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Abstract

Silver nanowire (Ag NW) networks are remarkable components that may be able to replace indium tin oxide (ITO) as
transparent electrodes. In this paper, the Ag NW based flexible transparent electrodes are prepared via PEDOT:PSS sol—gel
transition without vacuum process, provides very high figure of merit by minimizing junction resistance, and also exhibit
excellent mechanical robustness against bending. The sheet resistance of the flexible Ag NW-based films reduces from
1000 to 9.4 Q/sq. at transmittance of ~90%. The conduction mechanism involves Ag NWs to PEDOT:PSS carrier injection
prior to the formation of a continuous metal conduction pathway. Calculations of figure of merit display a large value of
340, which is superior to that obtained from the flexible ITO, carbon nanotube, graphene, copper nanowire, and other silver
nanowire and hybrid thin films. Meanwhile, the sheet resistance does not show great change after tape test due to the effect
of PEDOT:PSS. Finally, the successful implementation of the prepared Ag NWs-based transparent electrodes into a flexible
transparent heater is demonstrated, verifying the applicability of the electrodes. It is believed that our study is the key step

toward realizing the practical use of NW flexible transparent electrodes in various flexible electronic devices.

1 Introduction

Flexible transparent conductive electrodes (FTCEs) are
widely used in organic solar cells, organic light-emitting
diodes (OLEDs), touch screens, flexible transparent heat-
ers and many other flexible optoelectronic devices [1-3].
Indium tin oxide (ITO) thin films are commonly used as
transparent conductive electrodes but its usage in flex-
ible substrates is highly limited because of the fragile
ceramic nature and damage of organic substrates during
high-temperature processing conditions [4, 5]. There-
fore, several alternatives have been proposed including
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graphene [6], carbon nanotubes (CNT) [7], metal meshes
[8, 9], conductive polymers [10] and metallic nanow-
ires [11, 12]. Among those candidates, FTCEs based on
metallic nanowires (NWs) have received increasing much
scientific attention as an essential component for vari-
ous applications in the next-generation future electronic
components [12, 13]. Especially, silver nanowire (Ag
NW) thin films exhibit a great potential for the devices
due to low conductivity (15-25 /sq.), good flexibility
and high transmissivity (80-90%) in the visible spectrum
[13, 14]. Furthermore, Ag NW thin films can be easily
prepared for large-scale devices by solution-based pro-
cesses [15]. Unfortunately, compared with the rigid ITO
on glass (sheet resistance ~ 10 Q/sq., transmittance ~ 85%)
[16, 17], the optical and electronic properties of Ag NW-
based FTCEs still perform poorly. To further enhance the
performances of Ag NW thin films, some researchers have
reported novel approaches including tuning the length-to-
diameter ratio by optimizing the Ag NW synthesis process
[18], directional arrangement of NWs [11], and welding
of junctions [19]. However, there are also some severe
drawbacks of as-prepared Ag NWs based FTCEs including
weak mechanical adhesion to the substrate and relatively
higher resistance due to high interwire contact resistance
[20]. In addition, the complex processing conditions of
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directional arrangement and junction welding limit the
practical application of Ag NWs. Therefore, an effective
and simple method is necessary to develop composite elec-
trode for overcoming the above intrinsic problems of Ag
NW -based FTCE:s.

Recently, metal-oxide layers have been introduced to
enhance the adhesion of the Ag NW-based FTCEs to the
substrate [21-23]. These present methods to improve the
conductivity of Ag NW-based FTCEs need to rely on
vacuum processing, or enhance the adhesion sacrificing
conductivity/translucency. The method enhancing both of
the adhesion and conductivity of Ag NW-based FTCEs
with a high transmittance via a simple process is very
limited. Poly(3, 4-ethylenedioxythiophene): poly(styrene
sulfonate) (PEDOT:PSS) is the widely used and commer-
cially available conductive polymer [24, 25], and it pos-
sesses unique features such as high mechanical flexibility,
improved mechanical adhesion to the substrate and easy
solution-based processability [26, 27]. Hence, we propose
to improve the performance of Ag NW based FTCEs by
adhesion engineering via PEDOT:PSS gel. We suggest
that the connection of junctions between the Ag NWs by
PEDOT:PSS can reduce interwire contact resistance, lead-
ing to the improvement of conductivity and mechanical
adhesion without deterioration of transmittance. Moreo-
ver, the enhanced adhesion in turn further improves the
conductivity of Ag NW networks owing to the downward
force from the adhesive gel to Ag NWs. In this paper, a
fully indium-free and vacuum-free process newly designed
FTCEs based on effective PEDOT:PSS adhere to Ag NW
networks is demonstrated. The Ag NWs based FTCEs
exhibit a low sheet resistance of 9.4 Q/sq and a high trans-
mittance of 89.2%. Importantly, they also show an increase
of less than 35% after tape cycles (30 times) and bending
cycles (2000 times) with good solvent- resistance.

2 Experimental section
2.1 Synthesis of Ag NWs

Silver nanowires were fabricated using a modified polyol
reduction. Add 0.1 g of PVP to 25 ml of EG, completely dis-
solved it by magnetic stirring, then add 0.35 g of AgNO; to
the PVP/EG solution. After it is completely dissolved, 4 ml
of FeCl; solution (the amount of the substance in the EG
solution is 600 pM) was added, and after stirring for 1 min,
the mixed solution was transferred to the hydrothermal syn-
thesis reactor, and the reaction was carried out in a hot air
circulation drying oven at 150 °C for 10 h and then cooled
to room temperature. The solution was then centrifuged (1
time at 2000 rpm) to remove EG, PVP, and other impurities

from the supernatant after adding ethanol. The Ag NWs
were suspended in ethanol at a concentration of 2 mg-mL™".

2.2 Fabrication of Ag NW-based FTCEs

The PET substrate was ultrasonically washed with absolute
ethanol and deionized water, and dried with high-purity
nitrogen gas for use. PEDOT:PSS was mixed with deionized
water, absolute ethanol, and ethylene glycol at 1:0.5:0.3:0.2,
and sonicated for 20 min. The bottom layer PEDOT:PSS
solution gel was spin-coated on PET substrates at 6000 rpm
for 60 s, then placed in an oven at 80 °C for 2 min, the thick-
ness was ~ 15 nm. The silver nanowires were spin-coated on
the PEDOT:PSS layers at 1000 rpm for 60 s, The density of
Ag NW networks was controlled via the number of spins
which varied between 1 and 5. Finally, the PEDOT:PSS
solution was coated on the Ag NWs by spin coating tech-
nique, the spin speed of coating was 5000 rpm, and the time
was 60 s. After the spin coating was completed, it was baked
in an oven at 150 °C for 30 min. For comparison, the as-
prepared Ag NW networks with various number of spins
were deposited on the PET substrates as well.

2.3 Characterization

The surface micrograph was obtained via field emission
scanning electron micrograph (FE-SEM, JEOL JSM-6701
F). The optical photographs and micrographs were obtained
using iPhone 6 s plus mobile phone and optical microscope.
The surface roughness was obtained via the measurement of
profilometer (Alpha-Step D-100, KLA-Tencor, California,
USA). The structure was characterized by X-ray diffrac-
tion (Rigaku D/MAX-RB, Akishima, Tokyo, Japan). Opti-
cal transmittance spectra were characterized by ultraviolet
visible (UV-Vis) spectrophotometer (Varian Cary 5000).
The sheet resistance was obtained via the four—point probe
instrument (SX1934, SuZhou, P.R. China). The flexibility
tests were performed using a homemade instrument that had
a bending radius of ~3 mm and a bending speed of one cycle
per second. The adhesive tests were done by 3 M scotch
tape: A 10 mm-wide 3 M scotch tape was attached to the
sample, and then slowly peeled off from the sample.

2.4 Fabrication of flexible transparent heater

Two silver-epoxy adhesive lines were brushed at the edges
of a square sample as contacts. DC bias voltage was supplied
to the flexible transparent heater through a programmable
DC power supply (eTM-L303SPL, eTOMMENS, Shenzhen,
China), and a GDM-8352 digital multimeter (Gwinstek, Tai-
wan, China) coupled with a thermal resistance was used to
monitor the temperature of the flexible transparent heater.
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The infrared image was recorded by an infrared thermal
imager (HT18, XINTEST, Ltd, Shenzhen, China).

3 Results and discussion

The fabrication procedure of the Ag NWs/PEDOT:PSS
hybrid thin films on the PET substrates can be seen in
scheme Fig. 1a, as described in the Experimental section.
First, 15 nm thick PEDOT:PSS adhesive layers are spin-cast
on a clean bare PET substrate (step 1), followed by heating
for 10 min at 80 °C lead to the evaporation of water and alco-
hol in PEDOT:PSS (step 2). In step 3, Ag NWs dispersion in
ethanol are spin-coated on the surface of PEDOT:PSS /PET.
Subsequently, Ag NWs are dried at 60 °C in air for 5 min
(step 4). In step 5, PEDOT:PSS solution is coated on the
surface of Ag NW networks. At last, Ag NWs/PEDOT:PSS
hybrid thin films are heated at 150 °C for 30 min in air.
The density of Ag NWs on the PET substrates can be easily
controlled via the number of coating cycles and the spin-
coating speed. Figure 1b displays the cross-section FESEM
micrographs of the Ag NWs/PEDOT:PSS hybrid thin films.
When the PEDOT:PSS is stuck to the Ag NW networks, the

Fig.1 a Schematic illustra-
tion of the fabrication process.
b Cross-section FE-SEM
micrographs of the Ag NWs/
PEDOT:PSS hybrid thin films.
¢ XRD spectra of as-prepared
Ag NW thin films on PET
substrates

(@) S

Step 1 PEDOT:PSS coating
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neighboring crossed Ag NWs can naturally coalesce together
driven by surface tension, therefore, the good electrical con-
ductivity can be achieved. In addition, the bottoms of Ag
NWs are buried in the bottom PEDOT:PSS layers enhancing
the adhesive capacity. Figure 1c shows the XRD spectra of
as-prepared Ag NW thin films on PET substrates. There is
only a strong (1 1 1) peak in addition to PET substrate peaks,
indicating that the Ag NWs have a crystalline structure with
a strongly (1 1 1) preferred orientation and do not contain
other impurities.

Figure 2a and b show the FE-SEM micrographs of as-
prepared Ag NW thin films with various number of spin-
coating cycles. The Ag NW networks with one spin-coating
cycle exhibit a lower density than the with five spin-coating
cycles. The density of the Ag NW networks is dependent on
the spin-coating cycles. It is noticeable, however, the Ag NW
networks have a poor-connected wire—wire junction owing
the inherent characteristic of Ag NWs. Figure 2c shows the
sheet resistance and optical transmittance (at 550 nm) of
as-prepared Ag NW thin films with various number of spin-
coating cycle. The one spin-coated Ag NW networks show a
fairly high sheet resistance of ~ 950 €/sq because of the low
density of Ag NWs as well as the randomly unconnected
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Fig.2 a FE-SEM micrographs of as-prepared Ag NW thin films with
one spin-coating cycle and b five spin-coating cycles. ¢ sheet resist-
ance and optical transmittance (at 550 nm) of as-prepared Ag NW
thin films with various number of spin-coating cycle

Fig.3 a Optical transmittance

wire—wire contacts (see the Fig. 2a). As the spin-coating
cycles increase to five times, the sheet resistance decreases
significantly from~950 to ~25 €/sq, which can be due to the
increase in Ag NW density (see the Fig. 2b). Correspond-
ingly, the optical transmittance, like the sheet resistance also
reduces drastically from 95.1 to 81.9% with the spin-coating
cycle increasing from one to five times, due to the light scat-
tering in the random Ag NW networks.

By optimizing the spin-coating process conditions
of PEDOT:PSS solution, the highly opto-electrical Ag
NWs/PEDOT:PSS hybrid thin films are prepared on
PET. Figure 3a exhibits the optical transmittance spectra
(400-800 nm) of the Ag NWs/PEDOT:PSS hybrid thin
films with varying sheet resistance values. The hybrid thin
films show a fairly high transparency performance, and the
transmittances of hybrids are nearly constant in the visible
light range. The transmittance is about 96.2% at 550 nm
wavelength for a 170 Q/sq, 93.1% for a 36 Q/sq, 91.9% for
a 14.3 Q/sq, 89.2% for a 9.4 Q/sq and 79.3% for a 5.5 Q/sq
hybrid thin films. Generally, higher transmittance means
lower Ag NW density on the PET, leading to larger sheet
resistance. And, more remarkable the hybrid thin films
display excellent conductivity compared to as-prepared
Ag NW thin films. Figure 3b exhibits the visual effect of
optical transparency for as-prepared Ag NW and Ag NWs/

100
spectra (400-800 nm) of the (a) :E (b)
Ag NWs/PEDOT:PSS hybrid P
thin films with varying sheet X J\/\'
resistance values. b Visual :':
effect of optical transparency S 60 1
for as-prepared Ag NW and Ag g hybrid thin films: 170 Q/sq.
NWs/PEDOT:PSS hybrid thin = a0l — hybrid thin films: 36 Q/sq.
fil . . ) —— hybrid thin films: 14.3 Q/sq.
ms. ¢ Optical transmittance of 7] ——— hvbrid thin films: 9.4 Q/sq.
. = ybri q
Ag NWs/PEDOT:PSS hybrid S 50l —— hybrid thin films: 5.5 /sq.
thin films as a function of sheet S —— AgNWs: 13.5 QJsq.
resistance (in comparison to
Ag NWs [3], welded Ag NW 300 5(‘)0 6(;0 7(‘)0
[19], tape Ag NWs [20], InTiO/
Ag NW/InTiO [21], Ag NWs/ Wavelength (nm)
ZnO:F [23], ITO on PET [32], (C) 100
CNT [33], graphene [34], Ag
NWs/CaAlg [35], Cu nano- 340
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PEDOT:PSS hybrid thin films on the PET substrate at the
equivalent sheet resistance of ~9.0 Q/sq. It can be clearly
seen from the figure (insignia of Tianjin University) that
the Ag NWs/PEDOT:PSS hybrid thin films have a higher
transmittance than the as-prepared Ag NWs.

The common FoM (F) is utilized to evaluate the optimal
trade-off between the optical and electronic properties bet-
ter. The F value, namely the ratio of electrical conductance
to optical conductance (64/0,), can be defined via using
the following expression [28, 29]:

e o o Vo )
O-opt 2Rsh 1- VTaV

Odc
F=-%

Go @)

where 4. defines the DC conductivity of the thin films, 6,
defines the optical conductivity at wavelength of 4 nm, Z,
defines the impedance of free space (377 ) and R, defines
the sheet resistance. Hu et al. [29] first used the expression
for estimating the performance in CNT FTCEs, then the
expression is used extensively in lots of different TCEs, and
F value is more useful in comparing transparent conducting
thin films [1, 30]. In Fig. 3c, to fit the data, four different F
values (340, 200, 100, and 50, the dashed line in Fig. 3c)
are used. Our Ag NWs/PEDOT:PSS hybrid thin films have
good performance with low sheet resistance (9.4 €2/sq) and
high transmittance (89.2%) with F'=340. Figure 3c shows
the comparisons of optical transmittance and sheet resist-
ance of our Ag NWs/PEDOT:PSS hybrid thin films with
commercial ITO on PET (F= ~50) [31, 32], carbon nano-
tube (F=60-80) [7, 33], graphene (F= ~48) [6, 34], and
silver nanowire (F=100-240) [3, 10, 19, 20, 35], copper
nanowire (F'=25-230) [36, 37], and hybrid transparent
conductive thin films (F=10-260) [21, 23, 38—42]. The Ag
NWs/PEDOT:PSS hybrid thin films (Ag NWs spin-coating
cycles =4) exhibit higher F value than those of the reference
TCEs. With this exceptional opto-electrical performance, the
Ag NWs/PEDOT:PSS hybrid thin films can be suitable for
high-performance optoelectronic device applications.

The PEDOT:PSS consolidates the contact of Ag NWs,
similar to the effect of high-temperature welding. The
effect can be varied by the analysis of the FE-SEM micro-
graphs changes on the Ag NW surfaces. Figure 4a and b
show the FE-SEM micrographs of two junctions for the
as-prepared Ag NW and Ag NWs/PEDOT:PSS hybrid
thin films. For the as-prepared Ag NW thin films (as
shown in Fig. 4a), every Ag nanowire is located lightly
on the neighboring Ag NWs or PET substrate with lim-
ited point contact or line contact. After the addition of
PEDOT:PSS (as shown in Fig. 4b), it is clearly shown

@ Springer

that the Ag NWs are wrapped tightly into a well-formed
PEDOT:PSS layer, sharp micrographs with clear thick
sides are always observed at crossed Ag NWs position of
Ag NWs/PEDOT:PSS hybrid thin films (inset of Fig. 4b),
the wire—wire junction gap is drastically declined or even
disappeared and contact area is enlarged. Figure 4c and
d show the schematic of the effect of PEDOT:PSS on Ag
NW junctions. In the as-prepared Ag NW thin films, a
higher interwire contact resistance resulting from a weak
nanowire—nanowire connection leads to a relatively worse
conductivity. After applying PEDOT:PSS, the junctions
of Ag NWs are strongly contacted owing to the downward
force exerted by the PEDOT:PSS solution between Ag
NWs and PET substrate. Therefore, the interconnection
in Ag NWs is improved, leading to the improvement of
the interwire contact conductivity and reduction of the
overall resistance for the hybrid thin films. In addition, the
PEDOT:PSS is P-type semiconductor material, its work
function (¢p) is 4.8-4.9 eV [43, 44], which is lower the
than that of Ag NWs (¢, =5.0-5.1 eV) [45, 46], result-
ing in the ohmic contact formation between PEDOT:PSS
and Ag NWs. Figure 4e—g display the schematic diagrams
of the energy band structures that can be expected prior
to and after PEDOT:PSS and Ag NWs are brought into
contact, respectively. The as-prepared Ag NW networks
have a high contact resistance between Ag NWs. After
the PEDOT:PSS contact with the Ag NWs, the junctions
between Ag NWs are connected by PEDOT:PSS, as shown
in Fig. 4b and d. At this time, a great deal of electrons
from the Ag NWs inject straight into the PEDOT:PSS
because of the difference of work functions between them,
resulting in the accumulation of numerous electrons in a
very small region near the interface. Due to the transfer
of electrons, both the valence and conduction bands of
PEDOT:PSS are curved upward. When a thermodynamic
equilibrium is received, the Fermi level across inter-
face the in a straight line at this moment, as shown in
Fig. 4g. The barrier between PEDOT:PSS and Ag NW
interfaces disappear, a great deal of electrons in the Ag
NW flows into PEDOT:PSS in the meantime. Therefore,
the significant electronic transmission channels between
Ag NWs are provided, leading to a decrease of contact
resistance. As a consequence, the sheet resistance of Ag
NWs/PEDOT:PSS hybrid thin films further decrease, due
to the resulting effect on the PEDOT:PSS conduction path.
These phenomena are consistent with the results revealed
in Fig. 4b.

In addition to the excellent transparency and conductiv-
ity, the Ag NWs/PEDOT:PSS hybrid thin films in this study
show outstanding toughness as well. The as-prepared Ag
NW and Ag NWs/PEDOT:PSS hybrid thin films are sub-
jected to an adhesion test using a 3 M tape (Scotch Magic
810 tape). The fresh 3 M tape is attached to the samples and
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Fig.4 FE-SEM micrographs of
a as-prepared Ag NW thin films (a)
and b Ag NWs/PEDOT:PSS
hybrid thin films. ¢ and d
Schematic diagrams of Ag NWs
on PET corresponding to a and
b. e Energy band diagrams of
Ag NW and PEDOT:PSS. f
Schematic band diagram of the
as-prepared Ag NW thin films
and g Ag NWs/PEDOT:PSS
hybrid thin films

0N

PET substrate

Junction cross-section view

PET substrate

Junction cross-section view

e ®
AgNW PEDOT:PSSE
|
,=5.0~5.1eV X |o,=4.8~4.9 eV
E.
EF

Fig.5 a Adhesion test images
of as-prepared Ag NW and
Ag NWs/PEDOT:PSS hybrid
thin films. The blue rectangles
indicate the area where the
peeling tests were applied. b
Sheet resistance as a function
of the number of peeling tests
for the as-prepared Ag NW and
Ag NWs/PEDOT:PSS hybrid
thin films

—&— hybrid thin films
—— as-prepared Ag NWs

Number of tape cycle
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then is peeled off by hand. Figure 5a shows the photographs
of as-prepared Ag NW and Ag NWs/PEDOT:PSS hybrid
thin films before and after tape test. The as-prepared Ag
NW thin films are known to be easily detached from the
PET by tape due to its loose adhesion to the substrates. A
clear boundary near the dotted blue line on the left side of
Fig. 5a can be seen after tape test. However, there is no
appreciable variation in visual appearance for the Ag NWs/
PEDOT:PSS hybrid thin films after tape test, indicating sig-
nificantly enhanced adhesion of Ag NWs to the PET sub-
strates. The sheet resistances of as-prepared Ag NW and Ag
NWs/PEDOT:PSS hybrid thin films with various tape cycles
are shown in Fig. 5b. The sheet resistance of the hybrid
thin films is monitored throughout the taping and peeling
process, indicating that there is no significant variation on
the conductivity of the FTCEs after 30 cycles of taping and
peeling. In contrast, the as-prepared Ag NW thin films lost
their electrical conductivity at twice due to the fact that the
samples are completely delaminated from the PET substrates
(as shown in Fig. 5a). The mean surface roughness of the
as-prepared Ag NW thin films is ~50 nm, while the that of
hybrid thin films is ~25 nm, which forebodes that the bottom
parts of Ag NWs are partially embedded in PEDOT:PSS
layer for the hybrid thin films (as shown in Figs. 1b and 4d).

Fig. 6 a Photograph of the . A
bending test machine used a).
in this study. b Sheet resist- |

ance changes (AR/R)) of
as-prepared Ag NW and Ag
NWs/PEDOT:PSS hybrid thin
films under various bending
radius. ¢ Photograph of a flex-
ible and transparent Ag NWs/
PEDOT:PSS hybrid thin films
on a PET substrate and sche-
matics showing the mechanical
bend test conditions. d Sheet
resistance changes (AR/R,) of
during the bend test for the as-
prepared Ag NW and Ag NWs/
PEDOT:PSS hybrid thin films

e
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This is the crucial reason for the strong adhesion of Ag NWs
to PET substrates.

Ag NW thin films are recognized as a promising FTCE
due to their outstanding bending properties. To compare the
flexibility of the two kinds of thin films in this work, the
as-prepared Ag NW and Ag NWs/PEDOT:PSS hybrid thin
films are evaluated in various bending tests. In the bending
test, the samples are fixed between two adhesive tapes and
then bent by pushing the two clamps together (as shown
in Fig. 6a). Figure 6a shows a photograph of the Ag NWs/
PEDOT:PSS hybrid thin film on a PET substrate, demon-
strating its flexibility and transparency. Figure 6b shows
the sheet resistance with the change of bending radius for
as-prepared Ag NW and Ag NWs/PEDOT:PSS hybrid thin
films. The sheet resistance of hybrid thin films is meas-
ured throughout the test and do not change over 10% when
the bending radius changes from 20 to 3 mm. In compari-
son, the sheet resistance of as-prepared Ag NW thin films
changes above 50% when the bending radius is 3 mm. The
repeated fatigue bending test is performed in which the sam-
ples are repeatedly bent at a radius of curvature of 3 mm
(Fig. 6¢, bottom). The nominal bending strain of Ag NWs/
PEDOT:PSS hybrid thin films can be calculated as follows
[47]:

(bjOO

80

—— hybrid thin films
—@— as-prepared Ag NWs

Radius curvature (mm)

~
(=%

~—'
(]
(=3
(=]

—=a— hybrid thin films
120 —®—as-prepared Ag NWs

Sheet resistance change (%)

0 500 1000 1500 2000
Bending times
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d

Er =
f
2r

3)
where, & is the nominal bending strain, d is the thickness
of PET, and r is the radius of curvature. According to the
Eq. (3), the typical bending strain is calculated as 2.5%. The
variation of sheet resistance during the repetitive bending is
represented by the following equation:

R —R
£x100%=ux100%
R R

sh sh

R. =

s “
where, R, is the change rate of sheet resistance, AR is the
variation of sheet resistance after bending cycles, Ry, and R,
are the initial sheet resistance and measured sheet resistance
after bending cycles, respectively. As shown in Fig. 6d, the
sheet resistance of the as-prepared Ag NW thin films dra-
matically increases after 100 bending cycles (the change rate
is above 40%), and steadily increases during 2000 bending
cycles. Finally, the change rate of sheet resistance at 2000
bending cycles reaches almost 150% for the as-prepared Ag
NW thin films. When the as-prepared films are bent, Ag
NWs are stretched to some extent or even broken after bend-
ing, resulting in an obvious drop in electrical conductivity.
In stark contrast, the sheet resistance of the hybrid thin films
slightly increased less than 10% from its initial value after
100 cycles of tensile and compression folding. Change rate
of sheet resistance increases to 40% at 2000 bending cycles.
It is notable that the Ag NWs/PEDOT:PSS hybrid thin films
show a high tolerance to bending stress compared to the as-
prepared Ag NW thin films.

A flexible transparent heater (FTH) is prepared as an
emerging application to demonstrate the feasibility of Ag

NW based FTCE in this work. Constant DC bias voltage
is applied between two side ends of the FTH to induce
electrically driven resistive Joule heating [48] (as shown in
Fig. 7a), and the voltage is raised by 1 V every 60 s until the
FTH fails. The temperature is read every second via an infra-
red thermal camera at a fixed distance of 5.0 cm. Thanks to
the uniform distribution realized by the spin-coating, the
FTHs shows a uniform temperature distribution (as shown
in Fig. 7b). Therefore, the average temperature instead
of a maximum temperature is used to evaluate the FTHs’
performance. Figure 7c shows the time dependent average
temperatures at different DC bias voltage. According to the
Joule law, the power dissipated (P) of resistive conductor
is defined as P = V*/R, where V denotes the bias voltage.
That is to say, higher heat dissipation can be achieved at
lower resistance at a fixed voltage. With the bias voltage
increases in 1 V increments, the temperature increases rap-
idly and then reaches the saturation value within 10 s. The
FTH fails at 7 V, and the local temperature exceeds 190 °C
can be conjectured at 8 V based on the extrapolation from
preceding data. The upper working temperature (~ 165 °C)
of PET limits the higher temperature for FTH. Fortunately,
the operating temperature of wearable applications is much
lower (<75 °C) [49], so the thermal stability of the FTH is
estimated to be suited to wearable electronics applications.
Figure 7d shows the on/off responses of the FTH at DC bias
voltage of 5 V. The heating and cooling time in each cycle
is 13 and 12 s, respectively, and the saturation temperature
is always around 115 °C. It was confirmed that there are
no significant variation in temperature, nor performance
decrease in repeated heating tests for 10 times, indicating
that the quick response and stable temperature recoverability

Fig.7 a Schematic illustration ( a) Silver-epoxy adhesive (b) ‘- 170 °C
of a film heater based on the >
Ag NWs/PEDOT:PSS hybrid 6 ¢
thin films. b Thermographic IR
camera image of the heater, the ’
driving voltage is 7 V. ¢ Tem- y 4
perature evolution of the FTH ‘ |
as a function of applied voltages Hybrid thin films
ranging from 1 to 7 V. d On/off 1 N
responses over 5 cycles under I 20 °C
an DC bias voltage of 5 V (
€)200 10)
120
~160 )
¢ b 8 100 |
p120 [ QS) 80
= A
5 80 . / : : E 2 oof
3 0 | 8
g 40 : E E E E E = 40t
A 20}
0 el ' 1 ! ' 1 L 1 A ' 1 - : : :
0 100 200 300 400 0 25 50 75 00125
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of the FTH based on the Ag NWs/PEDOT:PSS hybrid thin
films. This fast temperature response suggests that our FTH
may be feasible to applications such as automobile window
defrosters that require fast temperature switching.

4 Conclusions

In summary, we develop a simple method to demonstrate
cohesively improved figure of merit and adhesion of Ag
NW based flexible transparent electrodes on low-cost
PET substrate without vacuum process. On one hand, the
PEDOT:PSS bond the Ag NWs tightly on the PET substrate.
The adhesion improvement of Ag NW to PET substrate in
turn enhanced the conductivity because of the downward
force exerted by the PEDOT:PSS adhesive gel on Ag NWs.
On the other hand, the PEDOT:PSS provides a significant
electronic transmission channel between Ag NWs, leading
to the further increase of conductivity. As a result, a high
figure of merit (340) in Ag NW networks is obtained, while
the sheet resistance is 9.4 Q/sq at transmittance of 89.2%.
The F value is superior to that obtained from the flexible
ITO, carbon nanotube, graphene, copper nanowire, and
other silver nanowire and hybrid thin films. In addition, a
conduction mechanism is proposed to elucidate the resist-
ance variation with addition of PEDOT:PSS. Meanwhile,
the sheet resistance does not show great change after tape
test, suggesting a good adhesion and of Ag NW to the PET
substrate. Meanwhile, the sheet resistance does not show
great change after tape test and bending test. Finally, the
successful implementation of the prepared Ag NW based
transparent electrodes into a flexible transparent heater is
demonstrated, verifying the applicability of the electrodes.
It is believed that our findings not only provide an effective
way for the production of low-cost and high-performance
Ag NW-based FTCEs but also realize their widespread use
in emerging electronic applications.
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