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Abstract

In the past years, transparent film heaters (TFHs) based on silver nanowires (AgNWs) have attracted much attention because
of their high transmittance, excellent flexibility, and great thermal response. In this paper, we fabricated flexible TFHs with
a sandwich structure composed of Ga-doped ZnO (GZO) and AgNWs on the colorless polyimide (cPI) substrate. The opti-
mized hybrid film exhibited a sheet resistance of 14.6 Q sq~! with a transmittance of 79%. Excellent thermal uniformity and
heating stability of TFHs were demonstrated. The thermal response tests of the GZO/AgNW/GZO/cPI TFHs showed high
saturation temperature (~ 176 “C) with low input voltage (~6 V), fast response time (~ 15 s), and stable heating performance.
These results indicate that the flexible TFHs with a GZO/AgNW/GZO sandwich structure have broad potential applications

in flexible electronic devices.

1 Introduction

Transparent film heaters (TFHs) have received much
attention in recent years, due to their wide applications
in wearable devices [1-3], defogging windows [4, 5], and
thermochromic display [6]. The commonly used transpar-
ent conductive material (TCM) in TFHs was indium tin
oxide (ITO), because of its high transparency and high
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conductivity [7]. However, brittleness and indium scarcity
restricted the application of ITO in flexible TFHs. Further-
more, ITO exhibited a low-temperature response because of
its intrinsic nature [8]. To overcome these problems, vari-
ous alternative TCMs, such as other metal oxides [9], metal
nanowires [10], graphene [11], and carbon nanotubes [12,
13], have been widely studied. Among them, TFHs based on
silver nanowires (AgNWs) percolation network have advan-
tages of high transmittance, excellent electrical conductivity,
outstanding flexibility, and highly thermal response, as well
as easily fabricated by low-cost and large-scale non-vacuum
processes [14].

However, AgNW-based TFHs suffer several inherent
drawbacks, including poor thermal uniformity [15], insta-
bility at a relatively high applied voltage [16], and harsh
environments [17]. Covering AgNW percolation network
with a metal-oxide layer to form a hybrid structure has been
suggested as a promising alternative to overcome these
problems. Cheong et al. reported an ITO/AgNW heater
with T=85.1% and R,=50.9 Q sq~!. Comparing to the bare
AgNWs, the hybrid TFHs showed higher temperature and
more uniform heating [18]. Our previous work revealed that
the hybrid TCM on PET substrate have great optoelectrical
properties and mechanical stability [19]. Moreover, color-
less polyimide (cPI) with high transparency and high glass
transition temperature (7,) was used instead of PET and
improved the thermostability of TFHs [20].
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Ga-doped zinc oxide (GZO) was a promising alternative
to ITO, because of its good optoelectronic performance, low
effective cost, and non-toxicity [21]. In this work, we suc-
cessfully fabricated flexible TFHs with a sandwich structure
of GZO/AgNW/GZO/cPI. The GZO layers were prepared at
room temperature by radio frequency (RF) magnetron sput-
tering and AgNWs were deposited through rod-coating pro-
cedure. The hybrid films performed good stability in harsh
environment with the protection of GZO layer to reduce the
contact of the AgNWs with air during heating. The fabri-
cated flexible TFHs exhibited great heating performance and
highly uniform heat distribution over the areas.

2 Experimental procedures
2.1 Materials

Poly(vinylpyrrolidone) (PVP) (MW =58,000), PVP
(MW =360,000), ethylene glycol (EG), silver nitrate
(AgNO;), and ferric chloride (FeCl;) were all purchased
from Shanghai Aladdin industrial Co., Ltd. All chemicals
were of analytical grade and used as received without further
purification.

2.2 Synthesis of AgNWs

AgNWs were synthesized through a modified polyol method
[22]. Approximately 0.4 g of both PVP was added to 120 mL
of EG in the flask at room temperature, followed by 1.0 g of
AgNO;. After complete dissolution, 300 pL of FeCl; solu-
tion (154 pM in EG) was added to the mixture and stirred for
20 min. The solution was then immediately heated to 130 °C
and stirred vigorously for 10 min. The reaction continued
for another 2 h without stirring. Then, the reaction prod-
uct was washed by centrifugation with acetone and ethanol
to remove the solvent, PVP, and other impurities. Finally,
AgNWs were dispersed in ethanol for future use.

Deposition of bottom
GZO layer

Rod-coating
AgNWs

Fig. 1 Schematic of the fabrication of GZO/AgNW/GZO/cPI hybrid film
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Deposition of top

2.3 Fabrication of GZO/AgNW/GZO/cPI hybrid film

A schematic of the fabrication process is shown in Fig. 1.
The GZO/AgNW/GZO sandwich structure was prepared on
the surface of cPI substrate. Both bottom and top GZO lay-
ers were sputtered using a home-made GZO target with a
contrast RF power of 200 W, an Ar flow of 30 sccm, and a
working pressure of 3 mTorr. The bottom GZO layer was
used to improve the wettability between AgNW suspension
and cPI substrate to obtain uniform AgNW networks. The
AgNW interlayer was deposited on the bottom GZO layer by
rod-coating. The density of AgNW interlayer was controlled
by the cycles () of rod-coating.

2.4 Characterization and measurement

The surface morphologies of GZO/AgNW/GZO/cPI hybrid
films were examined using a scanning electron microscopy
(SEM, Hitachi, S-4800). The optical transmittances of
the as-prepared hybrid films were observed by a UV—Vis
spectrophotometer (PerkinElmer, Lambda 950) with an
integrating sphere. The sheet resistance was measured by
a four-point probe system (Napson Corp., Cresbox). The
mechanical stability test was performed using a lab-made
bending test machine. The heaters were supplied by a
DC power source (LODESTAR, DC POWER SUPPLY
LPS305D) and the real-time temperature during working
was monitored using an infrared thermometer (SMART
SENSOR, AR842A). The heat distribution of TFHs was
captured by an infrared camera (FLIR, ES85).

3 Results and discussion

3.1 Morphologies of GZO/AgNW/GZO/cPI hybrid
films

Figure 2 shows the SEM images of GZO/AgNW/GZO/
cPI hybrid films with different rod-coating cycles (V) of
AgNWs. As shown in Fig. 2a, a highly uniform and dense

GZO layer GZO/AgNW/GZO/cPI hybrid film
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Fig.2 SEM images of the GZO/AgNW/GZO/cPI hybrid films with different rod-coating cycles (N) of AgNWs.aN=0,bN=1,cN=3,d N=5

GZO layer was formed on the cPI substrate. As shown in
Fig. 2b—d, the density of AgNWs increased as N increased
from 1 to 5. Randomly percolated and well-connected net-
work of AgNWs is also demonstrated in Fig. 2b—d. The aver-
age length and diameter of AgNWs were 100 nm and 20 pm,
respectively.

3.2 Optical and electrical properties of GZO/AgNW/
GZO/cPI hybrid films

Figure 3a shows the optical transmittance spectra (includ-
ing cPI substrate) of the hybrid films with different N. The
corresponding sheet resistance (R,) of each film is listed
in Table 1. The pure GZO film with R, of 173.6 Q sq™"
obtained a high optical transmittance at 550 nm (7’5,) of
88%. The optical transmittance of hybrid films decreased as
the number of N increased. As shown in Fig. 3a, the Ts5, of
GZO/1 AgNW/GZO (N=1) exhibited 85%. As N increased
to 5, the T of the hybrid film decreased to 79%. This is
mainly due to the light reflection and scattering from both
the AgNW interlayer and the AgNW/GZO interface. With
the optical transmittance of hybrid films decreased as the
number of N increased, the color of the hybrid films gradu-
ally turned yellow, as shown in Fig. 3b. The R, of the hybrid
films decreased as N increased, as shown in Fig. 3c. The

sample with N=1 displayed a R, of 79.1 Q sq~!, whereas the
sample with N of 5 decreased to 14.6 Q sq~'. These results
indicated that the optical and electrical properties of GZO/
AgNW/GZO/cPI hybrid films can be tuned by the density
of AgNW percolation networks.

As published in previous work, the electrical contribution
of the AgNW film in R, of GZO/AgNW/GZO/cPI hybrid
film was elucidated by the following equation [23]:

1 2 1
~ = +
R, Rezo Rponw 6]

where Rz and Ry Ny are the sheet resistances of GZO
film and AgNW film, respectively. In this work, Rg,o was
nearly constant. R,y was justified by changing rod-coating
cycles N. As deduced from Eq. (1), when R,y decreased
with increasing N, R, of the hybrid film decreased as well.
The phenomenon revealed in our results agreed with the
predictions of Eq. (1).

The figure of merit (@) was used to estimate the electro-
optical performance of the hybrid films, which was calcu-
lated from the Haacke equation [24].

10
b= T;_zo. 2)
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Fig.3 a Optical transmittance, sheet resistance, and b photographs
of transparent GZO/AgNW/GZO/cPI hybrid films. ¢ Relationship
between N, transmittance at 550 nm, and figure of merit. d The haze

Table 1 Comparison of the electrical and optical properties of the
GZO/cP1I film and GZO/AgNW/GZO/cPI hybrid films

N 7550 (%) R, (Qsq™hH H, (%) @ (10° Q7Y
0 88 173.6 0.66 1.6
1 85 79.1 274 25
3 82 28.0 5.36 49
5 79 14.6 13.83 6.5

As shown in Fig. 3c, the optimal GZO/AgNW/GZO/
cPI hybrid film with N of 5 possessed a @ value of
6.5%x107* Q~!, which was larger than our previously
reported value of AZO/AgNW/AZO on a PET or PI sub-
strate [19, 25].

Haze is another important factor to quantify the optical
parameters of transparent conduct films. Figure 3d shows
the haze property of the as-prepared hybrid films. The
average haze values of hybrid films from 380 to 780 nm
(H,) are listed in Table 1. The pure GZO film exhibits
relatively low haze due to the smooth surface and its low
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light scattering. With adding of AgNWs, the haze values
of hybrid films increased before wavelength of 450 nm,
and then gradually decreased across the visible spectrum.
This is mainly because AgNWs interacted with short
wavelength part of the visible light. It is deduced that the
haze of hybrid films can also be finely tuned by varying
AgNW density. For instance, the H, of GZO/5 AgNW/
GZO reached 13.83%, which is five times that of GZO/1
AgNW/GZO (2.74%).

3.3 Mechanical properties of GZO/AgNW/GZO/cPI
hybrid films

Mechanical properties of pure GZO/cPI film and GZO/
AgNW/GZO/cPI hybrid films were tested by a lab-made
bending test machine, as shown in the inset of Fig. 4a. The
bending radius was about 2 mm, as shown in Fig. 4b, and
the bending frequency was 1.5 Hz. The rate of resistance
change (R,) can be expressed as Eq. (3), where R, is the
initial resistance and R is the resistance after bending.
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Fig.4 a Resistance change in the pure GZO/cPI and GZO/AgNW/
GZO/cPl hybrid films. Inset is the photograph of lab-made test
machine. b The schematic diagram of the calculation of the bending

Ro==Z"- 3)

R. as a function of bending cycles for the pure GZO and
GZO/AgNW/GZO/cPI hybrid films is shown in Fig. 4a.
After 2000 bending cycles, the resistance of the GZO/cPI
film increased dramatically, and the R value was 82.3. In

radius. SEM images of ¢, d GZO/cPI film and e, f GZO/5 AgNW/
GZO/cPI hybrid film after 2000 cycles of the bending test

contrast, the value of R, for the GZO/5 AgNW/GZO/cP1
hybrid film after 2000 bending cycles was only 2.9.

The considerable reduction in the value of R, for the
hybrid film was attributed to the flexibility imparted by the
AgNW percolation network embedded between GZO films,
which was confirmed by analyzing the surface morphologies
of the hybrid film after bending test. As shown in Fig. 4c, the

@ Springer



4748

Journal of Materials Science: Materials in Electronics (2020) 31:4743-4751

pure GZO film cracked after 2000 cycles of the outer bend-
ing test, which resulted in a sharply increasing in R, of the
film. There were more cracks in the pure GZO film and the
spacing distances were closer than those of the hybrid film.
As shown in the magnified view of Fig. 4d, there was no
contact between pure GZO cracks. In comparison, the hybrid
film still maintained an integral conductive network after
bending test and few cracks could be found on the surface,
as shown in Fig. 4e and f. This phenomenon is attributed to
the flexible and ductile nature of the AgNWs, which in turn
enhance the flexibility of the hybrid films.

3.4 Electrothermal properties of GZO/AgNW/GZO/
cPI hybrid films

To understand the nature of Joule heating in the TFHs, the
temperature properties of GZO/AgNW/GZO/cPI hybrid
films with size of 2.0 cm X 2.0 cm were analyzed. Figure 5a
presents the thermal response behavior of GZO/AgNW/
GZO/cPI hybrid TFHs with different numbers of rod-coating
cycles at a constant bias of 4 V. A higher steady-state tem-
perature (7,) of TFHs is obtained with the growing N at a
given input voltage. The maximum 7 for the TFH of GZO/5
AgNW/GZO/cPI reached 106.4 °C, while that of GZO/1
AgNW/GZO/cPI reduced to 48.9 °C. Figure 5b shows the
time-dependent temperature of GZO/AgNW/GZO/cPI TFHs
with different N for stepwise increased voltage. The input
voltage increased from 1 to 6 V with the step of 1 V in
every 85 s and the temperature increased with the incre-
mental applied potential. The increment of 7, for TFH with
higher resistance was lower than that with lower resistance.

Figure 5c shows the time-dependent temperature profiles
of the GZO/5 AgNW/GZO/cPI hybrid film, which is plotted
with respect to the stepwise increased input voltage from 1
to 6 V with steps of 1 V. The T of the TFH reached 29.0 °C
when the input voltage was set at 1 V. When the applied
voltage increased to 6 V, the T reached above 170.0 °C, con-
firming its good performance at a low input voltage. Higher
T, at a low input voltage implied an efficient conversion of
electrical energy into Joule heating. The uniform tempera-
ture distribution on the TFH of GZO/5 AgNW/GZO/cPI was
obtained from the IR photograph, as shown in the inset of
Fig. 5c.

The response time, which is defined as the time required
to reach T, from room temperature, is one of the key fac-
tors for evaluating the performance of TFHs. As shown in
Fig. 5d, the T, of GZO/5 AgNW/GZO/cPI TFH reached
99.7 °C in less than 15 s at 4 V applied voltage, demonstrat-
ing the fast response of the device. The heating and cooling
rate of the GZO/5 AgNW/GZO/cPI TFH as a function of
time is shown in the inset of Fig. 5d. The maximal heat-
ing and cooling rate of GZO/5 AgNW/GZO/cPI TFH was
calculated to be 17.6 °C s™! and 15.7 °C s7!, respectively.

@ Springer

Comparison of thermal properties between our TFH and
other TFHs reported before is listed in Table S1 in Supple-
mentary Information.

In order to understand the concrete mechanism, the curve
of 1/AT-1/U? is plotted in Fig. Se. According to Eq. (4), the
steady-state temperature of the TFH is decided by the input
voltage [26], which was demonstrated by our experimental
data.

1 hAR,

= =a+ R, )

where AT is the difference between steady-state temperature
(T,) and initial temperature (7)), a is the temperature coef-
ficient of resistance, 4 is the total heat transfer coefficient
which includes the AgNW networks and substrate, A is the
surface area, R is the initial resistance, and U is the input
voltage.

Another important parameter to evaluate the heating per-
formance of the TFH is power consumption, which can be
described as Eq. (5) [27]:

2P
T =T)+ ————
ST 0T AV Prear ®)

As shown in Fig. 5f, the experiment data of steady-state
temperature and input power (P) were fitted well according
to Eq. (5), which revealed a non-linear relationship.

On/off cycle response of the TFH with the numbers of
rod-coating cycles (N=5) under the input voltage of 4 V
was conducted. As shown in Fig. 6a, stability tests under
electrical stress at 4 V bias for 100 cycles showed no signifi-
cant degradation of achievable temperature, both of which
manifested the stability for repeated and long-term use. The
slight increase of the maximum temperature, as shown in
Fig. 6b, indicated a slight decrease of heater resistance. This
phenomenon could be ascribed to more closely connected
nanowires during the heating process.

In order to investigate the stability of the hybrid film
with the protection of GZO layer in harsh environment, the
AgNW/GZO (without deposition of top GZO layer) and
the GZO/AgNW/GZO hybrid films were evaluated by an
accelerated test by keeping films under an oven at 85 °C
and a relative humidity (RH) of 85% for 24 h. As shown in
Fig. 7a, the resistances of the AgNW/GZO and the GZO/
AgNW/GZO hybrid films increased consistently over 24 h
ascribed to the surface oxidation. GZO/AgNW/GZO hybrid
film shows a lower resistance change than AgNW/GZO. The
variations in resistance for AgNW/GZO and GZO/AgNW/
GZO TFHs were 83% and 48%, respectively. Since the GZO
layer is not completely dense, oxygen and water can contact
the AgN'Ws in harsh environment, resulting in an increase
in the resistance. The GZO layer still has a good protection
compared to the hybrid film without sputtering the top layer
of GZO, as illustrated in Fig. 7b.
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4 Conclusions

In summary, flexible transparent conductive heaters based
on GZO/AgNW/GZO sandwich structure have been pre-
pared on cPI substrates. The conductivity and transmit-
tance can be controlled by the content of AgNWs. Under
the synergy of GZO and AgNWs, the flexible TFH can
reach a high saturation temperature of 176.0 °C at an input
voltage of 6 V and good thermal stability. GZO layer plays
two roles in flexible TFH. Firstly, the GZO layer acts as a
heat insulating layer. The heat exchange between AgNWs
and surroundings is reduced and the thermal response time
of TFH is accelerated. Secondly, the GZO layer acts as
a protective layer to ensure the good stability of GZO/
AgNW/GZO/cPI TFHs in harsh environments. These
results indicate the great potential applications of GZO/
AgNW/GZO/cPI TFHs in flexible electronic devices.
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