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Bottom-Up Patterning of Transparent and Conductive
Metal-Polymer Composite Hypersurfaces

Keidy L. Matos, Yerzhan S. Zholdassov, Milan A. Shlain, Antonio R. Cerullo,
Mariama Barry, Rajinder S. Deol, loannis Kymissis, and Adam B. Braunschweig*

The challenge of fabricating transparent and conductive (T/C) films and
patterns for applications in flexible electronics, touch screens, solar cells, and
smart windows remains largely unsolved. Traditional fabrication techniques
are complex, costly, time-consuming, and struggle to achieve the necessary
precision and accuracy over electronic and optical properties. Here,
hypersurface photolithography (HP), which integrates microfluidics, a digital
micromirror device, and photochemical surface-initiated polymerizations is
used to create polymer brush patterns. The high-throughput optimization
enabled by HP provides conditions to fabricate patterns composed of
cross-linked polymer brushes containing Au-binding 2-vinylpyrrolidine (2VP)

groups with precise control over the height and the composition at each pixel.

Au nanoparticles (AuNPs) are incorporated into the polymer brush patterns
through in situ reduction of Au ions, resulting in T/C composite
AuNP/polymer brush patterns. The sheet resistance at 100 mA of a
2VP-AuNP-functionalized patterns on a glass substrate is 0.42 Q sq~! with
86% transmittance of visible light. Additional patterns demonstrate
multiplexing by copatterning rhodamine B functionalized fluorescent polymer
brushes and AuNP/polymer brush conductive domains. This work solves the
challenge of creating T/C films by forming metal-polymer composites from
polymer brush patterns, offering a scalable solution for electronic and optical
device development and fabrication.

solar cells, smart windows, touch screens,
augmented/virtual reality displays, im-
plants, and sensors, particularly those
involving optical detection.!l] In solar
cells, these patterns allow light to reach
the active layer while providing a mech-
anism for collecting and transporting
charge carriers.? In touch screens, tablets,
smartphones, and interactive kiosks, T/C
patterns provide pathways for charge trans-
port while maintaining the screen’s clarity
and responsiveness.**] These patterns
ensure that electrical signals can pass
through without disrupting the visual
display, while still allowing for smooth and
accurate touch sensitivity. Furthermore,
their flexibility and durability are essential
for withstanding repeated use and ensur-
ing long-term device performance, even in
flexible or foldable screens. Optical sensors
that conform to the human body require
flexible and stretchable T/C materials to
maintain both electrical conductivity and
optical functionality during movement.[®!
These applications often require that the
T/C patterns are applied onto substrates,
including glass, plastics, or textiles, which
are not substrates typical for conventional

1. Introduction

There is a growing need for lithography methods that can create
transparent and conductive (T/C) patterns for flexible electronics,

microfabrication approaches.l’] So, to fabricate the next genera-
tion of electronic, wearable devices, there is a pressing need for
lithography methods that can prepare T/C patterns on diverse
substrates.

K. L. Matos, Y. S. Zholdassov, M. A. Shlain, A. R. Cerullo, M. Barry,
A. B. Braunschweig

Advanced Science Research Center

Graduate Center

City University of New York

85, St. Nicholas Terrace, New York, NY 10031, USA

E-mail: abraunschweig@gc.cuny.edu

K. L. Matos, Y. S.Zholdassov, M. A. Shlain, A. R. Cerullo, A. B. Braunschweig
Department of Chemistry

Hunter College

695 Park Avenue, New York, NY 10065, USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.orgf 10.1002/adfm.202502414

DOI: 10.1002/adfm.202502414

Adv. Funct. Mater. 2025, 2502414

2502414 (1 0f 10)

K. L. Matos, Y. S. Zholdassov, M. A. Shlain, A. B. Braunschweig
PhD Program in Chemistry

Graduate Center

City University of New York

365 5th, Avenue, New York, NY 10016, USA
A. R. Cerullo, A. B. Braunschweig

PhD Program in Biochemistry

Graduate Center

City University of New York

365 5th, Avenue, New York, NY 10016, USA
R. S. Deol, I. Kymissis

Department of Electrical Engineering
Columbia University

New York, NY 10027, USA

© 2025 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCE
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

Despite the growing need, the preparation of T/C patterns
and in turn the widespread adoption of devices that incorpo-
rate such patterns, faces several challenges related to substrate-
chemistry compatibility, difficulty in creating surfaces that com-
bine soft and hard materials,®l and the slow throughput of the
design-test-optimization cycle.I’l T/C patterns are produced most
frequently using top-down techniques like sputtering or chem-
ical vapor deposition (CVD), and solution-based methods such
as spin and spray coating.['% CVD involves depositing a thin
metallic film through a mask onto a substrate, but this process
often requires high temperatures and vacuum conditions that
may be incompatible with soft materials or certain substrates.[!!]
The spin coating of thin films is scalable,’! but involves ad-
ditional steps such as masking or surface modification to cre-
ate patterns. Combining these methods to tailor the electrical
properties within a pattern poses significant challenges, partic-
ularly when integrating soft (organic, polymeric, and biological)
and hard (inorganic and metallic) materials. This integration can
lead to poor adhesion,¥! cracking,!'! or delamination,! ad-
versely affecting the film's conductivity and mechanical prop-
erties. Such issues are especially critical for applications requir-
ing biotic and abiotic integration, like bioelectronics or wearable
devices, where flexibility and biocompatibility are crucial.['é] Al-
ternatively, bottom-up approaches build structures from smaller
components through self-assembly or conirolled deposition.
These methods, such as templated self-assembly of nanoparti-
cles (NPs), offer nanoscale precision without extensive material
removal and allow for tailored material integration and pattern-
ing. However, many bottom-up techniques require further opti-
mization to achieve high throughput and scalability over large ar-
eas. Moreover, these methods involve multiple steps and special-
ized equipment, often necessitating clean room environments,
which limits accessibility. Finally, the low-throughput of prepar-
ing and characterizing these films, often yielding only a few sam-
Pples per day or per processing sequence, hinders the testing and
optimization cycle involved in the development of new film and
processing conditions.”! Therefore, there is a continued need for
lithographic methods that can print T/C patterns, accommodate
different materials, and can print over large (>1 cm?) areas with
high throughput.

Many of these drawbacks could be overcome with the use of
patterned polymer brushes.!'”] This approach involves grafting
polymers onto or from a surface and then modifying the re-
sulting polymer brushes with conductive elements, such as gold
nanoparticles (AuNPs),[!%] or alternatively, the polymer brushes
themselves are conductive.!'! By leveraging techniques such as
surface-initiated photopolymerization (SIP), patterns can be fab-
ricated with sub-3 micrometer precision over large areas while ac-
commodating various materials within the pattern design.2-2l
The advantages of using polymer brushes include the ability to
create a uniform, defect-free coatings and the versatility to modify
surface properties!?’! by adjusting the polymer composition and
brush height, h. In addition, the brushes can be grafted covalently
to the surfaces, ensuring a strong attachment to the substrate.

To date, significant progress has been made in creating
conductive polymer brush patterns using various photolitho-
graphic techniques.}l However, one of the significant chal-
lenges with these patterns, particularly when polymer brushes
are involved, is achieving sheet resistance (R;) below 10 Q sq~!
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for high-performance applications, such as optical detection sys-
tems or solar cells, and 10 to 100 Q sq~! required for uses
in flexible electronics, touch screens, and displays.[*!! For ex-
ample, researchers have used SIP to create conductive poly-
mer brushes, such as poly(monomethyl itaconate) (PMMI)
grafted multi-layer graphene oxide (PMMI-g-GO) and poly(4-
vinylaniline) nanospheres, and in doing so have achieved ma-
terials with electrical conductivity as high as 5.04 § m™ (R,
= 1.98 x 10° Q sq* for a 1 pm thick layer)/*! and 3 x 107!
S an™! (R, = 8.12 x 10° Q sq!, for a shell thickness of 41
nm),12¢] respectively. Another significant advancement is block
copolymer lithography, which combines the self-assembly of
block copolymers with photolithographic techniques to create
nanoscale patterns.[?’! This approach has been employed to pro-
duce highly ordered, periodic patterns of polymer brushes with
conductive domains. Notably, the incorporation of conductive
polymers like poly(3-hexylthiophene) (P3HT) has demonstrated
good electrical performance.[?® P3HT’s crystallinity helps form
efficient charge transport pathways, even at low concentrations
(as low as 3 wi%), without degrading the device’s performance.
However, this crystallinity renders it difficult to achieve desirable
transparency because of light scattering, the challenge of uni-
form integration when mismatched surface interactions may oc-
cur, and the inability to immobilize into arbitrary, multiplexed
patterns because of the limitations of the lithographic methods.
Organic polymer brushes themselves often have unsatisfac-
tory conductivity for electronic applications because of the in-
sulating nature of most organic polymer matrices.[??! Previ-
ously this challenge has been addressed by incorporating con-
ductive additives into patterns, including metal NPs,1*% such as
AuNPs,[1831] CuNPs,32l and AgNPs,1*?l or carbon nanotubes,3*
Ag mnanowires,***lor conductive polymers!*! in an attempt
to increase conductivity. For example, Ag nanowire additives
can achieve sheet resistances of 10 Q sq! with over 90%
transparency,*’l making them one of the best performers for
applications requiring high conductivity, flexibility, and trans-
parency. Additionally, metal NP—polymer composite films have
demonstrated excellent conductivity when structured as mul-
tilayered architectures. Polymeric materials serve as both sub-
strates and binders for metal NPs, allowing for precise struc-
tural control and enhanced conductivity.*®! For instance, a mul-
tilayer polymer-metal film has been reported to achieve a sheet
resistance of 5 Q sq~! with 78% transmittance,**! while an ox-
ide/metal/polymer composite exhibited 15.1 Q sq~! with 87.4%
transmittance.l*’] These results demonstrate that incorporat-
ing polymer-metal hybrid structures can lead to highly conduc-
tive films while maintaining excellent optical transparency. How-
ever, these approaches have often struggled with achieving uni-
form distribution and integration of conductive materials, high-
lighting the need for more advanced and precise fabrication
techniques .[*!l AuNPs, known for their exceptional electrical
conductivity, chemical stability, and biocompatibility, are partic-
ularly promising candidates for enhancing the conductivity of
these polymer brush films.*?] In sputtered Au films, sheet resis-
tivity as low as & 10~° Q cm (10 Q sq~1)*}] have been reported for
continuous films with thicknesses around 10 nm, and this value
is only one order of magnitude higher than that of the resistivity
of bulk gold, 2.44 x 107% Q cm (2.44 Q sq!)!*! at that thickness,
demonstrating that such films could offer attractive conductivity
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if further optimized. The challenge of achieving AuNP/polymer
brush composites with low R, is that precise control over the size,
shape, and surface chemistry of the NPs is necessary to ensure
integration in sufficiently high concentrations to achieve desir-
able conductivity (<1 Q sq!) for high-performance applications.
Furthermore, the high concentrations of AuNPs necessary for
low R, can compromise the film’s transparency,|*! limiting their
effectiveness in applications where both transparency and con-
ductivity are crucial. Additionally, the low throughput of current
fabrication processes hinders the synergistic exploration of the
relationships between polymer architecture, AuNP integration,
conductivity, and transparency required to optimize these fabri-
cation processes. Until these problems are solved, the promise of
AuNP/polymer-brush composites as T/C elements in electronic
circuits will remain unrealized.

Here, we address the challenges of creating T/C
AuNP/polymer brush composite patterns with R, <1 Q sq! by
combining hypersurface photolithography (HP),[#! the grafted-
to/grafted-from radical photopolymerization (GTGFRP),[¥’l and
bottom-up, templated AuNP self-assembly. A polymer brush
hypersurface refers to a printed structure where multiple inde-
pendent properties of each voxel can be precisely controlled.[*#]
Polymer brushes with Au-binding 2-vinyl pyrrolidine (2VP)
groups!*l were grafted from Si/SiO, and glass surfaces. These
structures were then incubated in a solution of Au ions, and
subsequently reduced to create AuNP/polymer—brush composite
patterns. The ability of HP to test polymer brush growth con-
ditions with ultra-high throughput, enabling the screening of
hundreds-to-thousands of conditions in a single experiment,!’!
was used to optimize SIP conditions, so relationships between
polymer architecture, metal incubation and reduction, conduc-
tivity, and transparency could be explored systematically. The
resultis patterns with micrometer-scale line widths and R, as low
as 0.42 Q sq! on both silicon wafers and glass substrates, and
whose conductance is independent of the underlying surface.
Additional multiplexed patterns were created by copatterning
AuNP/polymer brush composites and fluorescent polymer
brushes containing Rhodamine B methacrylate monomers
onto the same substrate. This approach enabled the successful
production of multiplexed, arbitrary patterns without the need
for masks, while effectively blending soft and hard materials
within the same structure. This significantly advances the
field of bottom-up, mask-free lithography by enabling rapid,
high-throughput testing and optimization of AuNP/polymer
brush composites, paving the way for the development of high-
performance, multiplexed, and T/C patterns for various optical
and electronic applications.

2. Results and Discussions

2.1. Patterning Au-Binding Polymer Brushes with Independent
Control over Height at Each Pixel

HPI2246-48.50] (Figure 1) combines a 405 nm LED, and a digital
micromirror device (DMD) with ~700 000 individually address-
able mirrors, and a fluid cell, where SIPs occur, with integrated
microfluidic control of reagents to create multiplexed polymer
brush patterns.I®l By coordinating the microfluidics with the de-
livery of light, the h, the chemical composition at each pixel (a
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pixel corresponding to an individual mirror in the DMD), or
the reaction condition at each pixel can be controlled indepen-
dently. As a result, thousands of different reaction conditions
can be tested on each printed substrate, allowing for the rapid
screening of reaction conditions and high-throughput optimiza-
tion of surface chemistry. To this end, HP has been used to
study the kinetics of grafted-from photopolymerizations,?! cre-
ate stimuli-responsive hypersurfaces,!*48] and create biosensors
with attomolar sensitivity!*! Here, HP was first used to study
the growth rates of 2VP-containing polymer brushes grown by
the GTGFRP. The GTGFRP is a living, photochemically driven
thiol-initiated radical photopolymerization,**!] where branched
polymer brushes composed of ethylene glycol dimethacrylate
(EGDMA) and pentaerythritol tetrakis(3-mercaptopropionate)
(PETT) monomers are grafted from a thiol-terminated substrate.
By adding molecules with terminal alkenes to the reaction solu-
tion, functional groups are incorporated into the growing poly-
mer brush via covalent C—S bonds. In this process, 2VP is intro-
duced into the printing solution as part of the polymerization and
as a result, is incorporated throughout the polymer brush struc-
ture. This results in 2VP-EGDMA-PETT polymer brushes that
are immobilized covalently onto the surface and with the ability
to bind metal ions throughout.[°2!

The high-throughput screening capabilities of HP were relied
upon to systematically explore the effects of [2VP], light inten-
sity, and irradiation time, ¢, on the growth rate of 2VP-EGDMA-
PETT polymer brushes, with 576 conditions tested using the
same pattern. To print the polymer brush patterns (Figure 2A),
a solution containing EGDMA, PETT, 2VP, and the photoini-
tiator diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) in
DMSO was prepared under inert atmosphere and introduced
into the fluid cell of the HP printer. The mixture was then irra-
diated with 4 pm x 500 pm line patterns of 405 nm light, where
each of the 12 lines within a pattern was irradiated at ¢ from 58
to 80 min. Following the printing, the surfaces were washed with
EtOH and air-dried to remove any physiosorbed monomers. The
presence of the printed patterns was confirmed using optical mi-
croscopy (Figure 2B). The h of each feature was measured using
profilometry (Figure 2C), and the ability to print 12 patterns of 12
lines on each surface produced high-fidelity datasets so variance
between lines on different patterns could be measured accurately.
Figure S4 (Supporting Information) shows that the growth rate
of the 2VP-EGDMA-PETT polymer brushes increases as [2VP] in-
creases. Figure 2C shows that at [2VP] = 500 mu, the h of these
polymer brushes can be varied controllably from 8.0 + 2.5 to 3800
+ 8.7 nm. The polymerization process is influenced by multi-
ple parameters, including [monomer], [photoinitiator], light in-
tensity, and ¢. And although >9000 conditions were tested, the
work here only samples a fraction of the total parameter space
for this reaction, and we do not yet fully understand what fun-
damentally limits the maximum achievable h. To confirm the
presence of 2VP-groups within the polymer brush features, X-
ray photoelectron spectroscopy (XPS) was performed on a 2VP-
EGDMA-PETT polymer brush substrate and compared to a sub-
strate with EGDMA-PETT polymer brushes. A significant N1s
signal is observed with the substrate which contained the 2VP-
EGDMA-PETT polymer brushes (Figure 2D), which is consis-
tent with the proposed chemical structures of the polymers, but
no such peak was observed for the EGDMA-PETT brushes that
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Figure 1. A) Elements involved in the bottom-up printing of T/C wires using the grafted-to/grafted-from radical photopolymerization (GTGFRP).
B) The hypersurface photolithography (HP) printer used for surface patterning combines a digital micromirror device (DMD), a microfluidics-enabled
fluid cell, and a reactive surface. C) Patterned polymer brushes growing from a thiol-terminated Si/SiO, surface by consuming monomers in solution
upon exposure to light (purple lines). As the irradiation time, t, increases, the height, h, of the polymer brushes increases. D) 2VP-EGDMA-PETT poly-
mer brushes on thiol-terminated Si/SiO; surface bind Au ions. E) Upon reduction of Au-ions in (D) with NaBH,, gold nanoparticles (AuNPs) form.
F) Measuring R, of polymer-brush patterns shown in (E) using a four-point probe.

lack N, indicating that the incorporation of 2VP into the polymer
brushes was successful. Time-of-flight secondary ion mass spec-
trometry of the 2VP-EGDMA-PETT polymer brushes was taken
and compared to that of the EGDMA-PETT polymer brushes
(Figure 2E). The mass spectra show that the 2VP-EGDMA-PETT
surface had peaks with m/z corresponding to the aniline groups
of 2VP, which were not present in the spectra of the EGDMA-
PETT samples. These results demonstrate the ability to control
precisely the h and chemical composition of the polymer brushes
at each feature in the patterns.

2.2. Au lon Binding and In Situ Reduction to Form
AuNP/Polymer Brush Composites
To demonstrate the selective binding of AuNPs to the 2VP-

EGDMA-PETT polymer brushes, two approaches to incorpo-
rating AuNPs into the brushes were tested: incubating pre-
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synthesized AuNPs with a surface that had been patterned with
2VP-EGDMA-PETT, and the in situ generation of AuNPs by re-
duction of Au ions bound to the 2VP groups on the patterned
2VP-EGDMA-PETT polymer brushes. For the former method,
EGDMA-PETT polymer brushes and 2VP-EGDMA-PETT poly-
mer brushes were printed on separate substrates, and these sub-
strates were incubated for 1 h in a solution of pre-synthesized
AuNPs (~30 nm diameter). For the latter method, the poly-
mer brush-modified substrates were first incubated in 0.1 mm
HAuCl, (aq) for 1 h and then reduced with 1 mm NaBH, (aq) for
1h. These samples were analyzed with XPS to detect the presence
of AuNPs onto the different polymers. Results from XPS analy-
sis showed no significant binding of Au to the EGDMA-PETT
polymer brushes, irrespective of the incubation method (Figures
S9 and S10, Supporting Information). With in situ AuNP forma-
tion the 2VP-EGDMA-PETT polymer brushes showed distinct
Au4f peaks at 85 eV, with peak intensity of 410 a.u., confirm-
ing Au binding (Figures S11 and S12, Supporting Information).

© 2025 Wiley-VCH GmbH

0 "$70€9191

X112 YO 5360 Jo SIL1 30f ATRIG)T MO AT A 1O (SUOTIPUO>-PU-suuL DYl 00 D[ AR g1 [0y SARY) SIONTPUO) Purk SULID |, 4 295 [STOT/EOVEQ] U0 A1) T HUQ LA S0 Yenprse) AN AQ § 1$Z0STOTUIPE/ZO0L 01/10p A0 K[ ATesqi s uoT

andqp

FSLDNT SUOUALIO) ATEIL) I|JEN|



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

T

p - ¢
TPO | hv
78
[C/HsN]* Time (min)
~
y \):I\IB
kl @
2
w
=
@
E
395 400 405 410
SilsSio, Binding Energy (eV) A
60::)0 120 140 160 180 200
F 1 e EGDMN??TT G J 5000 — 2VP-EGDMA-PETT
o E) «— EGDMA-PETT
VPIEGDMA/PETT & 4000 1 . Passivated Thiol Surface
] 2
]
I s
£
0 L] Ll T L] Ll
78 8 103

.88 93 %8
Binding Energy (eV

0 "$70€9191

Figure 2. A) Preparation of 2VP-EGDMA-PETT polymer brushes via the GTGFRP. B) Optical image of 2VP-EGDMA-PETT polymer brushes patterned
onto a thiol-functionalized Si/SiO, wafer. Scale bar is 200 pm. C) h versus t plot of the brushes shown in (B), as determined by profilometry. Heights are
reported as the average of 3 features printed at the same ¢, and all error bars are reported as one standard deviation from the mean. D) XPS spectrum
(N1s) of polymer brush patterns 2VP-EGDMA-PETT polymer brushes (blue) ([2VP] = 500 mm; [EGDMA] = 1300 mm; [TPO] = 1 mm; light intensity
= 2.53 mW mm~Z; [PETT] = 100 mm) and EGDMA-PETT polymer brush features, which were printed without 2VP ([EGDMA] = 1300 mm; [TPO] = 1
mu; light intensity = 2.53 mW mm™*; [PETT] = 100 mm). E) Bottom: Time-of-flight secondary ion mass spectrometry spectra of (bottom) EGDMA-
PETT polymer brush features ([EGDMA] = 1300 mm; [TPO] = 1 mm; light intensity = 2.53 mW mm™Z; [PETT] = 100 mm). Bottom: 2VP-EGDMA-PETT
polymer brush features ([2VP] = 500 mm; [EGDMA] = 1300 mwm; [TPO] = 1 mm; light intensity = 2.53 mW mm~Z; [PETT] = 100 mwm). Black boxes are at
m/z = 106.0, corresponding to the fragment [C;Hy NJ*. Center: Total ion images are shown. Scale bars are 100 um. F) Optical image of pattern containing
2VP-EGDMA-PETT polymer brushes (squares) and EGDMA-PETT polymer brushes (circle) that do not contain 2VP and cannot bind Au ions. Scale bars
are 100 pm. G) SEM image of polymer brushes in (F). Scale bars are 250 pm. H) Raman spectroscopy map of polymer brushes in (F). Scale bars are 100
pm. 1) SEM/EDS image of Au Ma1 of the polymer brushes in (F). Scale bars are 250 pm. |) XPS spectrum of Au4f of the passivated 2VP-EGDMA-PETT
polymer brushes, a passivated thiol-functionalized surface, and MA-passivated surfaces with EGDMA-PETT polymer brushes that do not contain the

2VP groups.

The surfaces incubated with AuNPs also displayed Au4f peaks
in their XPS spectra, but with a lower peak intensity of 320 a.u.
We speculate that this lower intensity is because of the inabil-
ity of AuNPs to migrate through the pores of the polymer brush
network and bind 2VP groups within the pillars. To maximize
AuNP incorporation with the in situ reduction, the concentra-
tion of HAuCl, was increased to 1 mm, and the NaBH, concen-
tration was increased to 10 mm, which significantly increased the
Au4f peak intensities within the 2VP-EGDMA-PETT samples to
3000 a.u. To prevent non-specific Au binding to unreacted thiols
on EGDMA-PETT polymer brushes or on the thiol-terminated
substrate, the unreacted thiol groups were passivated by incu-
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bation of the patterned substrates in a solution of maleic an-
hydride (MA) for 30 min.[>3] After passivation, XPS analysis re-
vealed reduced Au4f peak intensities for the EGDMA-PETT poly-
mer brushes and the thiol-terminated substrates. However, the
2VP-EGDMA-PETT polymer brushes retained high Au4f XPs in-
tensities (3000 a.u.), signifying substantial Au-binding (Figure
S14, Supporting Information). This increase in Au4F intensity
of 2VP-EGDMA-PETT compared to EGDMA-PETT brushes sug-
gests that the 2VP units play a crucial role in facilitating Au
binding, and that the MA treatment effectively minimizes non-
specific binding to unreacted thiol groups within the brushes
and on unpatterned regions of the substrate. We anticipate that
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Figure 3. A) Optical image of 2VP-EGDMA-PETT polymer brush lithography test pattern with profilometry trace indicating the h of each feature. The
X-axis units are in mm and y-axis units are in pm. Scale bars are 900 pm. B) Fluorescent micrograph of rhodamine B methacrylate (RMA) functionalized
polymer brush lithography test pattern with profilometry trace indicating the h of each feature on the corresponding row. The x-axis units are in mm
and y-axis units are in pm. Scale bars are 900 pm. C) Fire dragon with glowing red eyes. Raman map of a 2VP-EGDMA-PETT and RMA-EGDMA-PETT
multiplexed polymer brush pattern. Area scans were taken with 532 nm lasers and 633 nm laser for measuring Au and RMA peaks, respectively, and the
image of the fire dragon is produced by overlaying the two Raman maps. Yellow shows peak intensities at 310-350 cm~! (4, = 532 nm). Red shows
peak intensities at 1400—1460 cm™ ' (4,, = 633 nm). Individual Raman maps for 310-350 cm™! (4., = 532 nm) and 1400-1460 cm™! (A, = 633 nm)

are provided in Figures S15 and S17 (Supporting Information), respectively. Scale bar is 200 pm.

varying AuNP size and density could affect conductivity and
transparency.

To further demonstrate the selective binding of Au to the 2VP-
EGDMA-PETT polymer brushes under the in situ AuNP forma-
tion conditions, a multiplexed pattern was prepared, where the
2VP-EGDMA-PETT polymer brushes were printed into squares
and the EGDMA-PETT polymer brushes were printed into cir-
cles (Figure 2F) on the same substrate. This multiplexed sub-
strate was passivated with MA followed by a 1 h incubation in 1
mum HAuCl, solution and then reduced with 10 mm NaBH, (aq)
for 1 h. The substrates were analyzed by Raman mapping to
confirm that the Au is bound within the polymer brush pattern
by the presence of characteristic Au peaks!*! at 310-350 cm!
(A = 532 nm) (Figure 2H). This Raman map, along with the
energy-dispersive X-ray spectroscopy (EDS) map of the Au Mar1
intensity (Figure 2I), confirms that the 2VP-EGDMA-PETT poly-
mer brush regions selectively contained bound Au. The ab-
sence of Raman or EDS intensity corresponding to Au in the
EGDMA-PETT circles further confirms that the Au ions se-
lectively bind to the 2VP-EGDMA-PETT polymer brushes con-
taining 2VP groups. XPS analyses of these surfaces also con-
firm the selective binding of Au to the 2VP-EGDMA-PETT poly-
mer brushes (Figure 2]), with the 2VP-EGDMA-PETT polymer
brushes showing a much higher Au4f intensity than that of the
EGDMA-PETT brushes or the MA-passivated regions of the thiol-
terminated SiO, surface.

2.3. Multiplexed Patterning of Au-Binding and Fluorescent
Polymer Brushes

Test patterns in photolithography are prepared so that the
widths and roughness of features prepared under different con-
ditions can guide the production of patterns with certain feature
dimensions.!*>] Here, a test pattern consisting of lines that vary in
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thickness from 5 to 70 pm, which are assembled in groups of 4,
where in each descending row the spacing between lines varies
from 100 to 5 pm, was prepared (Figure 56, Supporting Infor-
mation). The first test pattern was printed using 2VP-EGDMA-
PETT polymer brushes, and another test pattern was printed
with polymer brushes that contain the fluorescent monomer
Rhodamine B methacrylate (RMA) by adding RMA to EGDMA
and PETT during the photopolymerization, resulting in RMA-
EGDMA-PETT polymer brushes.[*48] The profilometry trace of
the 2VP-EGDMA-PETT polymer brush test pattern showed that
as the spacing between the lines decreases, the h of the brushes
increase, and the polymer features merge when spacing is <10
pm (Figure 3A). The RMA-EGDMA-PETT polymer brush pat-
tern showed similar results, where, as the spacing between the
lines decreased, the polymer brushes grew taller and merged
(Figure 3B). From these experiments, it was concluded that line
widths ranging from 5 pm to 70 pm could be printed, and that
the distance between non-intersecting lines should be > 10 pm
to prevent feature merging. While the resolution is influenced
by instrumental factors, such as the size of the mirrors in the
DMD and the magnification of the lenses in the HP printer, it is
also possible that chemical properties, incuding polymer diffu-
sion and crosslinking kinetics, influence pattern resolution. Fu-
ture studies will explore the interplay between optical resolution
and polymerization dynamics to determine the fundamental res-
olution limits of this system.

Using the guidance from the test patterns, a multiplexed print
consisting of 2VP-EGDMA-PETT and RMA-EGDMA-PETT pat-
terned into a fire dragon with fluorescent red eyes was designed
(Figures S18 and S19, Supporting Information and Figure 3C).
Following printing, the substrate was incubated with AuCl,(aq)
ions (1 mwm), reduced with NaBH,(aq) (10 mm), washed, and
analyzed by profilometry, optical microscopy, and Raman map-
ping. Two different Raman spectroscopy maps of this pattern
were taken, one with a 532 nm laser to observe the Au peaks

© 2025 Wiley-VCH GmbH
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(310-350 cm 1) within the printed pattern (shown in yellow) and
another with 633 nm to detect the RMA (1400-1460 cm™!)
(shown in red) within the print. These two different maps were
then merged to complete the full image of the fire dragon.
RMA peaks were only observed on the eyes (RMA-EGDMA-PETT
brushes) and Au peaks were only observed on the lines form-
ing the face (2VP-EGDMA-PETT brushes). The resulting print
demonstrates our ability to successfully produce multiplexed,
arbitrary patterns, mask-free, and without necessitating clean-
room conditions, while blending soft and hard materials on the
same surface and with precisely defined relative positions. This
multiplexed print is made possible by the advantages of high-
throughput optimization, material diversity, and pattern flexibil-
ity offered by combining HP and the GTGFRP.

2.4. Transparency and Conductivity of AuNP/Polymer Brush
Composites

To analyze the transparency of our Au polymer brush sam-
ples, 4 X 3.5 mm rectangular pattemns of 2VP-EGDMA-PETT
were printed on a thiol-functionalized glass slide. This large
pattern was selected to ensure accurate measurement of trans-
parency across the sample. This sample was then passivated
with MA, incubated in 1 mm HAuCl, (aq), and reduced with 10
mum NaBH,(aq) to form the AuNP/polymer brush composites.
While no pattern is visible by optical microscopy (Figure 4A), a
Raman spectroscopy map of the Au intensities (310-350 cm™!,
Ao = 532 nm) confirmed the presence of the AuNPs in the
pattern (Figure 4B). SEM images of this pattern were taken to
visualize the size of the AuNPs (Figure 4C), and Image] im-
age processing software!*! was used to measure the size of the
AuNPs on the surface (Table S2 and Figures S25 and S26, Sup-
porting Information). These images indicated that the average
diameter of the AuNPs was 79 + 17 nm, where the error is
reported as one standard deviation from the mean. The UV-
Vis absorbance data supports the size determination of these
AuNPs based on the peak at A, = 580 nm that emerges
upon reduction with NaBH,(aq) (Figure 4D, inset), which cor-
responds to AuNPs with diameters of 80 nm according to Mie
theory.*’] Transmission measurements (Figure 4E) show an
average transmittance of 86% over the wavelength range of
500-800 nm.

To test the conductivity of these polymer—-AuNP composites,
a 4-point probe device was designed and fabricated. The device
consists of 4 metal pogo pins of 16 mm length with a pin-to-
pin spacing of 2.5 mm (Figure S27, Supporting Information).
The pins were connected and wired using a GH 1.25 mm 4-pin
housing, which was then attached to an Agilent B2901A current
source and an Agilent 34405A multimeter. To test the accuracy of
this device, three different samples of known conductivity were
tested, including samples of Ag paint, Cu tape, and an Si0O, wafer
coated in 50 nm of Au. The R, of these three materials were
consistent with their known conductivities—Ag being the most
conductive, followed by Cu, and then Au (Figure 4F,G and Table
S4, Supporting Information). Also, the following non-conductive
samples were tested, a glass substrate, an Si/SiO, substrate, and
2VP-EGDMA-PETT polymer brush samples, and their R, values
exceeded the maximum sensitivity of the detector of 450 Q sq~'.
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The AuNP/2VP-EGDMA-PETT polymer brush samples were pre-
pared on two insulating substrates, thiol-terminated SiO, wafers
with 500 nm thermal oxide and transparent thiol-terminated
glass slides. On the SiO, substrate, AuNP/2VP-EGDMA-PETT
polymer brushes features were prepared with dimensions of 8
mm X 3.5 mm to ensure contact with all 4 pins. Measurements
were taken on this Au-ion/2VP-EGDMA-PETT (2VP Au lons
Si0,) samples (not reduced with NaBH,) to examine whether
the reduction from Au ions to AuNPs affected conductivity. The
R, measured for a 100 mA input of current on the AuNP/2VP-
EGDMA-PETT (2VP AuNP SiO,) polymer brushes sample was
0.38 + 0.02 Q sq !, whereas for the Au-ion/2VP-EGDMA-PETT
polymer brush sample the R, measured was 0.69 + 0.07 Q sq..
A sample of AuNP/2VP-EGDMA-PETT (2VP AuNP Glass) on a
glass cover slide was taken, the R, of 0.42 + 0.01 Q sq~! at 100 mA
input showed to be very consistent with that of the AuNP/2VP-
EGDMA-PETT on Si0, (Figure 4G). For comparison, the sheet
resistance of bulk Au for a 1 um thick sample is 0.0244 Q sq~1.[#4
While this study focuses primarily on the fabrication and char-
acterization of T/C polymer-AuNP composites, assessing their
long-term stability is essential for practical implementation. To
evaluate durability, we conducted 250 current input cycles and ob-
served that the films surpassed a sheet resistance of 1 Q sq! after
148 cycles. The resistance stabilized after 230 cycles, remaining
consistent at 1.34 Q sq~! (Figure S28, Supporting Information).
Future work will further investigate the stability of these materi-
als under varied environmental conditions, including humidity,
thermal cyding, and mechanical strain.

The results obtained from the 2VP-EGDMA-PETT-Au poly-
mer brush samples highlight a significant improvement in
conductivity when compared to conventional conductive poly-
mers, like (poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate) (PEDOT), polyaniline (PANI), and polypyrrole (PPy). Typ-
ically, PEDOT, one of the most widely used conductive polymers,
exhibits sheet resistivities ranging from 10 to 500 Q sq~! depend-
ing on the processing conditions and doping levels.*®) Similarly,
PANI and PPy generally possess R, in the range of 100-10000
Q sq~1%°! and 100-1000 Q sq~1,[69] respectively. In contrast, the
sheet resistivity of the AuNP/2VP-EGDMA-PETT samples is <1
Q sq!. These values of R, underscore the effectiveness of this
lithographic approach towards creating T/C patterns.

3. Conclusions

In this study, we have demonstrated an approach to fabricating
T/C polymer-AuNP composites by combining HP, the GTGFRP,
and templated, in situ AuNP formation. The resulting materials
exhibited exceptional performance, with R, of 0.42 Q sq! at 100
mA, while maintaining high transmittance from 500 to 800 nm.
These properties make these AuNP composites highly suitable
for next-generation flexible electronics, sensors, and optical
detection devices. HP utilizes a microfluidic-based approach
for high-throughput materials discovery, enabling the screening
of hundreds to thousands of reaction conditions on a single
substrate, which can then be translated into other fabrication
processes. Our approach allows for precise control over the
polymer brush h and composition, enabling the systematic
exploration of growth conditions and metal-binding capabilities,
and here >9000 different printing conditions were tested to
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Figure 4. A) Optical image of 2VP-EGDMA-PETT polymer brushes bound to AuNPs prepared via in situ reduction on a thiol-functionalized glass surface
passivated with maleic anhydride. Scale bar is 900 pm. B) Raman map (4., = 532 nm) of peaks corresponding to Au (310-350 cm™') of 2VP-EGDMA-
PETT polymer brushes with intercalated AuNPs. Scale bar is 1000 pm. C) SEM Image of 2VP-EGDMA-PETT polymer brushes bound to AuNPs patterned
on a thiol-functionalized glass surface. Scale bar is 1 pm. Inset is SEM/EDS image of Au Ma1 intensity (green). Inset scale bar is 25 pm. D) UV-Vis
Absorbance spectrum of 2VP-EGDMA-PETT polymer brushes patterned on a thiol-functionalized glass surface. (E) Transmittance data taken from the
samples in (D). F) Sheet resistance (R;) versus current (/) plot of different samples measured by a 4-point probe device. G) Expansion of plot in (F)

showing R, from I = 650-1050 mA.

achieve this control. By integrating AuNPs uniformly into the
polymer matrix, we overcame common challenges such as poor
adhesion and low conductivity that are typically associated with
polymer-based conductive films. The grafted-from polymer
brushes are covalently attached to the substrate, ensuring that
these patterns maintain strong, stable interfaces even under
various processing conditions. Qur findings demonstrate that
embedding AuNPs within the polymer brush matrix facilitates
the formation of conductive pathways; however, the exact mech-
anisms underlying charge transport in these nanostructures
have yet to be fully understood and is the subject of ongoing
studies. The relationship between polymer brush height and key
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properties such as transparency and conductivity remains an
important area for further exploration. Given the complex inter-
play between brush height, NP loading, and optical/electrical per-
formance, future work will focus on systematically investigating
how variations in brush height influence these properties. Un-
derstanding these correlations will provide deeper insights into
the design space of polymer brush-based T/C films and enable
further optimization for applications requiring precise control
over optical and electrical performance. This work opens new
possibilities for the scalable production of high-performance,
T/C materials, with significant potential for application in
wearable electronics, flexible displays, and implantable sensors.
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