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ABSTRACT We have developed a facile and compatible method to in situ

fabricate uniform metal nanowire networks on substrates. The as-fabricated metal

nanowire networks show low sheet resistance and high transmittance (2.2 Q sq ' T~

at T = 91.1%), which is equivalent to that of the state-of-the-art metal nanowire

networks. We demonstrated that the transmittance of the metal networks
becomes homogeneous from deep-ultraviolet (200 nm) to near-infrared

(2000 nm) when the size of the wire spacing increases to micrometer size.

Theoretical and experimental analyses indicated that we can improve the

conductivity of the metal networks as well as keep their transmittance by
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increasing the thickness of the metal films. We also carried out durability tests to demonstrate our as-fabricated metal networks having good flexibility and

strong adhesion.
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ransparent conductive oxides (TCOs)

such as indium tin oxide (ITO) (In,0s:

Sn), fluorine-doped tin oxide (SnO,:F),
and aluminum-doped zinc oxide (ZnO:Al)
have been widely used in optoelectronic
devices as transparent electrodes. However,
an inherent deficiency in these TCOs pre-
vents their satisfactory application in some
optoelectronic devices. For example, these
TCOs cannot be effectively applied to ultra-
violet (UV) and infrared (IR) detectors or
solar cells with wide spectral absorption
because the interband absorption and the
light scattering by the free electrons can
significantly decrease their transmittance in
the UV and IR regions.' Moreover, the brit-
tleness limits their applications in flexible
optoelectronic devices.? Today, many kinds
of novel materials, such as carbon nano-
tubes,>™> graphene,®~® conductive poly-
mers,” "' and metal networks,'> >3 have
been developed to meet the requirements
of optoelectronic devices more widely.
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In these materials, the performance of the
carbon-based materials and the polymers
are limited by their low conductivity, al-
though their flexibility can be improved
significantly. The metal network is an im-
portant candidate to replace TCO as a trans-
parent conductive electrode due to its
excellent conductivity, flexibility, as well as
its process compatibility in low-cost manu-
facturing techniques. Generally, there are
two methods to form the metal networks.
One method is randomly dispersing the
metal nanowires on the substrates. The
metal nanowires, such as Ag or Au, are
usually fabricated by wet chemistry meth-
ods."* ™ It is a facile way to obtain the
metal network, but there are two disad-
vantages that restrict the conductivity, the
lower length to diameter ratio of nano-
wires, and the higher wire-to-wire junc-
tion resistances>* Though some post-
treatments, such as heating,'*'> mechan-
ical pressing,’® plasmonic welting,'”” and
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Figure 1. Schematic of the ion beam etching process with a polymer nanofiber network as the shadow mask to in situ

fabricate a metal nanowire network on the substrate.
growing conductive materials on the junctions,'®2°
have been developed to reduce the junction resis-
tances, the sheet resistances of the nanowire network
electrodes are still relatively high (>20 Q sq™' at 90%
transmittance). The other method is designing and
patterning the metal thin films deposited by physical
vapor deposition.’ >3 Metal networks fabricated by
this method had higher conductivity due to the higher
nanowires' conductivity and the elimination of the
wire-to-wire junction resistances. However, most of
these works were based on complex and high-cost
processes such as nanoimprint lithography®' =2* or
electron beam lithography,?> which would increase
the cost significantly. To decrease the fabrication cost,
some low-cost materials and structures, such as elec-
trospun polymer networks,>’33 grain boundaries,?®
and film cracks,?* 32 have been introduced as pattern
masks. Among them, electrospun polymer networks
present remarkable performance due to their small
and uniform diameter, ultralong fibers, and super
connection. Cui's group fabricated transparent electro-
des with high performance (sheet resistance 2 Q sq '
at 90% transmittance) by transferring the metal-
deposited electrospun polymer networks to the
substrates.”” However, it is difficult to keep the metal
network intact during the transfer processes, especially
for large-area fabrication. Zhu's group developed a
transfer-free method to fabricate Cu nanowire net-
works with electrospun polymer networks as a mask
base in the solution etching process.3® However, the
performance of the Cu nanowire networks showed
relatively low conductivity (sheet resistance 24 Q sq '
at 92% transmittance) because the solution etching
process could generate defects on the networks.
Therefore, how to prepare highly conductive and intact
metal network electrodes by a facile and low-cost
process remains a critical challenge.

In this work, we report a facile and compatible
method to in situ fabricate metal nanowire networks
on transparent substrates based on an ion beam
etching (IBE) process with the electrospun polymer
nanofiber networks as shadow masks. This method is a
planar process quite similar to photolithography and is
expected to be a compatible process in a production
line to fabricate large-scale electrodes. The in situ
method without a transfer process can keep the as-
fabricated metal networks intact, which is significantly
beneficial to the high performance of the metal nano-
wire networks. The as-fabricated metal nanowire
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networks have performance comparable to that of the
state-of-the-art metal nanowire networks reported.?’
We also studied the optical properties of the metal
nanowire networks. The optical simulations show that
the transmittance of the networks becomes uniform
from deep-UV to near-IR when the wire spacing
increases to microscale, though the open ratio (OR)
remains fixed. To our knowledge, this was rarely
reported in previous work but is quite significant for
UV and IR detectors or broad spectral range responsive
solar cells. Furthermore, we performed durability
experiments to confirm the performance of the
as-fabricated metal nanowire networks under bending
and abrasion conditions.

RESULTS AND DISCUSSION

Figure 1 shows the schematic of our method. At the
beginning, a continuous metal layer was deposited on
a transparent substrate by physical vapor deposition.
Then an electrospun polymer nanofiber network as the
shadow mask was covered on the surface of the as-
deposited metal film. An IBE process was used to
bombard and remove the metal that had not been
covered by the polymer fibers. Finally, the remaining
polymer fibers were dissolved by ethanol.

Figure 2a shows the optical microscopy image of the
as-prepared Ag nanowire network on a glass substrate.
The inset photograph shows the transparency of a
sample of a 100 nm thick Ag nanowire network (T =
85%) on a glass substrate with a size of 2.5 cm x 2.5 cm.
From the photograph, we can see the building clearly
through the Ag nanowire network transparent electro-
des (Supporting Information Figure S1 shows more
photographs of the different metal nanowire network
electrodes). The top view scanning electron micro-
scopy (SEM) image (Figure 2b) of the Ag network
indicates that the nanowires and network can remain
intact on a large scale and the length/width ratio of the
nanowire is large (~4 x 10%, which is a benefit to
reduce the sheet resistance of the whole metal net-
work. SEM images of the Cu, Au, and Al networks on
glass and the Ag network on the polyethylene ter-
ephthalate (PET) substrate are also shown in Figure S2.
Figure 2cis the SEM image at a tilt angle of about 30° of
the Ag nanowire network with the leftover polymer
fiber mask. It indicates that the polymer fibers can
effectively protect the bottom metal during the IBE
process. Because IBE is an anisotropic process, the
etching edge of the Ag nanowire is relatively sharp
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metal wire

Figure 2. (a) Optical microscopy image of the Ag nanowire network on a glass substrate, with the polymer fiber network mask
not dissolved. Inset is a photograph of the Ag nanowire network in situ fabricated on a 2.5 cm x 2.5 cm glass substrate.
(b) Low-magnification SEM image of the Ag nanowire network on a glass substrate. (c) SEM image at a tilt angle of about 30° of
the Ag nanowire network with the leftover fiber mask. (d) Enlarged SEM image of the interconnect section of the Ag wires.

and smooth, which is difficult to attain with the solu-
tion etching process.® The thickness of the Ag wire is
about 100 nm, which is the same as that of the raw Ag
film. Figure 2d shows the enlarged image at the
intersection of Ag wires. The connection status will
not produce the extra junction resistance, so that the
sheet resistance of the whole network can be reduced
effectively. This point is difficult to realize in the Ag
nanowire networks that are assembled by a wet chem-
istry solution process. It can be found with careful
observation that the edge of the Ag nanowires is not
vertical but has a certain inclination. The reason is that
the polymer fiber mask became thinner and its width
became gradually narrower due to ion bombardment
in the IBE process. Obviously, besides the metal nano-
wire networks, a various metal nanowire array can also
be easily fabricated on different substrates via this
method (Figure S3).

One of the advantages of the metal nanowire net-
works compared to a continuous metal oxide film is
their broad transmission spectra. The continuous metal
oxide films, such as ITO, usually present strong wave-
length-selective transmittance when they are used as
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transparent conductive electrodes. This optical prop-
erty is due to the interband absorption and the light
scattering by the free electrons in the conduction band
when the light has to transmit through the continuous
film. If the metal nanowire networks can replace the
continuous film, the transmittance property can be
improved. The reason is that only the interaction
between light and the free electrons in the metal can
affect the transmittance because most of the light
transmits through the open meshes on the networks.
Although the metal nanowire network possesses
broader transmission spectra compared to the contin-
uous films, there is still a strong broad dip in the short
wavelength due to the excitation of localized surface
plasmon resonances (LSPRs) when a 2-D Ag nanowire
network had a wire spacing of several hundred
nanometers.?>>®> The simulation of 1-D Ag grid has
drawn a conclusion that the transmission spectrum of
the grid will fluctuate moderately and gradually ap-
proach the value of the open ratio (OR) when both the
wire width and spacing increase (with fixed OR).>® It is
natural to deduce that, for a 2-D Ag nanowire network,
when the wire spacing increases, the transmission
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Figure 3. (a) Simulated optical transmission of 2-D Ag grids
with an open ratio of 90% and different wire spacing. (b)
Experimental optical transmission spectra of metal net-
works on quartz substrates.

spectra would change as that of the 1-D Ag grid. To
confirm this point, we simulated the transmission
spectrum of a Ag nanowire network by the finite
difference time domain (FDTD) method.

In the simulation, the wire spacing (W) of the net-
works were chosen to be 0.5, 1, 5, 10, and 20 um, and
the wire widths (D) were 25.7, 51.3, 256.6, 513.2, and
1026 nm, respectively (with OR fixed at 90%); the
thickness t was fixed at 100 nm. The network was
posited on a SiO, substrate with thickness of 30 um. A
broad band (A = 200—2000 nm) plane wave at normal
incidence is used as a source, polarized along one of
the Ag grid orientations. A power monitor was placed
500 nm above the Ag grid cell. Perfectly matched layer
boundary conditions were used in the vertical direc-
tion, while periodic boundary conditions were used in
both in-plane dimensions to simulate an infinite net-
work. The optical constants of Ag and SiO, were
obtained from a combined Drude, Lorentz, and Debye
model fitted to the data from Palik. Figure 3a shows the
results of the simulation. When the wire spacing is
comparable to the wavelength (W= 0.5 or 1 um), LSPRs
lead to a transmittance dip in the short wavelength
range, which is consistent with the experimental and
simulated results reported in the previous work.>>>* If
the wire spacing increases and is greater than the
wavelength (W = 5 and 10 um), the transmission
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Figure 4. Optical transmission (at 550 nm) versus sheet
resistance for our metal networks along with a metal nano-
trough network,?” Cu networks,*> Ag networks,?® Ag nano-
wire networks (Ag NW),'* graphene,” and carbon nanotubes.*

spectra become flat. When the spacing increases large
enough (W =20 um), the transmission spectrum of the
Ag network becomes a horizontal line approaching the
value of OR. Figure 3b shows the experimental trans-
mittance spectra of Al, Ag, Cu, and Au networks
fabricated with our method. It demonstrates that all
metal networks present high and homogeneous trans-
mittance in the wavelength from 200 to 2000 nm. This
implies that these metal networks can be effectively
applied to the UV and IR detectors or the solar cell
with wide spectral absorption since nearly one-fifth of
the solar energy is in the wavelength from 1000 to
2000 nm of the AM1.5 solar spectrum.

The sheet resistances of the metal network transpar-
ent electrodes were tested with four probes. Figure 4
plots the optical transmittance (T) at 550 nm versus
sheet resistances (Rs) of our Cu, Au, Ag, and Al nanowire
networks as well as some results from previous reports.
The sheet resistance values of our Cu, Au, Ag, and
Al nanowire networks are 3.47 Q sq~' (T = 90.7%),
752 Qsq ' (T=89.5%), 7.60 Q sq~ ' (T = 89.0%), and
76.7 Qsq " (T=96.7%) respectively. The performances
of our metal nanowire networks are comparable or
even better than that of metal nanotroughs,®’ Cu
nanowire networks,>> Ag networks,®® Ag nanowire
networks," graphene,” and carbon nanotube® re-
ported in the literature.

For a conventional continuous transparent conduc-
tive film, the performance can be explained by the bulk

model:>’
5 -2
o Oop
T=|1+=— (1)
< 2Rs 0y, B>

where Z, is the impedance of free space (377 Q2), oop is
the optical conductivity, o4 is the bulk dc conductiv-
ity of the film. From eq 1, we can see there is a trade-off
between the electrical conductivity and optical trans-

mittance when the film thickness is diverse. Thicker
layers offer lower sheet resistances but coupled with
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lower optical transmittance and vice versa. Equation 1
also indicates that in order to improve the performance
of the continuous film, the only way is to improve the
material's property to obtain a higher optical conduc-
tivity or higher electrical conductivity. The case for the
metal nanowire network with microscale wire spacing
is quite different. The transmittance of the network is
close to its OR:
2

T~OR = % (2)
where W is the wire spacing and D is the width of the
metal wire. According to Kirchhoff's law, the sheet
resistance Rs for a square N x N grid is given by*®

N 1T w1 W

= — — 3
N+1 04,8t D 048t D )

Rs

where t is the thickness of the film. The average widths
of the as-fabricated Ag, Cu, and Au wires are 475.5,
450.0, and 1108.9 nm, respectively (Supporting Infor-
mation Figure S4). The average wire spacing of the
metal networks was estimated based on the SEM
images (Figure S5). With the average width and wire
spacing, we can calculate the transmittances and sheet
resistances of the metal networks based on eqs 2 and 3.
The calculated results as well as the measured results
are displayed in Table S1. From the table, we can see
that the calculated results agree well with the experi-
mentally measured results.

By eliminating W/D, we can obtain a relationship
between Rs and T from egs 2 and 3:

Rs = [(1 —VT)oge,st] " 4)

The thickness t appears in eq 4 as an independent
variable, which means that, besides the material's
conductivity, we can also increase the thickness to
improve the performance of the network. Figure 5
summarizes the experimental data of the Ag network
with thicknesses of 100, 200, and 400 nm. When the
thickness increases, the performance of the networks
improves: the sheet resistance from 113 Q sq ' (T =
92.1%) for 100 nm to 3.84 Q sq~' (T = 91.25%) for
200nmand 2.2 Qsq ' (T=91.1%) for 400 nm. The lines
in Figure 5 plot the relationship of eq 4 corrected by a
factor 0: Rs = 0l(1 — ~/T)ogcst] ", with the conductivity
O4ep = 6.1 x 107'S m™~". The correction factor o for 100
and 200 nm thick networks is 2.5, and for a 400 nm
thick network, it is 3.0. By introducing the correction
factor o, the simulated and experimental data were in
agreement, which indicates that this grid model is
effective to explain the Ag networks fabricated in this
work. The correction factor ¢ may originate from the
geometrical differences between the experimental
network and the ideal grid model as well as the
distinction of the film's real conductivity and the given
bulk conductivity. One of the geometrical differences is
that there exists an inclination in the experimental
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Figure 5. Optical transmission (at 550 nm) versus sheet
resistance for our Ag nanowire network with thicknesses
of 100, 200, and 400 nm. The symbols represent the
experiment data. The lines represent the relation of the
inserted equation with the correction factor o = 2.5 for 100
and 200 nm thicknesses and o = 3.0 for 400 nm thickness.

nanowire's edge wall, while the wire's wall in the grid
model is vertical, so the experimental sheet resistances
are always larger than the calculated results. Thicker
metal films need longer etching time and form more
tilted edge walls, which will lead to larger deviation
between experimental and calculated results. We can
conclude that, when the thickness of the film further
increases in the experiment, the performance of
the network will become better, but the deviation
between experimental and calculated results will also
become larger. We did not further increase the thick-
ness in the experiment because the results of the three
different thicknesses can already reflect this trend. In
order to demonstrate the trend of the sheet resistance
to decrease with the thickness, the plots of sheet
resistance versus thickness at certain transmittance
are shown in Figure S6.

Possessing outstanding flexibility is also one of the
advantages of our metal networks compared to TCO. In
this work, as an example, we performed the bending
test of our Ag nanowire network. Figure 6a,b shows the
results of the bending test, with photographs of the
flexible electrode (5 cm x 6 cmin size) and the bending
test system as insets. Figure 6a shows that, when bent
to a bending radius from 100 mm to 1.2 mm (the strain
is from 0.13 to 10.5%, strain = (t; + t;)/2R., where t,, t;,
and R. are the thickness of the substrate, the thickness
of the network film, and the bending radius’), the sheet
resistance of the Ag nanowire network had no obvious
increase: less than 1.2% when the bending radius is
100 to 4 mm and less than 31% when the bending
radius is 4 to 1.2 mm. In comparison, the sheet resis-
tance of ITO on PET increases dramatically when the
bending radius is shorter than 10 mm. Figure 6b exhibits
the variations in sheet resistance of a Ag nanowire
network electrode and an ITO electrode on the PET film
as a function of the number of cycles of repeated
bending to a radius of 10 mm (strain ~ 1.25%). After
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Figure 6. (a) Sheet resistance versus bending radius for flexible transparent electrodes consisting of a Ag network or ITO film
on PET substrates. Inset is a photograph of the Ag network on a bent PET substrate. (b) Sheet resistance versus bending
number (the repeated bending radius is ~10 mm, strain &~ 1.25%) for flexible transparent electrodes consisting of a Ag
network or ITO films on PET substrates. Inset is the photograph of the bending test instrument. (c) Sheet resistance versus the

cycle numbers of taping and peeling.

1000 cycles of the bending test, the sheet resistance of
the Ag network electrode increases less than 5% while
the ITO electrode increases more than 20 times.
The adhesion of the as-fabricated metal network to
the substrate was also tested by attaching tape to the
electrode and then peeling it off (inset of Figure 6c).
From Figure 6c, we can see that, for Cu networks, the
sheet resistance increases less than 35% when re-
peated attaching and peeling for 100 cycles. Unlike
metal nanowire networks fabricated on substrates by a
solution method or a transfer process, which always
have poor adhesion, the in situ fabricated metal net-
works can adhere to substrates as tough as evaporated
metal films. The atomic force microscope (AFM) topol-
ogy image in Figure S7 also shows that the metal
nanowires were firmly attached to the substrates. From
the AFM image and cross section profile, we can see
that the surface of our metal network electrode is
relatively smooth compared to the solution-processed
Ag nanowire network electrodes. Surface roughness is
an important parameter for transparent electrodes
depending on the application.3® The root-mean-
square surface roughness Ry calculated from five dif-
ferent cross section profiles are from 55 to 63 nm,
which are smaller than that of Ag nanotrough net-
work?” and the Ag nanowire network'® and compar-
able to that of Ag nanowire network after pressed with
high pressure.'®

The measurement and test results of our metal
networks indicated that they possess high electrical
conductivity and transmittance, as well as excellent
flexibility and adhesion, which is favorable for their
applications in optoelectronic devices. Herein, we fab-
ricated photodetectors and a four-wire resistive touch
screen working prototype as examples for the applica-
tions of our metal network electrodes. The photode-
tectors were fabricated by using organolead halide
perovskite (CHsNHsPbls) as a photoactive layer, Au
wire network electrodes and a Cu probe as bottom
and top contact electrodes (inset of Figure 7b). The
photodetectors were illuminated through the Au wire
network electrode with monochromatic light, and the
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Figure 7. (a) I-V curves of the CH3NH3Pbl; photodetector
based on the Au wire network transparent electrode in the
dark and illuminated by different monochromatic light. (b)
Photoresponsivity of the photodetector versus the wave-
lengths of the illumination source. Sp in the ordinate
represents the active area of the device.

photocurrents were measured with a sourcemeter.
Figure 7a shows the /—V curves of one of our devices
when in the dark and illuminated by different mono-
chromatic light, and Figure 7b shows its spectral
photoresponse at wavelengths from 200 to 900 nm
at a bias of 1.5 V. Both the /—V curves and spectral
photoresponse demonstrate that the Au wire network
based photodetectors are effective for deep-UV light
with a wavelength of 200 nm, which is beneficial from
the high transmittance to deep-UV light of our metal
network electrodes. To confirm the response of our
photodetectors, the current characteristics at a bias of
1.5 V with the light switched on/off were studied, and
the results are exhibited in Figure S8. The four-wire

VOL.9 = NO.3 = 2502-2509 = 2015 ACS

WL

NA

NS

WWwWW.acsnano.org

2507



resistive touch screen working prototype was fabricated
by replacing the ITO bottom electrode of a commer-
cial device with the Au network electrode on glass
(Figure S9). Figure S10 shows the demonstration of
writing with the touch screen connected to a computer,
which indicates that our metal network electrodes have
potential applications in touch screen devices.

CONCLUSION

In conclusion, the transparent conductive metal
nanowire network electrodes have been successfully
in situ fabricated on transparent substrates via an ion
beam etching process with the electrospun polymer
nanofiber networks as shadow masks. Due to the

METHODS

Deposition of Continuous Metal Films. The Cu, Au, Ag, and Al
continuous films were deposited on glass, quartz (~1.0 mm in
thickness), and PET (~0.25 mm in thickness) substrates by an
electron beam evaporation system (Kurt J. Lesker, USA) at a base
pressure of 1 x 10~ Torr with the deposition rate at about
1 A s7. In order to test the sheet resistance and deep-UV to
near-IR transmittance, the films were deposited on a quartz
substrate with a size of 1 cm x 2 cm.

Fabrication of an Electrospun Polymer Fiber Network Mask. PVP
(MW: 1300000, Sigma-Aldrich) powder was dissolved in etha-
nol by continuous stirring for 2 h at room temperature to form a
clear solution (14 wt %). The PVP solution was loaded ina 10 mL
plastic syringe attached to a syringe pump, which provided a
steady solution flow rate of 0.2 mL h™' during electrospinning.
PVP solution was spun from the needle onto a rectangle steel
frame collector to form an aligned nanofiber array. During
electrospinning, the voltage applied to the needle was 15 kV
and the collector was kept grounded. The distance between the
needle and the collector is ~25 cm. The electrospinning time
was altered from 15 to 1 min to control the density of the
collected polymer nanofibers. The collected polymer nanofiber
array was then transferred to the top of the metal film. Repeated
transfer process in the vertical direction formed a polymer
nanofiber network on top of the metal film. To fabricate large-
area electrodes, polymer nanowire network masks were col-
lected on the metal film covered with electrodes directly.

Etching of the Metal Film. The etching process of the polymer
nanofiber network covered metal film was carried out in an ion
beam etching system (IBE150, Beijing Chuangshi Weina, China).
The metal film electrodes were attached on a rotating stage
with silicone grease. During etching, the rotating stage was kept
vertical to the ion beam and rotated at a rate of 5 rpm. The ion
beam was produced by a Kaufman-type ion source with argon
(5.0 sccm) as the working gas. Before etching, the work chamber
was kept at a base pressure of 8.0 x 10~* Pa. To allow electrical
characterization, a mask was covered on the electrode to limit
the total size of the network to be 1 cm x 1 cm, and two
electrical contact pads with a size of 1 cm x 0.5 cm were left.

Characterization. The morphologies of the networks were
characterized by an optical microscope (Imager M1m, Zeiss,
Germany), a SEM system (FEI NOVA NanoSEM230, USA), and an
AFM system (MFP-3D-SA, Asylum Research, USA). The cross
section profile of the network electrodes was tested using a
profilometer (DEKTAK 150, Veeco Instruments Inc,, USA). The
transmittance spectra were measured with a Shimadzu UV 3600
UV—IR spectrophotometer. A bare quartz slide was used for
reference. The measurements were carried out without an
integrating sphere, so diffuse light and haze were not included.
The sheet resistances were measured using a Keithley 2400
sourcemeter with four probes to eliminate contact resistance.
To test the sheet resistance of the bending electrode on PET,
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ultralarge length-to-width ratio, low wire-to-wire con-
tact resistance, and the large wire spacing, which
benefit from the fabrication method, the as-prepared
electrodes have high conductivity as well as high and
homogeneous transmittance from deep-UV to near-IR.
The simulation and experimental results indicated that
we can improve the transmittance and conductivity
simultaneously by increasing the thickness of the net-
work. We also demonstrate that the Ag nanowire
network can retain good conductivity under repeated
bending and abrasion operations. These metal nano-
wire network electrodes could replace ITO when ap-
plied in optoelectronic devices such as solar cells,
touch screens, and especially flexible UV or IR devices.

four stripe-shaped contacts were made by conductive silver
paint and connected to the sourcemeter with clips.

Photodetector and Touch Screen Device Fabrication. A Au network
on quartz substrate electrodes (Rs ~ 10 Q sq’1, T ~ 92%) was
cleaned with ethanol and than treated with UV-ozone cleaner for
30 min. CH3NH;Pbl; was fabricated on the Au network electrodes
via two-step spin-coating and solvent annealing method.®
Briefly, 450 mg/mL Pbl, solution in dimethylformamide (DMF)
and 45 mg/mL CH;NHjsl solution in isopropyl alcohol were spin-
coated on the cleaned Au network electrodes at 3000 rpm for
30 s in sequence. Then the samples were annealed in a DMF
vapor atmosphere at 100 °C for 1 h. To measure the photo-
current, a Cu probe pressed on the perovskite film was used as
one of the two electrodes and the Au network as the other one
(inset of Figure 7b); a Keithley 2400 sourcemeter was used to test
the photocurrent. The monochromatic lights were produced
from a 1000 W Xe lamp through a monochromator (Omin-
A500, Zolix, China), and the power of the monochromatic lights
was measured with a power meter (1918-C, Newport, USA). The
measurements were performed in a black box with a background
light power lower than 20 nW. A four-wire resistive touch screen
device was rebuilt from a 3.0 in. commercial touch screen that
consisted of a parallel ITO glass bottom electrode and an ITO PET
top electrode. In this experiment, the ITO coating on glass was
replaced with our Au network electrode on glass (Figure S9). The
contact pads of the Au network electrode were formed with Ag
paste. The circuit was connected with a computer and the
performance tested by a commercial controller.
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