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ABSTRACT: Facile patterning technologies of silver nanowires (AgNWs) with low-cost, high- i
resolution, designable, scalable, substrate-independent, and transferable characteristics are highly ="+ = =" =~

desired. However, it remains a grand challenge for any material processing method to ful I all
desirable features. Herein, a new patterning method is introduced by combining inkjet printing
with adhesion manipulation of substrate interfaces. Both positive and negative patterns (i.e.,
AgNW grid and rectangular patterns) have been simultaneously achieved, and the pattern polarity
can be reversed through adhesion modi cation with judiciously selected supporting layers. The
electrical performance of the AgNW grids depends on the AgNW interlocking structure,
manifesting a strong structure property correlation. High-resolution and complex AgNW patterns
with line width and spacing as small as 10 m have been demonstrated through selective

Peeling off PVA

deposition of poly(methyl methacrylate) layers. In addition, customized AgNW patterns, such as SCREIS o i
logos and words, can be fabricated onto A4-size samples and subsequently transferred to targeted S Pecing S POMS

substrates, including Si wafers, a curved glass vial, and a beaker. This reported inkjet-assisted

Substrate PMMA PVA PDMS

process therefore o ers a new e ective route to manipulate AgNWs for advanced device

applications.
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1. INTRODUCTION

One-dimensional nanomaterials, such as nanowires, hanotubes,
and nano bers, have attracted tremendous research interest for
their potential applications in touch screens,™ exible
displays,®* sensors,>® solar cells,”® and photodetectors.®°
Owing to their unique electrical, thermal, optical, and
mechanical properties, silver nanowires (AgNWs) have been
widely used as building blocks for transparent electronics by
patterning or transfer process, enabling device integration and
functionalities for next-generation electronic/optoelectronic
applications.**** ** Despite the rapid development of
patterning techniques, an e ective AgNW patterning with
facile, low-cost, high-resolution, designable, scalable, substrate-
independent, and transferable characteristics has yet been
reported. Recently, conventional photolithography***® and
laser ablation processes'®” have been introduced to pattern
AgNWs with controlled sizes and shapes, and then an etchant
or high-energy laser is generally used to remove the
unnecessary parts. However, these patterning methods require
expensive equipment and complex processes and su er from
high production costs.*® As an alternative route, solution-based
printing technologies have recently gained great attention in
view of their merits of large patterning area, low-cost
fabrication, versatile manufacturing, and good compatibility
with exible substrates.”” A wide range of printing methods
have been developed, including inkjet printing,>?* screen
printing,”*** gravure printing,”**> and reverse o set printing.*
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Unlike other printing methods, inkjet printing is a mask- and
contact-free approach and has emerged as a promising
technique to directly write desi%ned patterns with precise
placement on various substrates.”” *° However, to achieve
ultra- ne patterns during the printing process, the ink
composition (e.g., concentration, solvent, and other organic
additives) needs to be carefully tuned to optimize ink
properties (e.g., viscosity and surface tension), hence enabling
good stability and printability.”®*>" Apart from complex
formulation of inks, the dimension of the materials themselves
also a ects signi cantly the printing performance. Great
success has been achieved in inkjet printing with quantum
dots,®** nanoparticles®** nanosheets* and nanorods,® but
direct printing of one-dimensional nanomaterials with a high
aspect ratio is rather di cult due to the well-known nozzle
clogging problem.?2%3" While previous studies showed that
short AgQNWs with length less than 5 m could be handled by
the printing process, ¢ the overall electrical and optical
properties of the printed patterns are severely compromised
compared to that from long AgNWSs, which are desirable for
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Figure 1. (a) Schematic illustration for the preparation of AQNW patterns by inkjet printing and adhesion manipulation with PVA and related

photographs of devices. (b) TEM image of synthesized AgNWs. (c)
optical image of AgNW lines after dissolving the PMMA layer.

Thickness of AGQNW lines with and without PMMA layer. (d) Bright- eld

constructing more e ective conductive networks through
providing longer percolation paths and reducing the nanowire
junctions with high contact resistance.>* This bottleneck of the
printing process cannot be overcome via using a bigger nozzle
because a poorer pattern resolution is obtained as a result of
the nozzle geometry.”® Although highly ordered NW arrays
have been fabricated by incorporating inkjet printing and
template-con nement strategy,*®** the ordered nanostructure
does not provide highly conductive paths for electrode
applications.

Another interesting patterning route is to control the
interface adhesion between objects and substrates, and a
signi cant advantage of this method is its transferability of
patterns onto target substrates, including three-dimensional
curved surfaces for curved electronic applications, which
cannot be directly printed via conventional printing technol-
ogy.*” *° For a AgNW percolation network, the adhesion of
AgNWSs to underlying substrates relies on their physical
adsorption force, which can be modi ed by changing the
surface energy through surface treatments (e.g., UV/0O; and
plasma). The adhesion is selectively controlled with a mask,
and AgNWs are either kept or removed, depending on the
adhesion force, to form customized shapes.**“® Accordingly,
the patterning is determined by the applied mask, and low
exibility is expected.

Considering the fact that no single method can simulta-
neously ful | all desirable characteristics for practical
applications, we introduce herein a facile AGQNW patterning
method that combines inkjet printing with adhesion
manipulation. Instead of printing AgNW ink, we choose a
simple, removable, and printable organic ink [e.g., poly(methyl
methacrylate) (PMMA solution)] to print customized PMMA
layers. Two most common polyvinyl alcohol (PVA) and
polydimethylsiloxane (PDMS) supporting layers were em-

ployed to manipulate the interface adhesion for the fabrication
of positive and negative AQNW patterns without an additional
etching or wiping process. The positive pattern corresponds to
a replica of the inkjet-printed PMMA pattern, and the negative
one is the inverted pattern. As the adhesion between PMMA-
covered NWs and substrate is larger than that between
PMMA-covered AgNWs and PVA, the covered AgNWs remain
on the substrate while the uncovered AgNWSs are embedded
into the PVA Im, leading to positive and negative AgNW
patterns, respectively. The grid width as well as the rectangular
AgNW pattern can be well tuned by modifying the printing
parameters. High-resolution AgNW patterns, such as line
width and space around 10 m, which are unattainable with
conventional inkjet printing, are also realized by additional
printing and transfer processes. On the other hand, when
PDMS is attached to the PMMA-covered sample, the adhesion
between covered AgNWs and substrate is weaker than that
between covered AgNWs and PDMS after addition of water,
hence the covered AgNWs are detached from the substrate and
transferred to PDMS. Therefore, a reversed polarity pattern is
achieved on the original substrate. The formed AgNW pattern
on the PDMS can also be coated onto other substrates,
indicating its transfer characteristic for diverse applications.

2. RESULTS AND DISCUSSION

Grid structures with interconnected conductive networks
possess optimal electrical, optical, and mechanical perform-
ances, and they are promising candidates for exible trans-
parent electrode applications.*’*® Therefore, AgNW grid
structures were fabricated as an example to demonstrate the
patterning quality. Previous studies have shown that organic
materials can be used as masks to protect objects for patterning
process;*>* here, printed PMMA patterns are not only used as
protective layers, but also to realize selective interface adhesion

34087 https://dx.doi.org/10.1021/acsami.0c07950
ACS Appl. Mater. Interfaces 2020, 12, 34086 34094


https://pubs.acs.org/doi/10.1021/acsami.0c07950?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c07950?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c07950?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c07950?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c07950?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Figure 2. Dark- eld optical images of AQNW grids on di erent substrates: (a) glass, (b) PET, (c) PDMS-1, and (d) PDMS-2. The initial AgNW

Ims are fabricated by spin-coating 16 times. The grid pitch is 600 and 350 m in (a c) and (d), respectively. (¢ h) Corresponding rectangular
arrays on PVA. The insets show the enlarged images of the grids and rectangular shapes. (i) Transmittance spectra of grids on di erent substrates.
The inset shows the corresponding devices. (j) Corresponding I V curves in log-scale of grids on di erent substrates. The inset shows the | V
curves in linear scale of the glass samples spin-coated 4, 8, and 16 times. (k) Resistance change of the PET device during bending cycles. The inset
shows the exible PET sample. (I) I V curves in log-scale of AGQNW rectangle and adjacent rectangles on PVA, which is peeled from the glass
sample spin-coated 16 times. The inset illustrates the corresponding measurements.

for the fabrication of positive and negative NW patterns.
Therefore, the NW pattern resolution is determined by the
inkjet-printed PMMA layers. Speci cally, PMMA grid
structures are fabricated by printing vertical and horizontal
PMMA lines sequentially, and positive AQNW grid pattern as
well as the corresponding negative AgNW rectangular pattern
was easily achieved when PVA Im was applied (Figure 1a). As
a result, full utilization of the deposited AgNWs is realized
during the patterning process and additional etching or wiping
process is no longer required, implying simplicity and low-cost
of this method. First, PMMA ink (e.g., 6 wt %) is directly
printed onto the AQNW Im, and then the PVA solution is cast
onto the sample surface to form a PVA layer. After drying, the
uncovered AgNWs are embedded into the PVA surface, and
hence stronger adhesion is formed between AgNWSs and PVA
compared to that between AgNWSs and the original substrate,
leading to transfer of AgQNWs from the substrate to PVA Im
during the subsequent peeling o process.”® However, for the
PMMA-covered AgNWs, the printed PMMA not only
signi cantly enhances the adhesion of the AgNWs to the
substrate, but also avoids the direct contact between AgNWs
and PVA. In this case, the adhesion between covered AgNWs
and substrate is stronger than that between covered AgNWs
and PVA, so covered AgNWs remain on the substrate, giving
rise to selective separation of AQNWSs. As a result, a positive
grid NW pattern is formed on the original substrate after
immersing the PMMA-covered sample in acetone, while
negative rectangular AQNW array is moved to the PVA Im.
The insets in Figure 1a show the photographs of the resulting
devices. XRD pattern of AgQNWs is shown in Figure Sl1a, and
the ve typical di raction peaks of silver (JCPDS card no. 04-

0783) correspond to the (111), (200), (220), (311), and
(222) planes. The small peak at 31.8° is assigned to
Ag(Cl,Br).** Figure 1b shows the TEM image of the
synthesized thin AgQNWs, and the periodic lattice fringes with
a distance of 0.24 nm correspond to the Ag(111) planes
(Figure S1b). The average diameter and length of the AgNWs
were 39.6 nm and 52.3 m, respectively (Figure S2).

Figure 1c illustrates the thickness of the obtained AgNW
lines with and without PMMA layers. Compared with the
AgNW pattern, the much higher thickness of lines with PMMA
suggests full protection of the AGQNWSs, which is necessary for
the subsequent patterning process. Given that PMMA
concentration greatly a ects Im thickness as well as printing
process, we have changed PMMA concentration for inkjet
printing. When a higher concentration (8 wt %) is used, nozzle
clogging easily occurs. Although 4 wt % PMMA can print
patterns, some of the AgNWs are detached due to
discontinuous coverage (Figure S3). Therefore, 6 wt %
PMMA solution is employed for the printing process. Figure
1d shows the obtained AgNW lines after removing PMMA
layers.

One key advantage of this inkjet-assisted method is its
substrate-independent characteristic, which enables PMMA
layers to be printed onto di erent substrates, such as glass,
PET, and PDMS (Figure 2a d). Under the same printing
condition, the grid width on glass and PET is about 70 100

m, while the width on PDMS is about 40 60 m owing to
their di erent surface wettability (Figure S4).° To enable
AgNW deposition onto PDMS substrates during sample
preparation, UV/O; treatment was conducted to change the
PDMS surface from intrinsically hydrophobic to hydrophilic,
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Figure 3. (al f1) Photographs of AgNW grid samples with di erent widths, which are termed Grid-1, Grid-2, Grid-3, Grid-4, Grid-5, and Grid-6,
respectively. Dark- eld optical images of the corresponding (a2 f2) AgNW grids on glasses and (a3 f3) rectangular arrays on PVA. (g) Average
grid width and space of di erent grid samples. (h) Resistance and transparency at 550 nm of grid samples and initial AQNW Im. (i) Temperature
pro les of grid samples under applied voltage of 10 V. (j) IR image of Grid-6 at applied voltage of 10 V.

but its hydrophobicity can be recovered over time, leading to a
higher contact angle and smaller grid width.® In the
meantime, the corresponding negative AgNW rectangular
patterns are successfully transferred onto PVA Ims (Figure
2e h). All grid samples present a high transmittance of above
97% at 550 nm (excluding the substrate) (Figure 2i),
demonstrating excellent optical performance. The grids on
glass and PET exhibit similar resistance of several hundred
ohms, but both the PDMS samples with grid pitch of 600 and
350 m are insulating (Figure 2j), which is ascribed to the
di erent AQNW interlocking structure (Figure S5). After UV/
O, treatment, the smooth surface of PDMS becomes wrinkled,
accordingly resulting in the wrinkled AQNW distribution when
AgNWs are spin-coated onto the modi ed surface (Figure
S5d,e). Speci cally, dense and sparse AgNWSs are periodically
distributed in the prepared patterns (Figure S5f), and high
resistance is expected because the overall electrical perform-
ance of the devices is determined by the numerous sparse
regions with high resistance. Besides, the smaller grid width in
PDMS samples can also increase its overall resistance. The
results clearly reveal that this patterning is not only suitable for

at surface (e.g., glass and PET) but also for coarse surfaces
(e.g., wrinkled PDMS). The AgNW density of the samples is
tuned by varying the spin-coating times, and the samples with
lower AgNW density exhibit a higher resistance, as expected
(Figure 2)).

To explore the potential applications in the exible devices,
the exibility of the PET device is measured by attaching and
detaching the sample on a glass vial with a radius of 6 mm for
1000 cycles, and the conductivity of the device remains highly

stable during the bending test (Figure 2k). The electrical
property of the rectangular array on PVA is also investigated.
Conductive and insulating characteristics are clearly observed
in the AgNW rectangle and adjacent rectangles, respectively,
further con rming the e ectivity of the AQNW patterning.
Similarly, the prepared AgNW grid pattern can further be
transferred to a PVA Im by repeating the aforementioned
procedures, as shown in Figure S6. We also replace the PVA
solution with a PDMS precursor; however, most of the AgNWs
are still retained on the original substrate (Figure S7a), and
only partial AgNWs are successfully moved to PDMS (Figure
S7b), implying that the formed adhesion caused by the
solidi ed PDMS precursor is not enough for the AgNW
transfer.

In addition, to further demonstrate the tunability of AgQNW
patterning and related physical properties of this method,
AgNW Im with a series of grid width/spacing are fabricated
under the same experimental condition. The grids with
controllable width and space are fabricated by varying the
PMMA line width, and the grid pitch is xed at 600 m during
ink-jet printing. Figure 3al f1 shows the photographs of
samples with various grid widths, where grid morphologies and
related structure change can be clearly observed. Figure 3a2
f2 present the corresponding optical images, and the average
width is gradually increased from 96 to 300 m, while the
average grid space is decreased from 503 to 311 m (Figure
30), which is consistent with the given grid pitch. Rectangular
AgNW arrays on PVA with tunable size are also obtained, as
shown in Figure 3a3 f3.
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Figure 4. (a) Schematic illustration for the preparation of high-resolution AgQNW patterns based on initial patterns. (b,c) Bright- eld optical images
of AgNW patterns with selectively deposited PMMA layers. (d) Dark- eld optical images of AQNWSs with di erent line widths from about 14 to 70

m. (e) Dark- eld optical images of AgNW lines with di erent gaps from about 10 to 40 m. (f,g) Dark- eld optical images of complex AgNW
patterns. The inserted arrow indicates that the grid width increases clockwise.

Figure 5. (a) Schematic illustration for the preparation of AgNW patterns with reversed polarity by inkjet printing and adhesion manipulation with
PDMS and related optical images are inserted. (b) Letter “C” transferred onto the glass substrate. The inset corresponds to IR image of the letter
“C” under 10 V. (c) Designed AgNW pattern with PMMA on an A4-size glass substrate after peeling o the PVA. (d f) AQNW words from the
Ad-size glass transferred to Si substrate, a glass vial, and a glass beaker, respectively (indicated by the yellow rectangles). The PMMA layer is

removed with acetone.

Figure 3h shows resistance and transmittance at 550 nm of
grid samples and initial AQNW network Im. It is well known
that there exists a trade-o  between electrical conductivity and
optical transmittance in AgNW interlocking networks.>* With
increasing the grid width, the overall resistance and trans-
parency are gradually decreased from 147 to 50 and 99 to
96.8%, respectively, suggesting that the properties of AgNW
samples strongly depend on their structure and can be facilely
tailored. Compared with the initial intact Im, the grid samples

show a higher transmittance because of the higher optical
transmission o ered from the voids in the grid pattern.
However, the voids have an inverse e ect on the electrical
conductivity, and the samples with a smaller line width exhibit
a higher resistivity as less conductive paths are formed due to
lower amount of AgNWSs.“® The joule heating performance of
these grid samples is studied, and Figure 3i shows their
temperature pro les under 10 V. Generally, Joule’s law (P =
VZ/R, where P is the supplied power, V is the applied voltage,
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and R is the resistance of the sample) is employed to describe
the generated heat.> Accordingly, the higher surface temper-
ature is generated in the sample with the bigger grid width due
to the lower resistance, and a maximum temperature of 110
°C is achieved. The patterned grid structure can also be
observed in the infrared (IR) image (Figure 3j).

One major drawback of the inkjet printing technology is its
coarse resolution, which impedes its wide application.
Generally, the resolution is measured by the line width and
space between the lines, and high resolution (<20 m) can be
reached by wettability manipulation through limiting ink
spreading.®®*° On the other hand, as the printer is connected
with a computer, accurate location of the droplets on
substrates is achievable by moving the nozzle over the desired
place®” allowing precise deposition of PMMA layers. This
process is similar to selective laser ablation and can be utilized
to realize high-resolution patterning. Hence, the preformed
patterns, such as line and grid structure, are processed for
further modi cation. Speci cally, PMMA ink is printed to
selectively cover the preformed AgNW pattern, and the
covered AgNWs with tunable size will remain on the substrate
after the peeling process, leading to customized patterns with
high resolution. The schematic illustration is presented in
Figure 4a, and related optical images of PMMA-covered
AgNW patterns are shown in Figure 4b,c. By controlling the
PMMA layer position, the AQNW width can be readily tuned
from 70 to about 10 m (Figure 4d). In addition, to realize
narrowly separated thin AQNW patterns, two PMMA lines are
deposited on the AgNW pattern, and the gap between AgNW
lines is well controlled between 10 and 40 m by changing the
distance between deposited PMMA layers (Figure 4e). In
addition to simple line structures with di erent width and
space, complex patterns are fabricated based on the grid
structures when single or two separated PMMA lines are
printed onto each AgNW line in the grid sample, and other
interesting shapes can also be expected with di erent
preformed patterns, revealing excellent exibility in pattern
engineering (Figure 4f,g).

Although the aforementioned PDMS precursor is not
suitable for the AgNW patterning, the solidi ed PDMS Im
can be used to replace the PVA Im as the supporting layer,
and interestingly, patterns with reversed polarities are obtained,
as shown in Figure 5a. When the PDMS Im is rmly attached
in the PMMA-patterned sample, a small amount of water (10
20 L) is dropped onto one edge of the sample, and water
penetrates because of wettability contrast between the
substrate and PMMA-covered AgNWSs,*® which favors the
separation of covered NWSs from the initial substrate. In this
case, the adhesion between covered AgNWs and glass is
weaker than that between covered AgQNWs and PDMS, which
is contrary to the results with PVA and favors the transfer of
the positive pattern to the PDMS. Therefore, the negative
rectangular pattern is left on the original substrate. The
positive AgNW pattern on the PDMS is then transferred to
target substrates by wrapping the PDMS around the substrates.
To enable this transfer process, a heating treatment is required
to detach the covered AgNWs from PDMS by reducing the
interface adhesion.”® Figure 5b shows the transferred letters
“C” with di erent font sizes, and the “C” can be clearly seen in
the IR image when a voltage is applied using the probes, which
suggests the conductive characteristic. To further demonstrate
potential applications, a complex pattern, such as University of
New South Wales (UNSW) logo, is printed on the PET
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substrate (Figure S8). Moreover, a designed pattern (Figure
S9), including UNSW logos and words, is printed onto the A4-
size AgNW sample (Figure 5¢). The peeled PVA Im is shown
in Figure S10. Apart from the common glass substrate, the
word patterns (“Batteries” and “OLEDs") are also transferred
to a Si substrate (Figure 5d). Furthermore, the word patterns
(“Nanogenerators” and “Silver nanowires”) are successfully
transferred to a curved glass vial and a beaker, respectively
(Figure 5e,f). The words “Silver nanowires” with PMMA layer
are obviously observed before the nal transfer process, as
shown in Figure S11.

3. CONCLUSIONS

In conclusion, we developed a straightforward method to
fabricate complex AGQNW patterns by combining inkjet printing
and adhesion manipulation. PMMA ink was rst printed onto
NWs to form customized PMMA patterns, which were utilized
as templates for the NW transfer process with PVA and PDMS
layers. By selectively controlling the interface adhesion
between PMMA-covered AgNWSs and di erent supporting
layers, AgNW patterns with di erent polarities (e.g., AQNW
grid and rectangular patterns) could be facilely achieved, and
the patterns with tunable size were also demonstrated, leading
to di erent electrical performances. In addition, high-
resolution patterns, such as line width and space around 10
m, were successfully generated through selectively peeling the
AgNWs from the preformed patterns. The inkjet-assisted
method enables the preparation of customized AgNW patterns
with complex shapes on a large area substrate and could further
be transferred to other target substrates, which has tremendous
application prospects in device fabrication and engineering.

4. EXPERIMENTAL SECTION

4.1. Sample Preparation. AgNWs were prepared by a modi ed
solvothermal process,®® and 150 L of NaCl and NaBr solution was
added to synthesize thinner AgNWs (aspect ratio ~ 1300). The
synthesized Ag NWs were dispersed in ethanol with a concentration
of 0.25 mg/mL. Precleaned glass and PET (2.5 cm x 2.5 cm) were
used as substrates. In addition, a PDMS precursor (10:1 weight ratio
of the base and curing agent, Sylgard 184, Dow Corning) was spin-
coated onto the precleaned glass (800 rpm for 10 s and then 3000
rpm for 30 5).% It was further annealed in a preheated oven at 80 °C
for 1 h to fabricate the PDMS-based substrate. The PDMS substrates
were treated by UV/ozone radiation for 30 min before AgNW
deposition. Then, 100 L of AgNWSs were dropped onto the
substrates with an initial waiting time of 60 s before the spin-coating
process at a speed of 1000 rpm for 15 s. Di erent AgNW densities
were prepared by repeating spin-coating 4, 8, and 16 times, and the
corresponding areal mass densities were 7.7, 12.5, and 152 mg m 2,
which were measured using Image] software.®* PMMA (Sigma-
Aldrich) solution was prepared by dissolving PMMA into anisole
(Sigma-Aldrich), and the concentration of the ink was 4, 6, and 8 wt
%. An inkjet printer (DMP-2800, Fuji Im Dimatix) with a 10 pl
cartridge was used to print the PMMA patterns, and 2 mL of the ink
was lled into the cartridge. During the printing process, one nozzle
was employed. The jetting voltage was set between 25 and 35 V, and
the used frequency was 23 kHz. After printing, the samples with
PMMA patterns were annealed in the preheated oven at 80 °C for 1
h. Two di erent methods have been subsequently used to fabricate
AgNW patterns by adhesion manipulation.

(1) PVA: 0.5 mL of 10 wt % PVA aqueous solution was used and
fully covered the printed samples. After drying at room
temperature, the PVA Im was peeled from the substrate, and
the negative pattern was obtained on the PVA Im. The
positive pattern on the original substrate was prepared after the
PMMA protective layer was removed with acetone.
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(2) PDMS: Thin PDMS Ims were prepared by curing the
aforementioned PDMS precursor in a preheated oven at 80 °C
for 1 h; then it was rmly attached to the aforementioned
PMMA-patterned samples. Water (10 20 L) was dropped at
one edge of the samples with PDMS. After slowly peeling o
the PDMS, the positive pattern with PMMA layer was moved
to the PDMS Im and the negative pattern remained on the
original substrate. Afterward, the pattern on the PDMS Im
was wrapped around the preheated target substrates (70 90
°C) for 10 min to allow the transfer process. Similarly, the
positive AgNW pattern was nally attained after dissolving the
PMMA layer with acetone.

To fabricate high-resolution patterns, the aforementioned lines and
grids were further modi ed with inkjet printing, and PMMA ink was
printed to partly cover the preformed AgNW lines. Accordingly, the
PMMA-covered NWs remained on the substrate after the peeling
process, and NW line patterns with di erent width were achieved by
carefully controlling the PMMA position. AGQNW lines with tunable
gap were also prepared when two separated PMMA lines were
selectively deposited onto the preformed NW lines. Similarly, single
or two separated PMMA lines can be printed onto each AgNW line in
the NW grid to fabricate complex structures with thin AgNW lines.

Additionally, the Ad-size AQNW Im was fabricated by a slot-die
method. After the customized pattern was printed, PVA aqueous
solution was dropped onto the Im and then peeled o after being
dried. The patterned words on the substrate were wrapped onto
di erent substrates, including Si, a glass vial, and a beaker, for the
pattern transfer, and di erent Ag patterns were obtained after the
PMMA layer was washed with acetone.

4.2. Characterizations. The AgNW morphology was observed
with optical microscopy (Olympus BX53 Microscope) and trans-
mission electron microscopy (TEM, Phillips CM 200). The structural
characterization of Ag NWs was measured using X-ray di raction
(XRD, PANalytical Empyrean Thin-Film) with Cu K radiation. The
thickness of the samples was measured by a D-600 Stylus Pro ler
(KLA-Tencor). The contact angles of the PMMA solution on the
substrates were measured with a Data physics OCA-20 system. The
transmittances of the samples were acquired by a PerkinElmer
ultraviolet visible (UV vis) spectrometer. The electrical properties
of the grid samples were measured using a Keithley 4200
Semiconductor Characterization System. Two parallel silver electro-
des with a thickness of 50 nm were deposited by a sputter coater
(Leica EM ACE 600) to improve the contact, and the samples were
clamped by two features connected to the Keithley 4200. The
distance between the electrodes was 1.5 cm, and the length of NW
lines was 2 cm. The surface temperature and thermal images were
obtained with an infrared camera (FLIR ONE), and a Keysight
b2902a source meter was used to apply the voltage. For heating
behavior of the letter “C”, conductive Ag electrodes were printed onto
the two edges of the letter by the inkjet printer with conductive silver
printing ink (Sigma-Aldrich, 30 35 wt % in triethylene glycol
monomethyl ether) and dried at 100 °C for 30 min to improve the
contact between the probes.
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