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ABSTRACT: We report on the fabrication and characterization of . .l .
polymer-embedded silver (Ag) microgrid structures using a particle-free £ Particle-Free
reactive Ag ink for flexible high-performance transparent conductive 10 &} Mierogrid
electrodes. The Ag microgrids are cured at low temperatures and & p
embedded directly into flexible polyethylene terephthalate (PET) films 2 " Particle-Based
to create structures needed for high transparency and low sheet 1ot} Moo
resistance. The conductive grids demonstrate 91.8% transmission and a , .
sheet resistance of 0.88 Q/sq corresponding to an optical conductivity ~ *° 10°
ratio 04./0,, of nearly 4500 with gridlines of 10 um width. The Sheet Resistance (¢/56)
microgrids may be fabricated with gridlines down to 3.5 pm width. The

fabrication of microgrids from a particle-free reactive ink results in several enhancements compared to microgrids fabricated from
particle-based conductive Ag inks. The use of particle-free ink offers about 2.5 times higher conductivity, over 3 times lower surface
roughness, and better stability under mechanical adhesion, bending, and folding tests. Our results demonstrate the following: (1) a
scalable approach to microgrid manufacturing, (2) microgrids with nearly the best transparent electrode performance properties, and
(3) the clear benefit of the paradigm of particle-free conductive inks compared to conventional nanoparticle inks.

KEYWORDS: reactive silver ink, nanoparticle ink, transparent conducting electrode, photolithography, reactive-ion etching

B INTRODUCTION Moreover, metal microgrids can be fabricated with a variety of
metals with different work functions for integration with
disparate semiconductors across many applications.'” Metal
microgrids can also be integrated with ITO alternatives such as
metal nanomeshes, graphene, or conductive polymers.””"*!
The fabrication techniques of metal microgrids on both rigid
and flexible substrates have been extensively studied, includin
lithography patterning with metal evaporation” or sputtering,”
laser direct writing,” and ink-based methods such as inkjet
printing,”* gravure printing,® and electrohydrodynamic jet
printing.

However, these fabrication methods face several challenges.
In order to achieve low sheet resistance without compromising
transparency, microgrids with high aspect ratios of large
thickness and small width are needed. However, achieving high
aspect ratios is difficult with microgrid fabrication methods
such as evaporation, sputtering, or laser direct writing. Ink-
based methods have trouble achieving high aspect ratios, as the
ink tends to spontaneously spread across the substrate.
Furthermore, a large thickness or large roughness of the

Indium tin oxide (ITO) is utilized in most transparent
conductor applications because of its high optical transparency
and low electrical res.istivity.1 However, for emerging flexible
optoelectronics, its performance on flexible polymers such as
polyethylene terephthalate (PET) is inadequate, as ITO
cannot be annealed under high temperature, and thus,
achieving sheet resistances (R,) under 10 Q/sq is difficult.
Commercialized ITO on PET substrates has demonstrated R,
ranging from 10 to 300 £2/sq for a transparency T of 85 to 90%
in the ultraviolet to visible region” and R, = 50 Q/sq with T =
84% at 550 nm wavelength..3 Furthermore, ITO is a brittle
material not suitable for flexible optoelectronic applications. As
ITO films are bent, microscopic cracks begin to form, and their
sheet conductance decreases.” ITO also suffers from the
limited availability of indium and costly, time-consuming
deposition methods.”® ITO is commercially deposited by DC-
magnetron sputtering, which requires high energy consump-
tion, a vacuum environment, and expensive equipment.” ITO-
replacement materials have been extensively investigated to
address these shortcomings and have included metal nano-

. S csrencs
wires,* "' metal nanomeshes,*™"* graphene,ls’16 and con- Received: February 1, 2021
ductive polymers.”’ls Accepted: April 7, 2021 s
Among these alternatives, there is great interest in metal Published: May 4, 2021 44
microgrids. Metal microgrids exhibit a uniformly low sheet Wi
resistance, and their transmission and sheet resistance can be —

controlled by varying the microgrid width, pitch, and thickness.
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Figure 1. Process flow schematic for creating flexible PET-embedded Ag microgrids: (a) flexible transparent PET substrate, (b) photolithography,
(c) reactive-ion etching, (d) metal ink spin-coating, (e) Ag ink curing, and finally (f) lift-off. The Ag microgrids are hexagonal arrays embedded into

a flexible PET substrate defined by pitch p, thickness ¢, and width w.

metal microgrids may result in short-circuiting in optoelec-
tronic devices where the active layer is thin.”* The thickness of
the active layer in some organic devices is less than 100 nm.

Recent studies have demonstrated the creation of substrate-
embedded metal microgrids for transparent electrodes using
particle-based metal inks.”””® However, high-temperature
sintering is not possible on polymeric substrates, and this
leads to issues with voids between metal nanoparticles and
high-resistance interfaces that result in low electrical
conductivity.”” Substrate-embedded metal microgrids fabri-
cated with a hexagonal period of 150 um, groove depth of
about 2 ym, and groove width of about 3 ym demonstrated T
= 89% in the visible light range and R, = 4.7 Q/sq.”” Another
metal microgrid with a hexagonal period of 140 ym, residual
depth of 1.8 um, and groove width of 2.4 um exhibited a T =
88.6% and R, = 2.1 Q/sq.”® Additionally, nanoparticle-based
inks have unsuitable roughness for some optoelectronic devices
such that an additional polishing step may be needed to create
a smooth surface.” Finally, the use of nanoparticle-based inks
results in poor adhesion, downstream reliability issues, and
poor mechanical stability for the cured metal and the
substrate.’!

Walker et al. has demonstrated a particle-free Ag ink with
higher conductivity compared to nanoparticle Ag*’ and a low
curing temperature that may be integrated with plastics such as
PET.” In this paper, we demonstrate the fabrication of Ag
microgrids using a similar metal-complex-based particle-free Ag
ink and demonstrate its performance advantages compared to
microgrids fabricated from particle-based inks. Microgrids
embedded in flexible PET substrates were fabricated from a
particle-free ink and exhibited high optical transparency T =
91.8% at 550 nm and R, = 0.88 Q/sq. The microgrids have a
pitch of 300 yum, width of 10 ym, and thickness of 2 ym. The
cured particle-free ink metal microgrids have a conductivity as
high as 1.7 X 107 S/m, which is 27% of bulk Ag conductivity
compared to a conductivity as high as 5.5 X 10° S/m or 8.7%
of bulk Ag conductivity for cured Ag nanoparticle ink
microgrids. The Ag microgrid exhibits a smaller root-mean-
square roughness R, of 10 nm compared to nanoparticle-based
samples with an R, of 35 nm. We employed a simple spin-
coating method to deposit the Ag inks into patterned trenches
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and cured the particle-free ink under low temperature (120
°C). The fabrication process was developed with scale-up
manufacturing in mind: the Ag ink deposition can be deposited
on the film in a roll-to-roll coating method. Furthermore, we
found that the embedded Ag microgrids have improved
mechanical stability compared to ITO thin films deposited on
the PET under adhesion/peeling, bending, and folding.

Metal microgrids fabricated from the particle-free ink
demonstrate an improved reliability under 10 tape adhesion
and peeling cycles, 200 bending cycles, and 12 folding cycles
compared to metal microgrids fabricated from a particle-based
ink. For tape adhesion tests, after 10 tape adhesion/peel-off
cycles, R, changes 1.5% for particle-free fabricated microgrids
compared to 3.4% for microgrids fabricated from particle-
based metal inks after 10 tape adhesion/peel-off cycles. For
microgrids fabricated from particle-free inks, the R, increase
after 200 cycles of tension and compression bending is 12.5
and 5.5%, while for the particle-based fabricated samples, the
R, increase is 23.6 and 24.9%, respectively. For folding tests,
after 12 folding cycles, the R, increase for particle-free
fabricated microgrids is 126 as compared to 158% for
microgrids fabricated from particle-based metal inks. Our
results demonstrate (1) a scalable approach to microgrid
manufacturing, (2) microgrids with nearly the best transparent
electrode performance properties, and (3) the clear benefit of
particle-free conductive inks compared to conventional
nanoparticle inks in terms of optoelectronic performance,
lower roughness, and better stability under mechanical
deformation.

B EXPERIMENTAL SECTION

Microscale Ag Grid Fabrication. Polymer-embedded Ag
microgrids were fabricated using photolithography and lift-off by
both particle-free reactive ink and particle-based conductive ink.
Polyethylene terephthalate (PET) substrates were cleaned and
prebaked on a hot plate at 120 °C for 2 min. A 2 um thick
photoresist AZ4210 from MicroChemicals was then spin-coated onto
the substrate followed by a soft-bake at 120 °C for 3 min. The
photoresist was exposed (Quintel Q4000 MA Mask Aligner) and
developed in diluted AZ400 K (1:4) from MicroChemicals for 60 s.
Reactive-ion etching (RIE; Trion Phantom III) with 45 sccm CF, and
S sccm O, was used to dry-etch the pattern into the PET to create
trenches. Particle-free Ag ink (EI710 from Electroninks) was first
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Figure 2. Performance for PET-embedded Ag microgrids compared to ITO and other transparent conductors on PET in the literature. (a)
Transmission versus sheet resistance for various transparent conductors. Particle-free metal microgrids (PF MGs) and particle-based metal
microgrids (PB MGs) of various pitch and width are shown. (b) Figure of merit opc/6op of PET-embedded Ag microgrids compared with other
transparent conductors. (c) Relative conductivity (compared to bulk Ag) for various transparent conductors as a function of geometric ratio. (d)
Top view of (i) particle-free ink microgrid and (ii) particle-based ink Ag microgrid.

deposited onto the patterned photoresist by spin-coating at 2000 rpm
followed by a cure process at 120 °C for 5 min. And then, a second
spin-coating at 2000 rpm was applied to improve the trench filling.
The final cure was at 120 °C for 20 min. For comparison, a particle-
based Ag ink (Smart Ink S-CS01130 with a <S50 nm Ag nanoparticle
size®®) was deposited onto the patterned photoresist by spin-coating
at 2000 rpm followed by curing at 120 °C for S min. A second spin-
coating at 2000 rpm was applied afterward followed by a final cure at
120 °C for 30 min. Then, the photoresist was removed using 1165
remover at room temperature with gentle ultrasonication, cleaning,
and drying for both samples.

Materials Characterization. Sheet resistance measurements were
carried out by a probe station with a semiconductor device analyzer
(B1500A Semiconductor Device Analyzer from Keysight Technolo-
gies). The van der Pauw method was used for sheet resistance
characterization. The morphology characteristics of the fabricated
polymer-embedded Ag microgrid were investigated using scanning
electron microscopy (Zeiss SIGMA VP). The surface roughness of
the samples was characterized by atomic force microscopy (Veeco
Multimode V and Dimension V SPM). The total transmittance and
haze spectrum of fabricated microgrids were measured at wavelengths
from 250 to 1200 nm using a UV—vis—NIR spectrometer with a 60
mm diameter integrating sphere (PerkinElmer Lambda 750).
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B RESULTS AND DISCUSSION

Figure 1 shows the process flow schematic for creating flexible
PET-embedded Ag microgrids. The processing begins with a
flexible PET substrate (Figure 1(a)) that is spin-coated with a
layer of photoresist and patterned by photolithography (Figure
1(b)). The pattern is then transferred to the substrate by
reactive-ion etching (RIE) (Figure 1(c)). Then, Ag ink is
applied to the PET by spin-coating. Both reactive particle-free
Ag inks and particle-based Ag inks were evaluated for
comparison purposes. Scanning electron microscopy (SEM)
images showing the surface topography of thin films formed
from particle-free ink and particle-based ink on PET are
included in Supplemental Figure S1. By spin-coating, the Ag
ink was easily deposited onto the substrate (Figure 1(d)). The
particle-free microgrid was cured at a temperature of 120 °C
for S min for partial curing and following another spin-coating
step, cured at 120 °C for 20 min. The particle-based microgrid
was cured in an oven at a temperature of 120 °C for S min for
partial curing and then at 120 °C for 30 min for final curing
after a second coating of ink (Figure 1(e)). Finally, the
photoresist was lifted off (Figure 1(f)). Figure 1(f) shows the
schematic of the substrate-embedded microgrids, which are
hexagonal arrays defined by pitch p, width w, and thickness t.
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Figure 3. Particle-free microgrid and particle-based microgrid comparison. (a) Appearance of particle-free microgrid from (i) optical image and (ii)
overhead SEM. (b) Appearance of particle-based microgrid from (i) optical image and (ii) overhead SEM. (c)(i) Transmittance and (ii) haze
spectra of Ag microgrids embedded directly on flexible PET and ITO on PET.

PET-embedded Ag microgrids of various pitch (p) and
width (w) were fabricated. Figure 2 demonstrates the
performance of fabricated Ag microgrid samples compared to
other transparent conductors on PET in the literatures. Figure
2(a) presents the transmission versus sheet resistance. The
data for microgrids formulated by particle-free reactive ink of
different pitches and widths (p = 100 ym, w = 3.5 ym; p = 200
um, w =S pum; and p = 300 gm, w = 10 ym) are colored with
different shades of blue. The data for microgrids formulated by
particle-based conductive ink of different pitches and widths (p
=100 pm, w = 3.5 um; p = 200 um, w = 5 ym; and p = 300
um, w = 10 pm) are plotted with different shades of green. The
data of ITO on PET is shown with brown data points. In
addition to our data, we plot the performance of other
transparent conductors on flexible PET in the literature,
including copper nanomeshes (Cu NMs),'> Ag nanomeshes
and microgrids (Ag NMs + MGs),” copper microgrids (Cu
MGs),”* Ag micromeshes (Ag MMs),** Au square microgrids
(MGs),*® mesocale metal wires (MWs),*® roll-to-roll graphene
(R2R graphene),37 Ag hierarchical microgrids (Ag HMGs),*
and Ag/Ni microgrids (MGs).* The transmission is shown at
wavelength 4 = 550 nm, and the effect of the substrate is
excluded. Our particle-free Ag microgrid samples exhibit an R;
between 1 to 5 €/sq with a T of 85% to 91%. In contrast, the
particle-based Ag grid samples show worse R, and trans-
parency, with an R; of 21 to 45 Q/sq and T of 81 to 90% (at
550 nm). Furthermore, the PET-embedded Ag microgrids
exhibit superior transmittance and sheet resistance compared
to other transparent conductors in the literature, except for
mesoscale metal wires. Mesoscale metal wires demonstrated by
the Cui group have a large cross section area, which enables
low sheet resistance without sacrificing transparency.*®
However, these metal wires may suffer from large surface
roughness that is unsuitable for some optoelectronic
applications. Our best sample demonstrates R, = 0.88 € per
sq with T = 91.8%. Figure 2(b) plots the figure of merit 6./,
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versus R, for the same transparent conductors where oy is the
dc conductivity, and o, is the optical conductivity. The figure
of merit is related to T and R, by

Zy %p

-2
T= (1 + —00—]

2R, oy

where Z, = 377 Q is the free space impedance.”” Most of our
microgrids achieve figures of merit over 500 including some
demonstrations over 2000 for a microgrid pitch size of 300 ym
and width of 10 ym. These figure of merit values are much
higher than those demonstrated by particle-based ink
formulated microgrids with a pitch size of 100 ym and grid
width of 3.5 um, which only achieve a figure of merit of 100. In
contrast, ITO has a 64./6,, under 100. In Figure 2(c), the
relative conductivities of microgrid samples are plotted
compared to bulk Ag, with three lines plotted as benchmarks.
The geometric ratio is defined as p/wt with units of yum™". For
each sample, a conductivity was estimated based on the pitch,
diameter, and thickness of the microgrid. The particle-free
microgrid has a relative conductivity of 20.7 + 3.0% bulk Ag,
while the particle-based microgrid has a relative conductivity of
84 + 1.3% bulk Ag. The highest conductivity for cured
particle-free ink metal microgrids is 1.7 X 107 S/m or 27% that
of bulk Ag compared to the highest conductivity for particle-
based metal microgrids of 5.5 X 10° S/m or 8.7% that of bulk
Ag. The particle-free ink is a solution of metal complex in
solvent’” as opposed to a dispersion of inorganic nanoparticles
in a polymer/binder/surfactant matrix. Because there are no
polymers or surfactants in the particle-free inks, Ag microgrids
cured from particle-free ink (Figure 2(d)(i)) have less voids
and defects compared to microgrids fabricated from particle-
based inks (Figure 2(d)(ii)) and thus are able to achieve
higher conductivities.

Figure 3 shows the results from a representative Ag
microgrid structure with p = 100 ym, w = 3.5 pum, and a
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Figure 4. Roughness Ry

of particle-free microgrid and particle-based microgrid samples. (a,b)(i) Root-mean-square roughness R, of particle-free

ink and particle-based ink formulated Ag microgrid. The pitch p and width w of the microgrids are listed in microns. (i) 3D atomic force
microscope results of particle-free ink and particle-based ink formulated Ag microgrid (p = 300 ym, w = 10 ym) surface roughness.

thickness of 1.2 um. Figure 3(a) shows (i) optical and (ii)
SEM overview images of the particle-free microgrid. The
sample looks uniform and clear, without the appearance of
moiré fringes over an area of about 2 X 2 cm. SEM images of
the high uniformity and long-range order of the structure are
apparent in Figure 3(a)(ii). For comparison, (b)(i) optical and
(ii) SEM overview images of the particle-based microgrid are
also shown. The transparency of the metal microgrids strongly
depends on their open space, and thus, microgrids fabricated
with the particle-free and particle-based inks have comparable
transparency. However, the main difference in performance is
in the cured Ag conductivity as discussed above. In order to
improve the conductivity, the particle-based microgrid may be
cured at a higher temperature of 150 °C in order to sinter the
particles together. However, the use of a higher temperature
leads to lift-off issues, resulting in a large amount of residual
metal around the edges of the microgrid and worse
transparency. Photoresists are generally soft-baked at 90 to
120 °C after spin-coating to drive off solvents and solidify the
photoresist film. The use of a higher curing temperature of 150
°C increases the conductivity from 8.4 + 1.3% at 120 °C to 8.9
+ 2.2%. However, the transparency decreases from a range of
81 to 90% when cured at 120 °C to a range of 58 to 87% when
cured at 150 °C due to the presence of Ag residual
(Supplemental Figure S2(d)). Figure 3(c) also compares the
(i) transmission spectrum and (ii) haze spectrum of the
particle-free microgrid, particle-based microgrid, and exper-
imentally deposited ITO (on PET). The particle-free micro-
grid exhibits an R, = 2.1 /sq with T = 89% at 550 nm, while
the particle-based microgrid has an R; = 24.9 Q/sq with T =
86% at 550 nm. ITO has an R, of 70 Q/sq at T = 80% at a 550
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nm wavelength. In Figure 3(c), the haze of the Ag microgrid
structure is compared to ITO. The haze is defined as the
fraction of total transmission that deviates from the incident
beam direction greater than 2.5° as defined by the American
Society for Testing and Materials (ASTM) standard D1003.*
The microgrid embedded in PET has a slight increase in haze
compared to the ITO due to light scattering off its nonplanar
features. Low haze is desirable for displays, but high haze is
desirable for solar cells and light emitting diodes. The metal
microgrids may be integrated with various ultrahigh trans-
parency, low haze or ultrahigh transparency, ultrahigh haze
glass or plastic substrates depending on the optoelectronic
application.*®

For some optoelectronic devices such as OLEDs, device
layers less than 100 nm are deposited onto transparent
conductors. The larger roughness may cause current leakage or
even result in device failure.*’ Microgrids fabricated from
particle-free inks and particle-based inks were compared for
their surface roughness R, which is the root-mean-square
roughness determined from deviations from a baseline. In
Figure 4(a,b)(i), the R, of the particle-free microgrid and
particle-based microgrid is plotted. For all the sizes of grids, the
R, of the particle-free ink formulated microgrid is around 10
nm, which is much lower than that of the particle-based ink
microgrid sample where the R, is about 35 nm. In the atomic
force microscopy plot of the particle-free microgrid (Figure
4(a)(ii), the surface can be seen to feature larger Ag grains that
are responsible for its larger roughness as opposed to the
particle-based microgrid (Figure 4(b)(ii)). The average
roughness R, shows the same trend as R, which is presented
in Supplementary Figure S3.
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(ii) particle-free ink formulated microgrid and (iii) particle-based ink formulated microgrid after 12 folding cycles.

To evaluate the mechanical durability of the embedded
microgrid structures for flexible optoelectronics, the perform-
ance of the metal microgrids fabricated from particle-free and
particle-based inks was monitored under tape adhesion,
bending, and folding tests and compared with ITO (Figure
S). These tests were performed on microgrids and ITO
fabricated on an ultrathin 1 X 1 cm PET of 25 pum thickness.
Figure 5(a) shows the change in sheet resistance under tape
adhesion and peel-off tests. The Ag microgrids have a pitch of
p = 300 pm and width of w = 10 um. The tape tests were
applied by adhering Scotch tape to the Ag microgrid or ITO
and then peeling off. The transmittance does not change after
the peel-off. Figure S(a) shows the results of the tape tests.
Compared to ITO, which has its sheet resistance increase by
31.7%, the sheet resistance change is 1.5% for particle-free
fabricated microgrids and 3.4% for microgrids fabricated from
particle-based metal ink formulated microgrids.

Bending tests were additionally performed on Ag microgrids
and PET. Figure 5(b) shows the results of these bending tests.
The Ag microgrid has a pitch of p = 300 ym and width of w =
10 pm. The sheet resistance was monitored in bending tests
where the samples were bent around a rod with 6 mm in
diameter, and the sheet resistance was measured every 50
cycles. The compression/tension tests were applied by bending
the Ag grid side toward/away from the steel rod. The relative
sheet resistance change (AR,/Ry) of ITO increases signifi-
cantly after 200 cycles in contrast to the Ag microgrids in both
tension and compression cases. The relative sheet resistance of
the ITO increases by 6.2 and 9.3 times the original sheet
resistance of 70 2/sq in tension and compression, respectively.
The initial cracking in ITO is formed at defect sites such as
pin-holes.*” With repeated bending, these cracks grow, and the
resistance increases. In contrast, the Ag microgrid can endure
repeated bending without the resistance changing as much as
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sputtered ITO on PET, as Ag has a higher yield strength
compared to ITO. The critical stress for cracking ITO is 6. =
0.58 MPa,”® much smaller than the tensile stress of Ag, which
is 140 MPa.** For the particle-free microgrid, the original
resistance of the prepared samples for tension and compression
tests is 8.8 and 8.4 Q/sq, respectively. After 200 cycles of
bending, the resistance of the samples increases to 9.9 (12.5%)
and 8.9 Q/sq (5.5%) in tension and compression, respectively.
For particle-based microgrids, the original resistance of the
prepared samples for tension and compression tests is 42.5 and
35.3 Q/sq, respectively. After 200 cycles of bending, the
resistance of the samples increases to 52.5 (23.6%) and 44.1
Q/sq (24.9%) in tension and compression, respectively.
Figure 5(c)(i) shows the results of folding tests performed
on the particle-free microgrid, particle-based microgrid, and
ITO. The folds are performed where the transparent
conductors are on the inside of the fold. The embedded
microgrid has a pitch size of 300 gm and width size of 10 pm.
The original sheet resistances are 7.3 and 39.6 /sq for the
particle-free microgrid and particle-based microgrid, respec-
tively. After 12 folds, the ITO sample is no longer conductive,
where the sheet resistance increases to infinity. This is due to
the deep and large cracks that appeared during the folding
process. In contrast, the Ag microgrids still maintain their
conductivity after 12 folds. For the particle-free microgrid, the
resistance increased by 3 and 126% after 3 times and 12 times
of folding, respectively, while for the particle-based microgrid,
the resistance increased by 31 and 158% after 3 times and 12
cracks within particle-free and particle-based ink formulated
microgrid samples after 12 folding cycles. As discussed earlier
with regard to higher conductivities, the particle-free micro-
grids have less voids and defects compared to microgrids
fabricated from particle-based inks. These structures thus have
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better fracture strength, as fracture tends to happen at
interfaces between the grains or nanoparticles.*> More cracking
is observable within the particle-based microgrid as well as
delamination between the edge of the microgrid and the
polymer.

B CONCLUSION

We report on a Ag microgrid embedded in flexible PET film
fabricated utilizing particle-free conductive ink to demonstrate
a high-performance transparent conductor. The embedded Ag
microgrid has good uniformity and ordering and exhibits up to
91.8% transmission at 550 nm and a low sheet resistance of
0.88 €/sq. The Ag microgrids fabricated from particle-free Ag
inks exhibited enhanced mechanical stability of performance
compared to both ITO and Ag microgrids fabricated from
particle-based inks in adhesion, bending, and folding tests.
Compared to the particle-based Ag ink, the particle-free ink
formed microgrids exhibit better transparent electrode
performance, lower roughness, and better mechanical
durability for flexible optoelectronic applications.
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