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We describe the development of a technique to transfer micrometer patterns of organic thin films with sub-50 nm edge
resolution and sub-20 nm pattern fidelity. Large-area transfer of homopolymers, diblock copolymers, and small molecules

films is demonstrated, and extended to multitudes of different shapes. Moreover, this technique is amenable to sequential

printing (i.e. multilayer stacking) and can be integrated with 2D atomic crystals. This high-fidelity pattern transfer work has

broad scope for its potential uses from the construction of Van der Waals heterostructures interfaced with self-assembled

block copolymer thin films to the development of platforms to investigate the influence of hierarchical patterning on cell

differentiation.

Introduction

Constructing complex patterns is broadly pertinent for
fabricating electronic devices, modeling biological systems, and
developing materials possessing emergent properties beyond
their constituent components.1-10 Critical challenges include the
realization of order across both the micrometer and nanometer
regimes and interfacing with organic materials both as a
building element and heterogeneous substrate. For instance, in
the field of tissue engineering, mimicking the complex biological
architecture pervasive in natural systems requires the
patterning of proteins at multiple length scales. In developing
methods to fabricate hierarchically ordered patterns, simplicity
and reliability enable the technique to be easily adopted by
researchers across diverse disciplines.

Block copolymer self-assembly induced by solvent annealing
is a powerful and versatile technique to impart microphase
segregation, leading to nanoscale feature sizes across an entire
thin film. Key parameters to tune long range order and domain
orientation include solvent selection, time, vapor pressure,
quenching environments, and temperature.l? Notably, solvent
annealing may mitigate preferential substrate interactions and
allows the decoupling between the substrate and resulting self-
assembly to some degree. This decoupling may be tempered by
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macroscopic topographical heterogeneities. While deliberate
templating may be leveraged to generate long-range
ordering,112 surface defects may adversely damage the thin film
integrity and yield dewetted samples. This is particularly
relevant for adopting solvent-vapor-induced block copolymer
self-assembly on undefined and rough samples, such as
exfoliated 2D materials. A key challenge is the decoupling the
solvent-vapor-induced block copolymer self-assembly from the
target application. Moreover, in order to generate hierarchical
patterns, the thin films must be lithographically processed
(which may not be compatible with upstream processes) or a
specialized block copolymer must be synthesized. For example,
in order to achieve hierarchical patterns with block copolymers,
we reported the introduction of a photo-crosslinkable
brominated styrene handle.l3 A more versatile method
applicable to a wide range of block copolymers without the
need for synthesis is desirable. Thus, techniques based on thin
film transferring have gained attention.

Nanotransfer printing, which often employs elastomeric
stamps and relies on surface chemistries (i.e. adhesion), has
enabled the assembly of complex constructs and the effective
integration of heterogeneous materials.24-1% Such techniques
allow the high-fidelity printing of a broad class of inks (e.g.
inorganic nanostructures, 2D materials, biopolymers, etc.) for
applications in flexible electronics, biosensors, optoelectronics,
and other devices.?0-27 Inks are transferred from the donor
substrate and printed to the final substrate by carefully
engineering the competing van der Waals forces between the
stamp and substrate,18.28 relative strength of the adhesive,29:30
or kinetics of the peeling.31.32 Unusual 3D architectures, large-
scale arrays,33 and stacks of cross-solubility layers34 have been
straightforwardly generated via nanotransfer printing.

Several versions of nanotransfer printing have been
reported, each with modifications to target a limitation in
substrate compatibility or processability. Seminal work by Loo
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Figure 1. Overall schematic for soft pattern-transfer printing. (A) A PDMS stamp attached to a glass slide is placed in direct contact with the thin film on interest, which was prepared
on Si02/silicon, and (B) soaked in 1M KOH until the SiO2 dissolves. (C) After the silicon substrate detaches upon SiO2 etching, the thin film is transferred to the PDMS and (D) placed

in direct contact with the final substrate.

and Rogers and colleagues described the use of thiol-
terminated self-assembled monolayers (SAMs) to covalently
transfer gold patterns from the relief structures of
micropatterned polydimethylsiloxane (PDMS) stamps.18.2635
Many iterations have focused on replacing SAMs with an
interfacial layer that serves as a gentle release mechanism to
widen the types of materials that may be transferred.29.36-39
Alternatively, exploiting kinetically controlled adhesion
eliminates the need for SAMs and adhesive layers altogether.32
Though so-called universal methods have been reported, each
transfer technique possesses merits and drawbacks in terms of
relative transfer rate, resolution, processing ease, and scope of
materials accessible.38 For instance, Park and colleagues report
a patterned taping approach that is stimuli-free (i.e. no heat or
pressure), cost-efficient, and time efficient; however it suffers
from poor resolution compared to previous literature with edge
resolution on the order of micrometers as opposed to
nanometers. For specifically exploiting the nanoscale features
obtained through block copolymer self-assembly, Nealey and
coworkers developed molecular transfer printing.4%41 Thin films
of ternary blends of a block copolymers and two reactive end-
functionalized homopolymers self-assemble on a master
substrate, typically with chemical or physical cues for long-
range ordering. A final substrate (i.e. where the pattern is
desired) is placed in contact with the self-assembled ternary
blend and the homopolymer inks are transferred via absorption,
chemical reaction or some other attractive interaction. In this
approach, careful attention is placed on ensuring the self-
assembly of the ternary blends vyields the appropriate
morphology where each homopolymer ink must concentrate in
is respective block copolymer domains. The degree of
importance for each parameter determines which method is
best suited for a particular application.

Inspired by the collective advances in nanotransfer printing,
we aimed to a develop a simple, yet effective method tailored
for transferring thin films of organic materials, principally self-
assembled block copolymers, with high resolution, which
enables patterning at multiple length scales simultaneously,
termed soft pattern-transfer printing (Fig. 1). In particular, soft
pattern-transfer printing is useful for the transfer of thin films
that undergo substrate dependent processing. For example, the
adoption of SAM-based transfer methods requires that the films
are prepared on hydrophobic surfaces, such as a monolayer of
octyltrimethyl silane, in order for the for Van der Waals
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interactions to be appropriately engineered for transfer.
However, solvent annealing of block copolymer thin films on
hydrophobic surfaces often leads to dewetting of the thin film
with solvent swelling. In contrast to molecular transfer printing,
we aimed to develop a method where established self-
assembled block copolymer systems can be directly used
without the need of optimizing a new ternary system. The
method begins with a film on silicon dioxide, a standard
substrate used for thin film preparation, particularly for block
copolymers, minimizing the need to optimize self-assembly
processing. We exploit the fact that silicon dioxide is slowly
etched by base to universally transfer films from the substrate
to PDMS, obviating the need to consider the relative Van der
Waals interactions between the parent and second substrate.
This technique is commonly used in other laboratory
procedures, such as the preparation of thin films for
Transmission Electron Microscopy (TEM), and we expect its
adoption would be easily executed by a wide range of
researchers. Notably, the thin film must be stable in water and
base, excluding the applicability of this method for systems such
as water-soluble polyelectrolytes. Moreover, we aimed for the
use of basic tools, minimal expertise,
evaporators, thereby contributing to its accessibility to
researchers outside the field of block copolymer self-assembly
and use in high-throughput applications. Analogous to other
transfer printing methods, thin films function as the “ink” and
thus do not suffer from surface diffusion or edge disorder. We
demonstrate the successful

and no thermal

large-area transfer of small
molecules, homopolymers, and diblock copolymers. The need
for nanotransfer printing is illustrated by transferring self-
assembled diblock copolymer films on top of 2D atomic crystals,
which are challenging substrates for solvent vapor assisted
annealing due to the presence of crystal edges and residue.
Interfacing self-assembled block copolymers and 2D materials
may lead to emergent properties, such as improved catalytic
behavior in the hydrogen evolution reaction or capability to
extend the refractive index of transparent materials.42-44
However, the interface of block copolymers and 2D atomic
crystals is limited to small grain sizes or more complicated
processing.*447 Moreover, we demonstrate hierarchical
structures through nanoscale patterning with the self-
assembled diblock copolymers and a micropatterns with a
micropatterned PDMS stamp. Sub-50 nm edge resolution and
sub-20 nm pattern fidelity is achieved. Finally, we show the

This journal is © The Royal Society of Chemistry 20xx
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technique can also be used iteratively, with sequential printing
leading to the construction of complex patterns or layered
systems.

Results and discussion

The overall schematic for soft pattern-transfer printing is
illustrated in Fig. 1, with accompanying optical images of the
process in Fig. S1. Thin films are prepared on silicon with silicon
dioxide (SiO;) as the sacrificial layer. In the optical images, a thin
film of regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT) was
prepared on 280 nm SiO; for visualization purposes (Fig. S1A).
In the case of self-assembled block copolymers, processing such
as thermal or solvent annealing is completed at this stage. A
glass slide is cleaned in oxygen plasma for two minutes before
the PDMS stamp is placed to increase adhesion and avoid
detachment during the following steps. The rigid glass slide
provides structural stability for manipulation of the sample
without distorting the PDMS stamp, which in turn would deform
the transferred thin film. The PDMS and thin film are gently
placed in direct contact, uniformly without the presence of air
bubbles (Fig. 1a, Sla-b). The complex is submerged in 1M
potassium hydroxide (KOH), which etches the sacrificial SiO;
layer between the thin film and silicon substrate, until the
underlying substrate detaches (Fig. 1b, S1c). As a result, the thin
film remains in direct contact with the PDMS (Fig. S1d). Then,
the newly-attached thin film on PDMS is placed in direct contact
with the final substrate and may be lightly heated (70°C, 10
seconds) to ensure conformal printing (Fig. 1lc-d, Sle-f).
Conformal printing is confirmed by imaging with atomic force
microscopy (AFM), where sub-nanometer height differences
are observed over a 10 micrometer region of poly(methyl
methacrylate) (PMMA) thin film that was printed with soft
pattern-transfer printing (Fig. S2).

We select polystyrene-orthonitrobenzyl-polyethylene oxide
(PS-hv-PEQ) for an initial study because it contains a useful
photocleavable linker that allows PEO to be selectively removed
to yield a nanoporous thin film.484° Upon solvent annealing on
silicon dioxide on silicon substrates, thin films of PS-hv-PEO
phase segregate into perpendicular 15 nm PEO cylinders in a
matrix of PS and exhibit micron-scale long-range ordering. Thin
films are subjected to UV irradiation to cleave the o-nitrobenzyl
unit and rinsed with methanol/water to remove the PEO phase,
resulting in a nanoporous PS thin film, as observed with AFM
(Fig. 2a, S3a). After undergoing soft pattern-transfer printing,
the fidelity of the nanopatterns is retained, as observed by AFM
(Fig. 2b, S3b). Note, minimal pressure is applied during contact
to avoid distortion of the PDMS stamp. Too much pressure
applied damages the thin film, with cracks appearing when
imaged with AFM, despite macroscopically appearing as a
uniform thin film (Fig. S4a-b). Similar nanopattern fidelity and
pressure sensitivity results were observed with PS-b-PEO and
PS-b-PEO-biotin.

As previously alluded to, soft pattern-transfer printing is
well suited for instances where thin film processing is
incompatible with the final substrate, such as diblock copolymer
self-assembly on 2D atomic crystals. For instance, molybdenum

This journal is © The Royal Society of Chemistry 20xx
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disulfide samples (MoS,, Figure 2C) prepared by chemical vapor
deposition (CVD) showed thin film dewetting upon solvent
vapor annealing (Figure 2D). During solvent vapor annealing,
the block copolymer thin film detaches and surface tension of
the swelled film delaminates the MoS, crystals, revealing the
underlying purple silicon dioxide (Figure 2D). This problem is
exacerbated with exfoliated samples, which are often preferred
over CVD- grown samples due to ease of preparation and high
quality of mono and few-layer flakes. The presence of tape
residue and thick flakes presents a challenge to achieve uniform
spin-coated films and long-range ordering.

e : before transfer after transfer

pristine MoS, menolayers

g
- . &
-

>
-
g “

PS-hv-PEO
on SiO,

PS-hv-PEQ on
boron nitride

Figure 2. AFM images of thin films of PS-hv-PEO show that the nanopatterns imaged (A)
before transfer are retained (B) after soft pattern-transfer printing. Optical images show
(C) pristine monolayer MoS2 prepared by CVD, and (D) )the sample after spin-coating a
film of PS-hv-PEO and solvent annealing. Delamination, as seen as the purple triangles
and clumped regions, occurs. (E) AFM image of a BN flake edge with a thin film of PS-hv-
PEO transferred on top. The left, higher region is the BN flake and the right, lower region
is SiO,.

Self-assembly via solvent annealing on 2D materials is
possible but is unreliable and limited to smaller sub-micron
grain boundaries and a higher density of defects (Fig. S5a-c). To
realize larger grain size, the solvent annealing time is typically
increased, but this also results in increased dewetting (Fig. S6).

J. Name., 2013, 00, 1-3 | 3
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Figure 3. Soft pattern-transfer printing with a micropatterned PDMS stamp. (A) A PDMS stamp is prepared with raised 10 um squares spaced 5 pm apart. (B) A thin film
of PS-hv-PEO is transferred on top of the PDMS stamp, and the deformed film can be seen in the regions between the squares. (C) A bright-field optical image of the

printed PS-hv-PEO square arrays (D) over a one-centimeter chip is shown. (E) Dark field imaging and (F) AFM reveals well-defined edges with high fidelity of pattern

transfer.

An optical image shows a uniform diblock copolymer film spin-
coated on a boron nitride flake on SiO, (Fig. S6a), which
separates at the boron nitride flake edge and gathers in the
center after solvent annealing (Fig. S6b). Phase segregation is
observed on the SiO, substrate, but not on the boron nitride
flake (Fig. S6c).
assembled thin films of diblock copolymers onto 2D atomic

Hence, the transfer of well-ordered self-

crystals is an attractive application for soft-pattern transfer
printing. Accordingly, we transferred well-ordered thin films of
PS-hv-PEO, which were self-assembled on blank SiO,, on top of
boron nitride flakes (Fig. 2e). The left, higher region of the AFM
image is a thin film of PS-hv-PEO on top of a 15 nm flake of BN
and the right, lower region of the AFM image is a thin film of PS-
hv-PEO on SiO,. Although the edge of an exfoliated flake is not
commonly used for device fabrication, we noticed that the edge
of the BN flake is slightly less resolved compared to before the
transfer, exhibiting ~50 nm edge resolution. This alludes to the
limit of conformal contact between the atomic crystal and block
copolymer thin film. The minor curvature of the thin film lead
to a slight increase in edge resolution, as expected. Similar to
previous transfers onto a bare SiO, substrate, well-defined
nanopatterns on the BN flake is observed.

The use of a micropatterned PDMS stamp, rather than a flat
uniform stamp, extends the utility of soft pattern-transfer

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

printing (Figure 3). A PDMS stamp with an array of 10 um
squares and 5 pum pitch was prepared from a silicon master (Fig.
3a). Examination of the PDMS stamp after the transfer of thin
films (see step in Fig. 1c, SlI, S1d) shows no optically visible
features on the relief square regions where the film is in contact
conformably, and film deformation and cracks in the depressed
regions in between the squares (Fig. 3b). We demonstrate soft
pattern-transfer printing with thin films of small molecules (a
perylene diimide derivative, Fig. S8), homopolymers (P3HT, Fig.
S9), and block copolymers (PS-hv-PEO, Fig. 3c). Well-defined
square arrays on millimeter length scales are observed by bright
field microscopy (Fig. 3d, S7, S8c, S9c) and dark field microscopy
(Fig. 3e). Analogous to previously published techniques,
micropatterns of organic thin films were printed in a
straightforward and high-throughput manner, with resolution
comparable to the best techniques to date and feature sizes
down to 10 pum.

Notably, soft pattern-transfer printing of self-assembled
nanostructured diblock copolymer films with a micropatterned
PDMS leads to hierarchical patterning, where micropatterns
derive from the PDMS shapes and nanopatterns from the
diblock copolymer self-assembly. An AFM image of the edge of
a transferred square of PS-hv-PEO shows the micrometer-sized
film with nanometer-sized features, with approximately 20 nm

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Shape and sequential printing study. Thin films of PS-hv-PEO is printed with (A) ring and (B) cross array stamps. (C) A polygon study shows an array of triangles to
decagons and a circle printed, with corner definition reduced after an octagon for 20 um shapes. (D) Sequential printing is demonstrated by first printing an array of lines,
then printing a second array of lines 90° relative to the first set. (E) Sequential printing is demonstrated by first printing an array of squares, then printing a second array of
lines approximately 4° relative to the first set. The purple regions are SiO,, the green regions are single layer of P3HT, and the yellow regions are double layer of P3HT.

edge resolution (Figure 3f). Soft pattern-transfer printing of
nanostructured diblock copolymer films with a micropatterned
PDMS is a viable strategy for hierarchical patterning, particularly
for biomolecules with sub-50 nm features where limited high-
throughput strategies are currently available. For instance, we
previously published the synthesis of poly(styrene-co-
bromostyrene)-block-poly(ethylene oxide)-biotin [P(S-co-BrS)-
b-PEO-biotin], where bromostyrene functions as the UV-active
unit allowing selective crosslinking of thin films to fabricate
micropatterns.13 With our soft pattern-transfer printing
method, we can directly transfer PS-b-PEO-biotin, the non-
crosslinkable control version without bromostyrene, to obtain
substrates for hierarchical biomolecule patterning and
conveniently avoid the need to synthesize an entirely new
polymeric system (Fig. S10). This serves as a potential strategy
to hierarchically pattern biomolecules with sub-50 nm
resolution by effectively extending the utility of biologically
relevant diblock copolymers.50.51

The examples presented so far feature an array of squares
with rounded corners for soft-pattern transfer printing;
however, this technique is not limited to squares, and more
complex shapes may be transferred with similarly high fidelity.
By designing a different master for the PDMS molds, shapes

This journal is © The Royal Society of Chemistry 20xx

such as lines (Fig S11), rings (Fig. 4a), crosses (Fig. 4b, S12a), and
circles (Fig. S12b), can be transferred in a similar fashion. The
rings demonstrate that non-filled shapes can be transferred,
while sharp 90° edges are observed in the crosses (Fig. 4b).
Moreover, a study on the number of sides in a polygon was
conducted (Fig. 4c), where the number of sides increased from
3 to 10 and a circle. We observe that the polygon shapes are
clearly defined up to an octagon for 20 um dimensions and
begins to lose its corner definition for the nonagons and
decagons. We anticipate that the nonagon and decagon may be
resolved with larger shape sizes.

Similar to other printing techniques,!> sequential printing is
also demonstrated, where a thin film is printed on top of an
existing printed pattern. These multilayered structures may
lead to emergent physical properties and the progress of 3D
integrated organic circuits.52>4 Here, we show sequential
printing with an array of lines (Fig. 4d) and squares (Fig. 4e).
First, an array of squares or lines in printed, then a second
printing at a different angle results in a complex pattern (Fig.
S13). For the line patterns, we printed the second layer at 90°
relative to the first layer of lines to yield a mesh of single layers
of P3HT (Fig. 4d, blue regions) but double layers where the lines
intersect (Fig. 4d, yellow regions). For the square arrays, both

J. Name., 2013, 00, 1-3 | 5
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the single layer and double layer of printing may be
simultaneously observed (Fig. 4e). Complex structures may be
sequentially built up, and theoretically transferred again. In fact,
such patterns resemble Moiré patterns, which are frequently
observed in Nature and have gained interest in the research
community, which may be utilized to create complex patterns
of local physical and electronic perturbations.

Conclusions

Driven by the need to transfer organic materials with high
resolution and hierarchical control on non-homogenous
substrates, we developed a nanotransfer technique termed soft
pattern-transfer printing which does not rely on adhesive layers
nor external stimuli, leading to a cost and time efficient high
throughput processing scheme. Representative organic thin

fiims of P3HT homopolymers, self-assembled diblock
copolymers (e.q. PS-hv-PEO, PS-b-PEO-biotin), and
functionalized perylene diimide small molecules were

employed as inks for micron-sized arrays of patterns ranging
from squares, lines, polygons, and rings. Notably, micron-sized
arrays of self-assembled block copolymers yielded hierarchical
patterns, where the nanoscale patterns derived from the block
copolymers added a level of patterning. Moreover, to build
layers of complex structures onto the same film, the technique
can be repeated through sequential printing. This technique
may have implications in the development of 2D bioactive
platforms to study the effects of cellular differentiation on size
and patterns and allows the interface of Van der Waals
heterostructures with self-assembled thin films of block
copolymers. In the future, we envision that soft pattern-transfer
printing will allow more researches to achieve high throughput
patterning of organic materials with high resolution while
accessing complex hierarchical patterns onto hybrid materials
with highly complex patterns and architectures.
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