are difficult to obtain with conventional soft nanoimprint lithography molds.
The ability to accommodate a wide range of processing conditions and the low cost of fabricating molds with nanometer-scale
features point to the large potential of nanotextured BMGs as an economical and scalable imprint material for high-resolution

applications.
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ulk metallic glasses (BMGs) are metastable amorphous

metals that lack any intrinsic nanoscale crystalline structure.
As a consequence, they exhibit superb mechanical properties
such as very high strength, elasticity, hardness, shear resistance,
and toughness. These mechanical properties are often paired
with a unique processing opportunity, which is based on the
characteristic that they undergo a continuous transition in vis-
cosity between their solid and liquid state."” Because of this,
alloys optimized for suppressed crystallization can be processed
in a highly viscous supercooled liquid state analogous to the
thermoplastic forming utilized for polymer manufacturing.®
For this reason, BMG materials are effective for the inverted
replication of hard templates by hot embossing above their glass
transition temperature.””> Additionally, BMG patterns have been
themselves used as nanoimprint lithography (NIL) masters by
the transfer of these replicated features to similarly softenable
materials.” As NIL materials, BMGs’ ability to both act as a
moldable material and an imprint master place them in com-
parison to both typical hard die materials (e.g., silicon) and also
soft replica-forming materials (e.g, polydimethylsiloxane
(PDMS)).

Compared to hard dies, BMGs possess the advantages of high
durability and elasticity that prevents the catastrophic brittle
failure that can occur in silicon which limits the reuse of silicon
masters. At the same time, BMG molds allow for smooth, nano-
structured features whose ultimate maximum resolution is not
limited by the presence of grains. Replication of atomic-level
smoothness has been demonstrated® and these capabilities continue
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to be investigated. In comparison to soft replica materials, BMGs
can be formed in a more rapid fashion, can support high-resolution
structures with large aspect ratios due to their rigidity (E =
100 GPa) and strength and toughness that are enhanced at small
sizes, and some can be completely recycled by melting and
recasting. Further, the stiffness of BMGs allows for imprint to be
done at high pressure, such as is required for, for example, thermal
NIL below the relevant softening (ie., melting/glass transition)
temperature of the target material. On the basis of these com-
parisons, another way to consider the unique traits BMGs is that
they possesses materials properties that allow it to both be an effec-
tive master and NIL material (see the Supporting Information).

Despite the impressive potential for BMG-based NIL, there
have been surprisingly few studies to date regarding nanoimprint
of functional materials. These have further been focused primarily
on poly(methyl methacrylate) as a generic example of a thermo-
plastic material.**™'" In particular, imprint in the regime of sub-
100 nm features (d) and aspect ratios (h/d) >1—2 have not been
thoroughly explored. This is a regime of great interest to functional
and mesoscale polymer (e.g,, block copolymer) systems. As one
example, these length scales are relevant for polymer and organic
photovoltaic applications.

Ordered bulk heterojunction (OBHJ) structures formed of
semiconducting organic materials are one potential area where
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Figure 1. Schematic of the nanomolding of (a—d) Pt-BMG and (e—i) NIL processes on organic photovoltaics using the BMG master.(a) Pt-BMG bead
placed on AAO molds was heated to 270 °C, above the glass transition temperature (T, = 235 °C), but below the crystallization temperature (T, =
305 °C). b) BMG was extruded into the AAO cavities at a final loading of >SkN for 3 min at a constant loading rate. (c) The sample was then cooled to
room temperature and (d) BMG master was released by etching AAO template in NaOH aqueous solution (20 wt %) at 70 °C for 6h. (e) The BMG
mold was then silanized to facilitate demolding. Two distinct geometries of organic photovoltaics were fabricated by BMG imprint. (f, g) Thin film
nanoimprinting in (f) P3HT and (h) P3HT:PCBM blends. Imprinting was performed at 160 °C and the BMG master was released at room temperature.
(b, i): Imprinting onto P3HT:P3BM 1:1 was performed at 140 °C, and the mold release at room temperature results in PHT:PCBM nanostructured

materials.

the ability to imprint nanostructures is highly desirable. Recent
efforts have demonstrated that the use of NIL results in beneficial
alignment of P3HT molecules,'? whereas nanoconfinement of
P3HT and PCBM donor/acceptor mixtures to nanoscale pores
increases the performance of OBHJ and other organic semi-
conductor devices by enhanced mobility and phase separation'?
and also induces alignment of the P3HT in the blend'* and
enhanced optical trapping.'® To this end, the NIL of organic
systems for OBHJs has recently been demonstrated by several
groups.'®~*" Ideal OBH]J sample geometries consist of domain
sizes for the donor and acceptor phases commensurate to twice
the exciton diffusion length (~20—30 nm) and thicknesses on
the order of hundreds of nanometers.””** These lateral dimen-
sions are easily accessible to NIL, and 25 nm imprinted P3HT
domains imprinted 1nto PCBM leading to ~20% efficiency
increase in an OBH]J.'® These OBHJ structures, as well as the
other demonstrations, have been so far limited in their maximum
height, with aspect ratios of 3 or less. Extensions to high aspect
ratio structures could enable for harvesting of a greater
proportion of incident light as the device thickness approaches
optical length scales while maintaining exciton-scale lateral di-
mensions, as was demonstrated in a recent simulation and meta-
analysis study of OBH]J structures.”*

As discussed, BMGs can serve as both imprint masters and
imprint molds, but the limits of their capabilities for high-resolution
and high-aspect ratio patterning has yet to be systematically
explored. BMG replicas can be trivially transferred to PDMS by
standard methods (Supporting Information), where contact
energy is low and demolding is simplified by the soft deformation
of the PDMS. The likely reason that this regime has not been
approached in BMGs for thermal imprint is that surface func-
tionalization has been relatively underutilized for BMG systems
for lowering the demolding stress. In the case of noble metal
BMG alloys, such as the Pt-BMG used here for its superior
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formability, the stability of such coatings is also an open question.
This study therefore aims to demonstrate sub-100 nm, >3 aspect
ratio structures imprinted into functional polymer systems at
elevated temperatures enabled by surface functionalization. The
goal is to prove the capabilities of BMGs to reach these features
as, most importantly, a replica material, since such features are
not achievable through PDMS molding. This therefore would
place BMG materials as an attractive intermediate step for a
more expensive, high-precision lithographic process to extend
the lifetime of, for example, silicon masters.

To accomplish this, we highlight replication and demolding of
high-aspect-ratio BMG structures into the active polymeric
materials (here both of poly(3-hexylthiophene-2,5-diyl) (P3HT)
and mixtures of P3HT with phenyl-C61-butyric acid methyl
ester (PCBM)) with applications in OBHJ photovoltaic devices
through the use of fluorosilane surface-functionalized BMG molds.
In considering the potential for devices, BMG-based imprint can
serve as a method to scalably fabricate OBHJ geometries in two
distinct ways (illustrated in Figure 1): (1) a nanostructured elec-
trode in a phase separated, nanoconfined OBHJ of P3HT and
PCBM produced by imprint and (2) an OBHJ of P3HT and
PCBM with conventional electrode performed by imprint into
P3HT, removal of the template, and (not explored here) sub-
sequent introduction of PCBM into the template by consecutive
imprint into softened PCBM, such as has been performed pre-
viously for similar systems,'> or spinning of PCBM out of an
orthogonal solvent.

As a representative example of high aspect ratio templates,
anodized aluminum oxide (AAO) templates (Synkera Tech-
nologies Inc.) were used to enable high-throughput testing of
nanoscale features with sub-100 nm characteristic dimensions.
These consist of nanoscale holes of various sizes on a disordered
triangular lattice, and were used to generate arrays of BMG
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Figure 2. Surface energy of the BMG molds was tuned by coating with trichloro(1H,1H,2H,2H perfluoro-octyl)silane either from a solution phase or
vapor phase. (a) Silane-functionalized BMG master surface behaved as hydrophobic with contact angle ~140°. Compared to (b) the as-prepared 55 nm
BMG mold, after surface coating, (c) the size of the rods moderately increases while maintaining the shape because of the conformal nature of the vapor

phase treatment. All scale bars are 300 nm.

nanopillars through the previously reported method as illustrated
in Figure 1 (details in the Supporting Information).*

One of the most critical factors in using BMG for imprinting of
active polymer systems is the ability to demold the BMG from
the polymer after imprint. To first order, this problem may be
considered as a competition between the relative surface energies
of the polymer with the substrate and the BMG, which can be
expressed as the following criterion for a template consisting of
hexagonally packed cylinders, eq 1

J3a?
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_ 2mdhWy_p

\/gaz%_s h>a (1)
where W is the indicated surface energy with M representing
the metal, P representing the polymer, and S representing the
substrate, SA the indicated surface area, d is the diameter of the
pillar, & the height, and a is the spacing between cylinders. There
are several important implications of this criterion. For example,
although it is clearly more difficult to imprint higher-aspect-ratio
structures, the parabolic dependence on lattice spacing can
greatly reduce the effects of feature height. What is most impor-
tant, however, is that, because d > g, the surface energy between
the BMG and the polymer cannot exceed that of the polymer and
the substrate for any aspect ratio >1. Although both of these
parameters can be tuned, the polymer—substrate interface can
be critical for device performance and therefore may not be
freely selected. Because of this, the key parameter is the surface
energy between the mold and polymer, which is quite high
on freshly generated BMG molds even without texturing, as
evidenced by detachment of the polymer films from silicon and
glass upon pressing.

Surface treatment of the BMG to reduce the interfacial tension
between the BMG and polymer was introduced as a means of
mitigating the detachment issue highlighted above. This was
done by silanization, as has been utilized in BMG functionaliza-
tion in the past:*® Samples were treated with plasma to introduce
hydroxyl groups on the thin native oxide at the BMG surface.
This was followed by chemical binding of a fluorinated silane to
the BMG (details in the Supporting Information). The result-
ing surfaces displayed water contact angles exceeding 130°
(Figure 2) in most cases, as compared to ~90° before treatment.
The contact angles were largely insensitive to temperature up to
170 °C, which is above the maximum utilized NIL process
temperature here of 160 °C for repeated imprints, though a small
number of imprints could be successfully performed at higher
temperatures. This thermal stability of the silane coating is
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important for the fidelity of the replication process and permits
reuse of the mold multiple times before a new coating must be
performed. The silane coating results in a slight change in diam-
eter of the samples, in a typical example as shown in Figure 2b, c,
where a silane layer thickness of 6—10 nm is observed under
SEM. Detailed description of the surface functionalization is
given in the Supporting Information.

We explored the ability to imprint the functionalized BMG
structures with various nanorod sizes and spacings into both the
P3HT and P3HT:PCBM 50:50 mixed system with a home-built
apparatus that allowed us to heat the films to 160 and 140 °C,
respectively, well above the glass transition temperatures of both
materials (<100 °C) and below the melting temperatures (200—
220 °C).*” One current necessity is that the films be made thicker
(2—5 um) than ideal devices (100—300 nm) to account for
macroscopic variations in the flatness of the mask and our limited
ability to align the mask and sample. Both of these issues are
previously solved engineering challenges that will require more
complex apparatus, but present no fundamental problem with
the processing. For example, thin-film patterning is possible over
smaller areas (200—500 pm, see the Supporting Information,
Figure S3), but because of the limitations in uniformity with our
current system, results in damage to both the polymer and BMG.
Figure 3 shows representative images of untreated masks, imprints,
and resultant cross-sections successfully produced in P3HT and
P3HT:PCBM for the smallest feature sizes explored (manufac-
turer’s specification of average pore size of 35 and S5 nm, trans-
lating to treated feature sizes of ~4S and ~65 nm, respectively).
These features transferred in millimeter scale patterns (see the
Supporting Information, Figure S4), limited by contact area and
the size of the patterned regions of the discs. The BMG molds pro-
duced from the 35 nm AAO displayed incomplete rod coverage
due to features in the AAO, thus resulting in similar incomplete
coverage in the imprinted films. The best results were obtained
with imprints into the P3HT:PCBM blend due to the relative
softness of this phase by the melting point depression, repeatedly
showing transferred aspect ratios of ~4. From the standpoint of
OPV, aspect ratios on this scale are ideal as they allow for features
with sizes commensurate to the exciton length with thicknesses
commensurate to optical wavelengths and extinction lengths. The
molds could be reused multiple times (tested to up to 12 times)
without loss in the fidelity of the patterning (Figure 4a—c) or the
coating (see Supporting Information, Figure SS).

Patterning flexibility and durability is of critical importance.
We also explored the ability to tune the processing conditions to
obtain denser patterns or facilitate molding and detachment to
further the capabilities for patterning. Patterns that were dense
(ie, a/d ~2) in the sub-100 nm regime could not be patterned suc-
cessfully at high-aspect ratio (Supporting Information, Figure S7)
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Figure 4. (a—c) Multiple imprint from the same BMG 55 nm pattern into the different polymer systems along with cross-sections in inset: (a) first
imprint into P3HT, (b) fourth imprint into P3HT:PCBM, and (c) seventh imprint into a poly(styrene-b-dimethylsiloxane) block copolymer
(performed at 180 °C). (d, ) P3HT:PCBM films damaged through suboptimal imprint temperatures: (d) detachment of the film due to imprint stress
at 180 °C and (e) uneven advancement of the imprint front at 120 °C. All scale bars are 1 ym.

due to the implications of eq 1. An additional consideration not
represented by eq 1 is the importance of thermal expansion to the
detachment process. This can be a useful effect as the organic
material (possessing a larger thermal expansion coefficient than
the BMG) would be expected to contract to a larger extent upon
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cooling, leading to strains at the interface that should aid in
detachment. If this change in volume is too large, however, the
wires may be “gripped” by the shrinking polymer leading to
fracturing and pull-off of the material, as has been studied
previously from a purely mechanical standpoint.”® To avoid the
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discontinuous jump in volume that occurs upon recrys-
tallization, imprint temperatures below the melting point of the
crystalline polymer systems were utilized. At the same time, the
temperature had to be high enough to decrease the viscosity of
the polymer enough to prevent uneven viscous advance of the
imprint front. Images of imprints performed at these suboptimal
regimes are shown in Figure 4d, e.

We have demonstrated the imprint and demolding of P3HT
and P3HT:PCBM mixtures using surface-functionalized BMG
molds possessing feature sizes down to ~45 nm and resultant
structure aspect ratios of up to and exceeding 3 over a large area.
The most important implication of these results is that the BMG
template utilized to perform this imprint could be reused
multiple times (7 imprints shown without loss of patterning
fidelity, however some masks used 10—12 times without coating
loss) before the functionalization lost its effectiveness. Even at
this point, patterning could be potentially continued by cleaning
and refunctionalizing the surface as mechanical damage to the
sample is not expected in these highly elastic, durable materials
(e.g, BMG rods were not observed to be embedded into the
sample during any experiments). This is in stark contrast to silicon
or photoresist masters which are brittle and undergo plastic
deformation respectively, which would suggest a patterning route
of generating highly deliberate BMG masters through replication
of a conventional silicon structure. When considered as a replica
(rather than master) material in comparison to PDMS, the BMG
replicas demonstrate here flexibility in both their thermal range
and mechanical robustness. In the latter case, we were able to
perform high-aspect-ratio forming of crystalline materials at tem-
peratures below melting, which in this case is an essential regime
for successful detachment of the resultant patterns without either
uneven front formation (temperature too low) or thermal
expansion-induced gripping (temperature too high). In the latter
regard, the maximum imprint temperature explored was 180 °C;
however, the alloy employed here can remain a glass for extended
periods of processing time (several hours) up to 200 °C,*” and
higher glass transition (~305 °C vs 235 °C) Pd-based alloys have
demonstrated similar high-aspect-ratio formability.*’

In short, these experiments show the potential of BMGs,
possessing both desirable features as master and replica medium,
as a low cost, durable material for the nanopatterning of func-
tional materials. Specifically, demolding, the main challenge in
nanoimprint in general, can be readily achieved by a combination
of a lowered surface energy, optimized processing temperature,
and the superb mold properties of BMGs. What is necessary for
furthering the application of BMGs to NIL is scaling of both the
replication molding process for nanostructured samples, here-
tofore limited to sub-centimeter scale, and the NIL process. As
one example, issues with uniformity of the mold and replicas
could be addressed by using larger, more uniform initial masters,
such that a more uniform central imprinted region could be
generated with less variation in pillar height. Further, both of
these issues can be greatly aided through the application of the
precision currently utilized in commercial soft NIL apparatus to
the higher viscosity forming of BMGs to generate flat, uniform
BMG molds, and the precedent of such innovations is greatly
encouraging for the prospect of advancing this method to device-
scale demonstrations.

B ASSOCIATED CONTENT

© Supporting Information
Experimental conditions for silanization, schematic of BMG
capabilities, AFM of PDMS replica of 35 nm sample, data on
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temperature stability of silanization, low-magnification SEM
image of S5 nm P3HT sample, SEM images of patterns from
dense BMG rods, and image of stability of silanization after
multiple imprints. This material is available free of charge via the
Internet at http://pubs.acs.org.
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