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ABSTRACT: Large-area conducting transparent conducting
electrodes (TCEs) were prepared by a fast, scalable, and low-
cost spray deposition of copper nanowire (CuNW) dis-
persions. Thin, long, and pure copper nanowires were obtained
via the seed-mediated growth in an organic solvent-based
synthesis. The mean length and diameter of nanowires are,
respectively, 37.7 um and 46 nm, corresponding to a high-
mean-aspect ratio of 790. These wires were spray-deposited
onto a glass substrate to form a nanowire conducting network
which function as a TCE. CuNW TCEs exhibit high-
transparency and high-conductivity since their relatively long

lengths are advantageous in lowering in the sheet resistance. For example, a 2 X 2 cm? transparent nanowire electrode exhibits
transmittance of T = 90% with a sheet resistance as low as 52.7 Q sq". Large-area sizes (>50 cm*) of CuNW TCEs were also
prepared by the spray coating method and assembled as resistive touch screens that can be integrated with a variety of devices,
including LED lighting array, a computer, electric motors, and audio electronic devices, showing the capability to make diverse
sizes and functionalities of CuNW TCEs by the reported method.
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1. INTRODUCTION

With the prosperity of optoelectronic industry, the role of
transparent conductive electrode (TCE) becomes more and
more indispensable. For example, TCE has been used on light-
emitting diodes (OLEDs), solar cells, and touch screens. >
Especially, touch screens greatly facilitate our daily life since
they can be integrated into tablet personal computers, car
navigation, and smart phones.4 Because of their light weight,
simplicity, transparency, and multitouch capability, touch
screens can reduce the weight of device.”” A screen and
buttons can be combined in the form of a touch screen, and the
volume of a device can be effectively conserved. Therefore, a
touch screen has gradually substituted for a button in the form
of acoustic wave (SAW),6 infrared,” capacitive,8 or resistive’
types. Resistive touch screens play a critical role in the global
market of touch screens because of their simple structure, low-
power consumption, high-resolution, and low-prices.'’ In the
structure of resistive touch screens, two TCEs made by
transparent and insulating substrates (glass or acrylic panel) are
coated with conductive layers. The two conductive layers are
oppositely placed and separated with invisible spacers.”"

For the past decades, indium-doped tin oxide (ITO) had
always been the dominant material used for the TCE market
due to its excellent characters regarding both transmittance
(90%) and conductance (10 Q sq~'). However, the massive
consumption of ITO leads to price inflation of the scarce
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element indium. Moreover, the ceramic nature and high-
reflection characteristic of ITO limit its application in flexible
substrates and near-IR optoelectronic devices. To solve these
problems, it is inevitable to find other materials to substitute for
ITO. Recently, various materials, including conductin§
polymers," "> carbon nanotubes (CNTs),"*™'¢ graphene,'”™"
and metal nanowires’’™* were used as ITO alternatives.
Among these materials, the sheet resistance of solution-
processed CNT and graphene is still too high to reach the
minimum standards required by industry for TCEs (T > 90%
and Rs < 100 Q sq7!).””** On the other hand, random
distribution of metal nanowires exhibits promising results.
Nanowire TCEs can be made via scalable coating methods,
such as spray coating or roll-to-roll coating. The performance of
silver nanowires (AgNWs)29 is comparable to ITO, superior to
all the other ITO-alternative materials. Nevertheless, the price
of AgNWs is also relatively high owing to its low-abundance.
Compared with silver, copper is 1000 times more abundant
and 100 times less expensive.”” Moreover, the conductance of
copper (6 = 5.96 X 107 S/m) is only slightly lower than silver
(6 = 63 x 107 S/m), ranking the second among all of the
metals. Wiley et al. prepared copper nanowire (CuNW) TCE
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Figure 1. (a) SEM image of CuNWs. (b, c) TEM images of CuNWs. (d) XRD pattern of the CuNWs on glass substrate. Histograms of the (e)

diameter and (f) length of CuNWs.

with filtration method with transmittance (T = 67%) and sheet
resistance (Rs = 61 Q sq™').*' The quality-improved CuNW
TCE with transmittance T = 90% (Rs = 186 Q sq~!)*
processed through the mayer rod coating method was reported
later. Dieqing Zhang and co-workers used a nonaqueous
method to synthesize ultralong single crystalline CuNWs and
make TCEs by the vacuum filtration method to obtain
performance of Rs = 90 Q sq~! at T = 90%.”” Yang’s group
synthesized ultrathin CuNWs (d = 17.5 nm) by using
tris(trimethylsilyl)silane as a mild reducing reagent for TCE
applications with performance in transmittance and 34.8 Q sq™"
in sheet resistance.”” Cu is oxidized easily when they are
exposed to air. Rathmell et al. reported the method of Ni-
coated CuNWs synthesis and its application in TCE. Owing to
the protection of the Ni layer, the oxidation of CuNWs was
effectively avoided, and the sheet resistance of CuNW TCE
remains almost constant after 30 days.”* In 2015, Sun’s group
reported the facile mothed for the synthesis of Cu—Ni and
Cu—Ag bimetallic nanowires. With the protection of the Ni and
Ag cover layer, CuNWs have the ability to resist the thermal
oxidation and moisture corrosion.” Besides, graphene is a good
protecting material for CuNWs; a CuNW-—graphene core—
shell structure was published by Ahn et al. in 2015.° The TCE
made by these nanowires shows high-optical transmittance (T
= 89.3%, Rs = 53.8 Q sq') and outstanding oxidation stabilty
(the Rs increases less than 9% after 30 days). Reduced
graphene oxide (RGO)/CuNWs hybrid films were reported by
Kholmanov et al, and the RGO layer deposited on CuNW
network not only prevents oxidation of CuNW film but also
improves electronic conductivity and substrate adhesion.’” In
addition, transparent metal oxide shells on surface of CuNWs
such as Zn, In, or Sn also have the ability to protect CuNWs
from oxidation without losing the transmittance of film.**
Recently, Im et al. reported a glass-fabric reinforced CulNW-
GFR Hybrimer film. The embedded CuNW structure exhibits

high-oxidation resistance; under 80 °C annealing, the sheet
resistance of film shows no obvious change after 14 days.””

For industry applications of deposition of transparent
conductive layers, a low-cost, simple, low-operating temper-
ature, and scalable method is necessary. Spray deposition is an
appropriate way to conform to the above requirements. It is
easy to control the transparency and the electric conductivity of
TCEs by adjusting the spraying frequency and the concen-
tration of conducting materials. Several studies of fabricated
TCEs made by different nanomaterials, including CNTs, #4041
graphene, "> and AgNWs”"** using a spray coating have been
reported.

Herein, thin, long, and well-dispersed CuNWs with gram
scale throughput were obtained via the seed-mediated growth
in an organic solvent-based synthesis.*> The CuNW TCEs were
prepared by a simple, facile, and low-cost spray coating method.
Properties of CuNW TCEs such as transmittance and sheet
resistance were characterized in detail. Spray-deposited CuNW
TCEs exhibit high-performance (e.g, Rs = 52.7 Qsq ' at T =
90%) and uniform transmittance in the visible and NIR region.
Moreover, two different large-area sizes of CuNW TCEs (6.5 X
10 cm® and 6 X 25 cm?) were prepared by spray deposition and
assembled as a resistive touch screen with high-transparency
and low-sheet resistance which can be applied on switching
different devices.

2. RESULTS AND DISCUSSION

2-1. Synthesis of CuNWs. CuNWs were synthesized by
the amine reduction method reported previously**® with
modified synthetic parameters. During the reaction, first, a Cu'-
oleylamine complex formed when solution was heated to 110
°C. After elevating the temperature, Cu’ ions become Cu*" and
Cu’ by means of a disproportional reaction, and 5-fold twinned
CuNWs were generated.”*® In order to acquire longer
CuNWs, the reaction condition was optimized by investigating
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the synthesis of CuNWs in various reaction temperatures (see
Figure S1 in Supporting Information). We found that synthesis
carried out at 260 °C can produce the best quality of CuNWs,
as shown in the SEM image (Figure la). The CuNWs afforded
by the reaction condition were nearly 4 times longer than those
from Han’s report. The TEM images of CuNWs were shown in
Figure 1b,c; the CuNWs were deposited on a holey carbon-
coated copper grid. In Figure 1b, the diameter of CuNWs is
uniform, and there are very few impurities (nanoparticles or
byproducts) existing in the products. A self-assembly
phenomena was observed in the TEM image with higher
magnification as shown in Figure Ic. Figure 1d shows the XRD
pattern collected from the as-prepared CuNWs, and three
diffraction signals can be readily indexed at 20 = 43.5°, 50.7°,
and 74.48°, which, respectively, correspond to the (111), (200),
and (220) crystal planes of face-centered-cubic (fcc) copper
(JCPDS 85-1326). There are no extra signals observed,
indicating high-purity of CuNWs and no other crystallites
observed in the product. The diameters and lengths of CuNWs
were measured and illustrated in the form of histograms in
Figure lef. The diameters vary from 20 to 70 nm with a mean
value of 46 + 16.8 nm, and the lengths vary from 15 to 55 ym
with a mean value of 37.7 & 9.8 yum. Figure 2a shows the digital
image of large-scale CuNW solution obtained from the reaction
using 4.5 g CuCl and 400 mL OLA as precursor solution. After
purification, more than 2 g of CuNWs was obtained in a single
reaction. Figure 2b,c shows SEM images of highly dense
CuNWs synthesized by the scale-up method. This approach
provides a large amount of nanowire ink, which could be used
for applications of large-area of CuNW TCEs. These CuNW
powders that consist of CuNWs were easily untangled and
dispersed in toluene by a continuous sonication because of the
oleophilic OLA capping layer on the surface of CuNWs. In
order to avoid the aggregation of CuNWs which could obstruct
the nozzle of spray gun, keeping the concentration of CuNW
dispersion under a concentration of 0.5 mg/mL is suitable for
spray coating.

2-2, Electrical Conductivity and Optical Transmittance
of CuNW TCEs. Figure 3 shows the experimental setup of the
spray-deposited method. Low-concentration of CuNW ink was
sprayed onto the precleaned bare glass substrate. During
deposition, the CuNWs curved and partially fused because of
the high-kinetic energy of spraying. As a result, the contact area
between CuNWs was increased. After removing the insulating
ligands on the surface of CuNWs, the electrons transferred
through the wire—wire junction were more efficient. The
density of CuNW networks can be easily controlled by
adjusting the deposition time of the spray coating process;
Figure 4 shows SEM images of CuNW films with different
densities on glass substrates fabricated by the simple spray
coating process. To facilitate SEM analysis, we deposited Au
onto the films after spray coating. The deposited masses of
CuNWs per unit area (M/A) of each film were measured. As
the thickness is increased, the networks become less sparse with
the substrate appearing less frequently. As the film density
increases, there are fewer holes in the films, which lead to more
uniform electrical field distribution when used in optoelectronic
devices. Lower densities of CuNWs (Figure 4a) resulted in a
higher transmittance (T = 90.4%) and a higher sheet resistance
(Rs = 52.7 Qsq™"). As the density of the nanowires is increased
(Figure 4d), both the transmittance (T = 70.8%) and sheet
resistance decreased (Rs = 7.6 Q sq™').

13011

Figure 2. (a) Digital images of large-scale CuNW solution and
powders. (b, c¢) SEM image of high-density CuNWs with different
resolution magnification.

The transmittance spectra in the visible region for all films
were measured (Figure Sa). There is no apparent variation in
transmittance in the region between 400 and 700 nm; in other
words, no particular wavelength of lights was obstructed when
passing through the CuNW TCEs. A four-probe method was
used to measure sheet resistance which can avoid contact
resistance between probe and CuNWs. Higher transmittance of
CuNWs (95.1%) resulted in a higher resistance (356.7 Q sq™").
As the amount of CuNW deposition increased, both the
transmittance (61.2%) and sheet resistance (2.7 Q sq7')
dropped. The transmittance of CuNW TCEs almost main-
tained constant from wavelengths of 400 to 2500 nm; on the
other hand, ITO is highly transparent in the visible region, but
the transmittance decreases after the wavelength rises to 700
nm. Similar to ITO, the transmittance of fluorine-doped tin
oxide (FTO) decrease dramatically after the wavelength rises to
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Figure 3. Experimental setup of spray-deposited method.

1000 nm. The decrease of transmittance results from ITO’s and
FTO’s plasma resonant wavelength at about 700 and 1000 nm,
respectively, which depends on the doping level,*” as shown in
Figure Sb.

The specular transmittance and the diffusive transmittance of
five groups of CuNW TCEs were also measured. Specular
transmittance was measured by detecting only light that comes
out of the sample parallel to the incident light. The diffusive

transmittance only differed from specular transmittance in that
diffusive transmittance includes all forward scattered light
measured using an integrating sphere. As shown in Figure S,
the CuNW TCEs also show higher diffusive transmittances
than specular transmittances. Figure 5d shows the percentage
differences between diffusive transmittances and specular
transmittance corresponding to Figure Sc with values
approximately ranging from 1.0 to 2.4%. TCEs with higher
transmittance have smaller percentage differences. A large
percentage difference leads to haze which is undesirable for
display applications; however, it could be advantageous for
certain devices used where light scattering is preferred, such as
solar cells.*** Figure Se shows the percentage differences
between diffusive transmittances and specular transmittance of
different materials at specular transmittance equal to 80%. The
values of FTO, ITO, CNT, and graphene are slight because of
their smooth surface;*® on the contrary, AgNW and CuNF have
larger differences due to intrinsic properties and larger
nanowire diameter.””** The value of the CuNW TCE is 1.7%
which is close to that from the previous report.”” It should be
noted that the difference is about 1% at transmittance 90%,
Figure 5d, very close to the values for FTO and ITO.

The rectifying behavior was determined by using a
transmission line model (TLM) measurement. As shown in
Figure 6a, there is a linear I—V characteristic behavior with
different transmittances, which indicates that the nanowire
network in the CuNW TCEs exhibits ohmic contact. The
CuNW TCEs with different transmittance and conductivities
were placed under air circumstance; the increasing of sheet
resistance for each CuNW TCE caused from the oxidation of
CuNWs was measured periodically. As shown in Figure 6b,
after 38 days, electrodes with transmittance under 79.1% have
negligible increase on the resistance, and electrodes with higher
transmittance have little increase on the resistance. The
increase may be due to the oxidation of CuNWs; the Cu,O

(a) T=90.4%,17.5 mg m?

(c) T=84.6%,50.0 mg'm?

e
N

(b) T588.9%,38.5 mg m2

(d)it’a”io;é}',i 58 mg

X

Figure 4. SEM image of CuNW films with different weight densities on glass substrates: (a) density = 17.5 mg m™2, (b) density = 38.5 mg m, (c)

density = 50.0 mg m™>, (d) density = 153 mg m™>
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Figure 6. () Linear IV characteristics of TCEs with different transmittance. (b) CauNW TCEs with different transmittance and conductivities under
air circumstance. (c) Transmittance (550 nm) plotted as a function of film sheet resistance for the films studied in this work. (d) A2 cm X 2 cm
CuNW TCE was connected with a battery and a blue light LED to form a circuit, and the LED was turned on successfully.

formed and then changed into CuO gradually when the CuNW
TCEs were exposed to an ambient atmosphere.”"*> Compared
to high-transmittance electrodes, lower transmittance electro-
des exhibited lower sheet resistance increasing after exposure to
the air for a long time. There is no significant increase in the
sheet resistance of these low-transmittance CaNW TCEs (T =
75.8%, 72%, and 65.3%), indicating the good stability of these
films in air. We suspect that it is caused by the large amount of
CuNW on the substrates: the upper CuNWs were oxidized

13013

primarily and the lower CuNWs were protected by them.
Therefore, more unoxidized CuNWs remained on the
substrates that led to the oxidation stability.

The utility of transparent conductive electrode is largely
governed by two critical parameters: the sheet resistance and
transmittance. These two parameters are governed by the dc
conductivity (opc) and optical conductivity (6,). An
expression between sheet resistance, optical transmittance,
6pc, and 6, is given by the following formula (eq 1)* which is
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valid for thin metal films and has previously been shown to
accurately describe films of both silver nanowires™ and carbon
nanotubes.'*
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(1)

The best performance of CuNW TCEs in this work could fit
the value opc/6o, = 300 (Figure 6¢). Previous works have
demonstrated that the maximum opc/0g, values of AgNWs
and CNT are 500> and 25,'* and the maximum o/ ooy value
of AgNWs by spray coating is 415.”" The value of CuNW
electrodes is much higher than CNT and slightly inferior to
AgNWs. In Figure 6d, the 2 X 2 cm® CuNW thin film was put
into a circuit with a battery pack and an LED. As can be seen,
electron current can transfer through the CuNW thin film, and
the LED bulb was lighted. Figure 7 shows the comparison with

100

——r—— -
] 4 m ]
90 ‘1‘,< @ e 0 > A -
%"OOOD BA * 0

80 5 o O 4
©0% T

70 4 \ o -_

q

60 o

[
1

>3
o

50 4

40 .
CuNWs (this work)
CNTs (Ref. 53)
Graphene (Ref. 42)
RGO/CuNWs (Ref. 37)
AgNWs (Ref. 44)

AgNWs (Ref. 55)

CNTs (Ref. 41)
CNTs (Ref. 14) .
Graphene NRs (Ref. 43)1
AgNWs (Ref. 23) T
AgNWs (Ref. 54) 1

30 4

Transmittance (%)

20+

B0y OO0e
A L A pDO

BN E LR ‘%
v

o

N B A R e e e
0 20 40 60 80 100 120 140 160 180 200

Sheet Resistance (Q2 / square)
Figure 7. Sheet resistance (Ohm/square) vs transmittance (%) of

TCEs made of various kinds of nanomaterials using spray-deposited
methods.

previous publications which use a spray-deposited method to
make TCEs; the performance of CuNW TCEs in this work
outperform the CNTs electrodes'**"*® and graphene electro-
des,"”* being slightly better than the RGO/CuNWs which
Kholmanov reported,”” very close to AgNWs.*»*+>°

2-3. Fabrication of Large-Area CuNW TCEs and
Assembled as Touch Screen Devices. As discussed above,
we have successfully demonstrated the electric conductivity of 2
X 2 cm®> CuNW TCEs. For further application testing, two
pieces of large-area CuNW TCEs with approximately 83% in
transmittance were combined to manufacture a resistive touch
screen. Figure 8a shows the structural diagram of a 6.5 X 10
cm? touch screen made by CuNW TCEs. A glass/CuNWs/
spacer/CuNWs/glass structure provided a high-optical trans-
mitting area and a controllable current path. While the touch
screen was pressed, the upper and bottom CuNW films were in
contact to form a circuit. Electrons can pass through the touch
screen through the connected CuNW films. After removal of
the pressing force, the glass substrate and CuNW film restored,
and the circuit was broken down. Therefore, we can easily
control the devices by pressing the CuNW touch screen. The
6.5 X 10 cm* CuNW touch screen was examined in lighting the
LED, turning on the computer, starting the electric fan, and
turning on the speaker, as shown in Figure 8b. Four different

devices were separately connected to one part of the touch
screen and a power source. After pressing the upper CaNW
TCE, a contact occurred between two CuNW TCEs, a circuit
formed simultaneously, and the devices were propelled. As
shown in video S1, each part of the CuNW touch screen can
individually let electrons pass and turn on devices without
disturbing each other. We also demonstrate large-area TCEs by
using this method. A large-area CuNW touch screen consists of
two TCEs with area size of 6 X 25 cm” were made and tested
for their applications as a touch screen. The CuNW touch
screen was connected with a 3 V coin cell primary lithium
battery and an LED array which was composed of 126 green
LEDs and a bread board. As shown in Figure 8c and video S2,
while we pressed several places on the touch screen, the LED
array could be lit up. The result indicates that the circuit formed
at any contacting position of the two CuNW TCEs. The
current intensity in this system was measured to be 880 mA,
showing that the CuNW TCE can tolerate intensive current.
Large-area CuNW touch screens can form a circuit, transfer
electrons, and turn on diversified devices by pressing different
places on the touch screen, which means that they can be
applied in electronic products requiring large-area touch
screens such as a global positioning system (GPS) and an
automated teller machine (ATM).

3. CONCLUSION

In summary, by using a spray-deposited method, we have
successfully manufactured CuNW TCEs with high-trans-
parency and high-conductivity. The transmittance of CuNW
TCEs, the morphology of CuNW conducting network on
substrate, and the electric conductivity of CuNW TCEs can be
easily tuned by controlling the spraying conditions. After
adjusting the transmittance of CuNW TCEs to T = 90%, the
sheet resistance is 52.7 Q sq ", very close to the performance of
AgNWs. In the visible region, CUNW TCEs have the ability to
transfer almost all the wavelengths of light; no particular
wavelength was obstructed. In comparison to ITO, CuNW
TCEs also exhibit excellent light penetration in NIR region.
Large-area CuNW TCEs fabricated by spray deposition were
accomplished. The CuNW TCEs were also assembled as
resistive touch screens to turn on different devices, indicating
that touch screens made by CuNW TCEs have the potential to
be applied in optoelectronic devices with various sizes.

4. EXPERIMENTAL METHODS

4-1. Chemicals. Copper chloride (CuCl, 99.9%), oleylamine
(70%), and toluene (CsH;CHs, 99.9%) were purchased from Sigma—
Aldrich and used without further purification. Copper grids were
purchased from Electron Microscope Sciences. All the experiments
were carried out under argon flow by using a Schlenk line.

4-2. Synthesis of Oleylamine-Coated Copper Nanowires.
Typically, copper chloride (0.3 g) and oleylamine (30 mL) were added
into a three-neck flask under stirring. Until all of the CuCl dissolved,
the solution was heated to 110 °C under argon flow to remove the
water and oxygen. After 30 min of heating, the color of solution
changed from green to yellow. Afterword, the solution was heated to
260 °C and reacted for 30 min under argon protection. The color of
the solution changed from pale yellow to reddish within a minute.
After the reaction, the obtained copper nanowires were purified by
centrifugation at 8000 rpm S min until the upper suspension was
completely clear (three to four rounds). The CuNWs were then stored
in a vial under argon conditions to prevent oxidation.

4-3. Fabrication of CuNW TCEs and Touch Screens. The
CuNW thin films were prepared with a simple, facile, and low-cost
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Figure 8. (a) Schematic diagram of the structure of CuUNW touch screen (left) and concept of CuNW touch screen (right). (b) The 6.5 X 10 cm?
CuNW touch screen fabricated by two CuNW TCEs was applied in turning on the computer, LED, electric fan, and speaker. The associated video
showing the operation details is shown in video SI. (c) The 6X 25 cm? CuNW touch screen was applied in lighting a LED array, circuit is form by
touching different places on the touch screen. The associated video showing the operation details is shown in video S2.

spray coating method. The CuNWs were dispersed in toluene with a (2 em X 2 cm) using an airbrush with back pressure with 20 psi. To
concentration of 0.5 mg/mL and were sprayed onto the glass substrate prevent coalescence into larger droplets before drying, the glass
13015 DOI: 10.1021/acsami.6b02652
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substrate was placed on a hot plate (110 °C) to accelerate the
evaporation of toluene. Different densities of nanowires on the surface
of the substrate were obtained by varying the amount of spraying. The
CuNW films were not conductive before annealing in a furnace for 2 h
in an atmosphere of 75% argon and 25% hydrogen at a reducing
pressure to remove the oleylamine and the copper oxide on the surface
of the CuNWs. After annealing, the CuNW films were stored under
argon conditions for further characterization. In fabrication of the 6.5
X 10 cm? CuNW touch screen, first, a cross-shaped tape was covered
on the glass substrate; after spraying, the tape was removed, and four
CuNW TCE regions were formatted. After annealing, two CuNW
TCEs made by the same procedure were combined; the CuNW side of
one TCE faced the CuNW side of the other TCE. In order to avoid
the contact between two CuNW TCEs, a cross-shaped transparent
spacer was stuck on both of the CuNW-free regions of two TCEs. The
four parts of CuNW touch screen were individually connected to four
different devices (LED, computer, electric motor, and audio electronic
device) and power sources such as lithium ion battery by electric wires.
One side of the wires was connected to the upper CANW TCEs, and
the other head was connected to the bottom CuNW TCEs. The
procedure of 6 X 25 cm* CuNW touch screen fabrication is similar to
that for the 6.5 X 10 cm®* CuNW touch screen; the two CuNW film
were separated by a spacer layer, and the touch screen was connected
to a LED lighting array and a lithium ion battery.

4-4. Characterization. SEM images were taken with HITACHI-
$4700 and JEOL 7000F scanning electron microscopes. TEM images
were taken with a HITACHI H-7100 transmission electron micro-
scope. HR-TEM images and diffraction pattern were taken with a
JEOL JEM-3000F electron microscope. When preparing the sample, a
drop of toluene dispersion of copper nanowires was placed on carbon-
coated copper grids and dried in air. Powder XRD patterns were
collected on a MAC Science MXP18 diffractometer with Cu Ka
radiation. The weight of glass substrates was measured with Sartosius
SE2. The transmittance and sheet resistance of each CuNW electrode
were measured using a UV—vis spectrometer (H-4100) with a blank
substrate as the reference and a four-point probe (Keithley 2400) to
avoid contact resistance between the probe and CuNW. Each data
point of sheet resistance data is the average of S measurements.
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