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Abstract: As transparent heated films (THFs) based on transparent conductive oxides (TCOs) are
restricted by expensive raw materials and inappropriate fabricating film on curved surfaces because
of its brittleness, silver nanowires transparent conductive film (AgWS-TCF) is an ideal alternative
material for THF. However, there are still many problems to be solved in the electrical and thermal
stability of AgNWs-TCF. In this paper, an Al-doped ZnO (AZO) nanoparticles produced by magnetron
sputtering was used to modify and coat the AgNWs network, and the ceramic /AgNWs@AZO-TCF
was obtained. Compared with ceramic/AgNWs-TCF, the sheet resistance of ceramic/AgNWs@AZO-
TCF decreased from 53.2 to 19.3 Ω/sq, resistance non-uniformity decreased from 18.0% to 7.0%,
and the inoxidizability, current-impact resistance, and failure voltage increased significantly. In
addition, the electrothermal efficiency of ceramic/AgNWs@AZO-TCF is significantly improved after
sputtering a SiO2 layer on the surface of ceramic substrate. Compared with ceramic/AgNWs@AZO-
TCF, the temperature of ceramic-SiO2/AgNWs@AZO-TCF increases from 78.7 to 113.2 ◦C under
applied voltage of 6 V, which possess the application scenarios for electrothermal-ceramics teacup (or
tableware) to realize the function of heat preservation and disinfection.

Keywords: transparent film heaters; electrothermal stability; silver nanowires transparent conductive
film; resistance non-uniformity; electrothermal ceramic

1. Introduction

Transparent heated film (THF) refers to visual transparency (both substrate and con-
ductive film are transparent). When the current flows over a transparent conductive layer,
it produces heat due to the Joule heating effect. This kind of heat can be used in the fields
of smart windows, ice and haze removal, hot cushions, sensors, and other fields. Com-
pared with traditional heating components, the THF has become one of the fastest growing
markets at present due to its small thermal inertia.

The THF include the transparent conductive oxides (TCOs) [1–7], the carbon-based
nanomaterials (carbon nanotubes and graphene), metal nano wires (MNWs) network [8–14],
and conductive polymer materials [15]. Among them, one-dimensional silver nano-
structural material has received widespread attention due to its excellent photoelectric-
ity, thermal performance, and mechanical properties [10–14]. The silver nanowires (Ag-
NWs) not only have many beneficial features of one-dimensional materials, but also
inherit the high conductance (6.39 S/m) and excellent thermal conductivity of silver
(429 W/(M·K)) [10]. AgNWs-TCF, a transparent conducting film fabricated from silver
nanowires, has a unique advantage for transparent heater applications [16]. A good heater
in commerce requires uniform heat distribution in the heating area, and usually achieves
the target temperature at low voltage (<10V). Therefore, increasing the failure voltage of
AgNWs-TCF, the lower limit of the working voltage, and the upper limit of the increase
in temperature are the three working goals pursued by the AgNWs-based transparent
heater [17]. But there are still many problems, among them, the electrical failure is one of the
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bottlenecks that restrict the application of the AgNWs network to the large current transpar-
ent heater. This is because the method using AgNWs solution to fabricate the AgNWs-TCF
by rotating coat and scratching coat has the following problems [18]. First, AgNW-TCFs
have high junction resistance caused by nanowire-nanowire (NW-NW) junction in AgNW
network and poor inoxidizability caused by high specific surface of AgNWs. Second, there
exists thermal non-uniformity of AgNW-TCFs because of high junction resistance. If the
hot spot does not spread rapidly along the conductive layer material or the substrate, it
may cause local heating and become a local hot spot area. These hot spots may cause
local degradation in the THFs area, which further exacerbates the non-uniformity of the
conductive channel and causes further deterioration of electrical performance. Therefore,
this is a problem that needs to be solved for the THFs of AgNWs-TCF. At present, the
post-treatment methods of hot melt-weld and chemical modification were mainly used to
reduce the junction resistance and increase the uniformity of heat distribution.

Annealing melt-weld, UV treatment, and water mist method are usually adopted [19]
to perform post processing of AgNWs-TCF, which has achieved good results in reducing the
NW-NW junction resistance of the AgNWs network. Nevertheless, these methods cannot
solve the problem of electrical failure caused by the random distribution of silver nano
wires that cause loading imbalance. For the problem of solving uneven heat distribution,
the principle is that the conductive layer resistance of the silver nanowire network is evenly
distributed by the appropriate process [19,20]. The NW–NW junction in nanowire network
is tightly contacted by chemical modification (such as graphene sheet) to increase the ability
of current-impact resistance and thermal migration [21,22], which improve significantly
its electrical stability. The effective means to solve the thermal oxidation problem of the
AgNWs network is isolating the water oxygen from the environment. Using a thin layer of
oxide coating to improve inoxidizability of AgNWs in environment is one of the current
effective means. The atmospheric pressure space atomic layer deposition (AP-SALD)
technology to fabricate a ZnO film layer has greatly improved the electrical stability of THF
in the environment [23].

The main performance parameters of the THF and its expected relation requirements
may have different emphasis according to the different target application scenarios. In this
paper, we propose using the Al-doped ZnO (AZO)-activated nanoparticles produced by
magnetron sputtering to modify the NW–NW junction and wrap the AgNWs in order to
obtain the THFs of AgNWs@AZO-TCF. This THFs possess low application voltage (<10 V),
high electrothermal efficiency, and high stability (electrical performance stability, heat
resistance, and inoxidizability), which can be applied to electrothermal ceramic teacups
and electrothermal ceramic tile.

2. Materials and Methods

The silver nanowires (AgNWs, product number: 102886) colloid precursor was pur-
chased from Jiangsu Xianfeng Nanomaterial Technology Corp. Ltd, Jiangsu, China. (An-
alytical Reagent, AR). The solution mainly includes isopropanol (IPA, AR), ethyl alcohol
absolute (AR) which were obtained from Tianjin Yufutai Chemical Reagent Co., Ltd, Tianjin,
China. The ethylene glycol is AR and obtained from Tianjin Hengmao Chemical Reagent
Co., Ltd, Tianjin, China. The substrate (ceramic, glass, and ceramic-SiO2), whose specifica-
tion is summarized in Table S1 in Supplementary Materials, is cleaned by the semiconductor
cleaning process and was placed on a spin coater (Institute of Electrics, Chinese Academy of
Sciences, Beijing, China). The thin film preparation process was performed according to the
technical route shown in Figure 1: the AgNWs solution was diluted by mixing 1.5 mL of sil-
ver nanowires and 4.5 mL of isopropanol. The diluted AgNWs solution was extracted with
a plastic tip dropper and dropped on the substrate. After rotating at 600 rpm for 8 s first, the
AgNWs wet film was obtained by rotating at 2000 rpm for 30 s. The AgNWs wet film was
placed on a 100 ◦C heating-table for heat treatment for 5 min. The above process was re-
peated three times to obtain the ceramic/AgNWs-TCFs, glass/AgNWs-TCFs, and ceramic-
SiO2/AgNWs-TCFs samples, respectively. Al-doped ZnO (AZO) nanoparticles, produced
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by magnetron sputtering method, were sputtered on the surfaces of ceramic/AgNWs-
TCFs, glass/AgNWs-TCFs, and ceramic-SiO2/AgNWs-TCFs samples respectively to wrap
the silver nanowires and modify the AgNWs networks NW–NW junctions obtaining
ceramic/AgNWs@AZO-TCFs, glass/AgNWs@AZO-TCFs, ceramic-SiO2/AgNWs@AZO-
TCFs shown in Figure 1d. The magnetron sputtering process was set as follows: working
pressure of 1.2 Pa; power of 120 W; argon flow of 40 sccm for all samples; the sputtering
time for the glass/AgNWs@AZO-TCFs and ceramic-SiO2/AgNWs@AZO-TCFs was deter-
mined based on the optimal wrapping-layer effect of ceramic/AgNWs@AZO-TCFs, which
was set as 0, 10, 20, 30, and 40 min, respectively, correspondingly remarked as samples 1#,
2#, 3#, 4#, and 5#.
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Figure 1. Schematic of AgNW network modification with AZO nanoparticles. (a) Spin-coating
process in fabricating the wet AgNW TCFs. (b) The decolloid process of wet AgNW-TCFs by heating,
(c) The modification process of AgNW network using AZO nanoparticles. (d) The NW–NW junction
resistance of AgNW-TCFs (left) and AgNW@AZO-TCFs (right), Rs represents the sheet resistance of
carrier transport across the NW–NW junction.

The surface morphology of the films was analyzed by JSM-6700F scanning electron
microscope (JEOL Company, Tokyo, Japan). The roughness of surface was carried out
on a Dimension Icon atomic force microscope (AFM, Dimension Icon, Bruker Company,
Karisruhe, Germany), and set the signal of target tapping voltage of 5 V, cantilever frequency
of 350 kHz, scanning rate of 0.2 Hz. The sheet resistance was measured using a resistance
four-probe tester (KDY-1), the probe spacing is of 1 mm, and the current is set at 453.2 mA.
At the same time, the thickness of the film should be less than 1 µm. Moreover, the
withstand voltage of samples was tested using PRECI-200 series bench table source meter,
and the temperature was measured using a Guide-P120V thermal imager. All operations
and measurements are carried out at room temperature. A Beckman DU-8B ultraviolet–
visible (UV–vis) spectrophotometer (Bankman-Du 8B Spectrophono-meter, Pullout General
Instrument Company, Beijing, China) was used to measure the transmittance of the TCFs.

3. Results and Discussion
3.1. Superficial and Interfacial Properties

Figure 2 shows the surface and structural characteristics of AgNW-TCF modified by
AZO nanoparticles. The silver nanowires network of samples before and after modification
can be clearly detected in the figure, indicating that the AgNWs network is processed
with AZO nanoparticles produced by magnetron sputtering to modify it rather than
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forming a multilayer structure film. Figure 2a shows that the NW–NW junction contact
of the unmodified sample 1# is not tight and poorly bonded to the substrate, and there
is even a large gap between the silver nanowires network and the substrate, as shown in
Figure 2a marked as A. As can be seen from Figure 2b–e, with the increase in sputtering
time, the contact of NW–NW junction between AgNWs network and substrate becomes
closer. However, it also can be seen from Figure 2(a1–e1) that the surface roughness of
the sample decreases first and then increases with the increase in sputtering time. The
surface roughness Ra of samples 1#, 2#, 3#, 4#, and 5# is summarized in Table S2 as shown
in Supplementary Materials, which will affect the electrical properties of the conductive
films if the degree of surface roughness is too high. The average AZO nano cluster size of
samples 2#, 3#, 4#, and 5# was estimated to be of 12, 22, 45, and 60 nm, respectively.
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Figure 2. The images of surface topography for AgNWs-TCF and AgNWs@AZO-TCF. (a) The
cross-sections SEM images of Ceramic/Agnws-TCF, and (b–e) ceramic/AgNWs@AZO-TCFs mod-
ified by AZO nanoparticles with 10, 20, 30, and 40 min, respectively. (a1) The 2D AFM image of
ceramic/AgNWs-TCF, and (b1–e1) ceramic/AgNWs@AZO-TCFs modified by AZO nanoparticles
with 10, 20, 30 and 40 min, respectively.

The UV–vis light-transparent spectrum shows in Figure 3 that the wavelength posi-
tions of the absorption peaks for samples 1#, 2#, 3#, 4#, and 5# are of 385, 392, 392, 393 and
396 nm, respectively, which exhibit an evident redshift for the ceramic/AgNWs@AZO-
TCFs. This is because the AZO nanoparticles form a similar core (AgNWs)-shell (AZO
nanoparticles) structure around the AgNWs conductive network. As seen in Figure 2a–e,
the thicknesses of the wrapping-layer (shell layer) for samples 2#, 3#, 4#, and 5# are of 5, 13,
32, and 41 nm, respectively. An increase in the shell layer thickness enhances the pressure
on the AgNWs, thereby changing the contraction effect of the AgNWs lattice, showing a
trend that the thicker the shell layer, the more significant the redshift will be [24].

In summary, using the AZO nanoparticles produced by magnetron sputtering in
AgNWs conductive network can modify the NW–NW junction and wrap the AgNWs,
which is important to improve the electrical properties and stability properties. Sputtering
time plays an important role in surface roughness and wrapping-layer thickness. Sample
3# with sputtering time of 20 min shows the best comprehensive effect of surface roughness
and wrapping-layer thickness.
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Figure 3. UV-vis light transparent spectra of ceramic /AgNW @ AZO-TCF after different sputter-
ing times.

3.2. Electrical Property

The sheet resistances have been tested at 25 positions for samples 1#~5#, with the re-
sults shown in Figure 4. The average resistance, decrease rate of resistance, non-uniformity
of resistance distribution are summarized in Table 1. It was found that the longer the sput-
tering time, the more obvious the sample resistance reduction. However, compared with
sample 3#, the resistance values of the samples 4# and 5# were increased after the sputtering
time was too long. The resistance of ceramic/AgNWs@AZO-TCFs has a close relationship
with the effect of AZO nanoparticles modification, involving the contact tightness and
surface roughness of NW–NW junctions of silver nanowires.
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Table 1. Electrical properties change of ceramic/AgNWs@AZO-TCFsVs sputtering time.

Sample 1# 2# 3# 4# 5#

Sputtering time
(min) - 10 20 30 40

Average
Resistance (Ω/sq) 53.2 37.4 19.3 20.1 21.7

NUF * (%) 18.0 12.1 7.0 10.4 14.1
Reduction rate

of resistance (%) - 29.7 63.7 62.2 59.2

* NUF represents non-uniformity degrees.

Compared with reference sample 1#, what improved the conductivity performance
of AgNWs@AZO-TCF should be attributed to the results of AZO nanoparticles modified
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and wrapped in AgNWs network. In AgNWs-TCF, the NW-NW junction in AgNWs
network contacts loosely as showing Figure 2a,a1, resulting in high junction resistance. For
AgNWs@AZO-TCF, the AZO nanoparticles produced by magnetron sputtering bombard
the AgNWs network, at the same time; the AgNWs shows similar core-shell structure,
and the NW–NW junction is modified to make NW–NW junction and AgNWs-substrate
tight. As a result, the resistance of AgNWs@AZO-TCF was reduced. For sample 2#,
the silver nanowires network can be modified poorly because of the AZO nanoparticles
dealing with short sputtering time. It possess wrapping-layer thickness of only 5 nm, larger
surface roughness Ra of 20.5 nm and poorer binding with substrate, seeing the mark B
from in Figure 2b, which results in its conductivity worse than that of 3#~5#; although
its conductivity is better than that of sample 1#. Sample 3# has the lowest resistance,
which benefits from its appropriate wrapping-layer thickness of 13 nm, the lowest surface
roughness Ra of 18.7 nm, and good binding degree with substrate when the sputtering
time is 20 min, as shown in Figure 2c. However, the conductivities of sample 4# with Ra
of 21.4 nm and sample 5# with Ra of 29.9 nm are worse than that of sample 3#, because
their surface roughness is higher than that of sample 3#. Therefore, the conductivity of
AgNWs@AZO-TCFs depends on the contact tightness and surface roughness of NW–NW
junction of silver nanowires network.

According to Yonggao Jia et al. [25], non-uniformity is defined with the relative
standard deviation as:

NUF =

√√√√ 1
n

∑n
i=1
(

Ri − R
)2

R2 (1)

where n is the number of measurements on the film of different sites, and Ri and R are the
measured sheet resistance and the average resistance of all the measurements, respectively.
Using the Equation (1), non-uniformity of samples 1#~5# was obtained as 18.0%, 12.1%,
7.0%, 10.4%, and 14.1%, respectively, indicating that the distribution uniformity of resistance
is obviously improved after modified by AZO nano particles. It can be seen that appropriate
wrapping-layer thickness is of great significance to improve the uniformity of electrical
properties. Sample 3# which possesses wrapping-layer thickness of 13 nm has the best
uniformity of electrical properties, followed by sample 4# with wrapping-layer thickness of
32 nm, sample 2# with wrapping-layer thickness of 5 nm, and sample 5# with wrapping-
layer thickness of 41 nm; their non-uniformity of sheet resistance is 10.4%, 12.1%, and 14.1%,
respectively. The possible reasons for the influence of wrapping-layer thickness on the
uniformity of electrical properties are as follows: On the one hand, that high-energy AZO
nanoparticles bombard the silver nanowires network makes the loose contact of NW-NW
junction become flatter and more compact with the increase in sputtering time, which
results in uniform transfer ability of carriers on the surface of the film under small surface
roughness. On the other hand, for the limitation of diffusion energy, AZO nanoparticles
coated on the surface of silver nanowires will accumulate due to the excessively long
sputtering time. With the increase in sputtering time, the accumulation clusters will
become larger and larger, for example, the size of the accumulation clusters of sample 5# is
as large as 60 nm, as a result it makes the transport capacity of carriers on the surface of the
film become uneven.

Table 2 and Figure 5a shows that the resistance of increasing rate for samples 1#, 2#, 3#,
4# and 5# is 135.3%, 36.6%, 8.8, 6.9, and 4.6% after exposing to air of 16 days, respectively,
which indicate that the inoxidizability of AgNWs@AZO-TCF is significantly improved with
the increase in wrapping-layer thickness. It can also be seen from Figure 5c that the failure
voltages of samples 1#~5# are 8, 12, 14, 15, and 17 V respectively, indicating that the failure
voltages of AgNWs@AZO-TCF improved with the increase in wrapping-layer thickness.
The reason is that the silver nanowires network after modified by AZO nanoparticles forms
a similar core-shell structure, which is beneficial to the improvement of inoxidizability
performance and failure voltage for the AgNWs@AZO-TCF. Figure 5b shows the current-
impact resistance of AgNWs-TCF and AgNWs@AZO-TCF samples. As can be seen from
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Figure 5b that the conductivity of AgNWs-TCF fails after 6 h of continuous conduction
when supplied with a voltage of 4V. For the AgNWs@AZO-TCFs, including samples 2#~5#,
the conductivity still remains stable after 24 h of continuous conduction when supplied
with a voltage of 4V, which indicates that its performance of current-impact resistance is
obviously improved. This performance improvement of current-impact resistance for the
AgNWs@AZO-TCFs should be attributed to the results of AZO nanoparticles modifying
and wrapping in AgNWs network, which makes the NW–NW junction contact tightly and
the AgNWs network becoming flat, consequently, having improved the migration capacity
of current for the conductive channel in AgNWs network.

Table 2. Change of resistance in relation to exposing time in air.

Time (day) 0 2 4 6 8 10 12 14 16

R1# (Ω/sq.) 53.2 53.8 54.5 59 63 71 80 100 125.2
R2# (Ω/sq.) 37.4 37.8 38.0 39.1 41.0 43.9 46.2 49.3 51.1
R3# (Ω/sq.) 19.3 19.3 19.3 19.5 20.0 20.1 20.2 20.4 21.0
R4# (Ω/sq.) 20.1 20.1 20.1 20.3 20.6 20.7 20.9 21.0 21.5
R5# (Ω/sq.) 21.7 21.7 21.7 21.7 21.9 22 22.3 22.5 22.7
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Figure 5. Electrical stability of AgNWs-TCF and AgNWs@AZO-TCF samples. (a) Performance of
inoxidizability; (b) Performance of current–impact resistance; (c) Failure voltage.

In a word, the performance improvement of AgNWs@AZO-TCF, including the sheet
resistance reduction, the resistance uniformity, the inoxidizability, current-impact resistance
and stability (failure voltages), should be attributed to the results of AZO nanoparti-
cles modified and wrapped in AgNWs network. In AgNWs-TCF, the NW–NW junction
in AgNWs network contact loosely, resulting in high junction resistance. But for the
AgNWs@AZO-TCF, the AZO nano particles bombard the AgNWs network, at the same
time, the AgNWs is wrapped and formed core-shell structure, and the NW–NW junction
is modified to make NW-NW junction and AgNWs-substrate tightly. As a result, the
resistance of AgNWs@AZO-TCF was reduced, the distributed resistance becomes uniform,
and the stability (inoxidizability, current-impact resistance, failure voltages) improved.

3.3. Thermal Properties

Figure 6a shows the performance of heating-resistance Vs wrapping-layer thickness.
It can be seen that the higher the thickness of the wrapping-layer, the better the heating-
resistance of the samples. In AgNWs-TCF, its heating-resistance temperature is 150 ◦C
indicating the worst heating-resistance performance. But for the AgNWs@AZO-TCFs (sam-
ples 2#~5#), their heating-resistance temperatures are above 300 ◦C, which increase with
thickness. The improvement in heating-resistance performance for AgNWs@AZO-TCFs
should be attributed to the core-shell structure because the layer of AZO shell possesses
the ability to resist thermal shock. Interestingly, Figure 6b shows the resistance decreases as
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the temperature increases in the range from 100 to 250 ◦C, which should be attributed to
the annealing melt-weld [19] in lower range of temperature.
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Figure 7a shows the electrothermal efficiency of Ceramic/AgNWs-TCF and Ceramic/
AgNWs@AZO-TCFs (samples 2#~5#), heating zone of all samples is 2.5 cm × 2.5 cm.
As can be seen from the figure, the electrothermal efficiency of Ceramic/AgNWs@AZO-
TCFs is obviously higher than that of Ceramic/AgNWs-TCF, of which 3# has the highest
electrothermal efficiency, followed by samples 4#, 5#, 2# and 1# successively. The im-
provement in electrothermal efficiency for AgNWs@AZO-TCFs should be attributed to the
resistance reduction after the silver nanowire network is modified by AZO nanoparticles.
As previously discussed, the sheet resistance of AgNWs@AZO-TCFs modified by AZO
nanoparticles produced by magnetron sputtering, has reduced. As showing in Table 2, the
sheet resistance of samples 3#, 4#, 5#, 2# and 1# are 19.3, 20.1, 21.7, 37.4, and 53.2 Ω/sq,
respectively. According to the Joule-heat formula of P = V2/R, the smaller the resistance,
the higher the electrothermal efficiency.
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Figure 7. Electrothermal efficiency of AgNWs-TCF and AgNWs@AZO-TCFs. (a) Transparent heating
film of ceramic substrate. (b) Transparent heating film of ceramic substrate, glass substrate, and
ceramic-SiO2 substrate, all samples with sputtering time of 20 min except Ceramic-SiO2/AgNWs-TCF.
The curves A, B, C and D represent ceramic/AgNWs@AZO-TCF, ceramic-SiO2/AgNWs@AZO-TCF,
glass/AgNWs@AZO-TCF and ceramic-SiO2/AgNWs@-TCF respectively.

Figure 7b shows the electrothermal efficiency of transparent heating films on different
substrates; the heating zone of all samples is 2.5 cm × 2.5 cm. The curve C in the Figure 7b
is the glass/AgNWs@AZO-TCF (glass substrate). It can be seen that its electrothermal
efficiency is much better than that of ceramic/AgNWs@AZO-TCF (ceramic substrate,
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sample 3#). Considering that it may relates to the density and roughness of the substrate,
the ceramic substrate was treated by sputtering a layer of SiO2 film with a thickness of
0.5 µm on the ceramic substrate to obtain the ceramic-SiO2 substrate, and the ceramic-
SiO2/AgNWs-TCF and ceramic-SiO2/AgNWs@AZO-TCF samples were prepared on its
surface. The curve B in Figure 7b shows that the electrothermal efficiency of ceramic-
SiO2/AgNWs@AZO-TCF is significantly higher than that of ceramic/AgNWs@AZO-TCF
(sample 3#). Interestingly, comparing with ceramic/AgNWs-TCF shown in Figure 6a, the
curve D in Figure 7 show that the failure voltage of ceramic-SiO2/AgNWs-TCF improved,
although its electrothermal efficiency is lower than ceramic/AgNWs@AZO-TCF. The reason
why the ceramic-SiO2 substrate can improve the electrothermal efficiency of THFs is
that the density and flatness of the ceramic substrate are improved after sputtering a
layer of SiO2 on the ceramic substrate surface. Figure 8 shows the 2D AFM images of
ceramic (glazed) substrate in Figure 8a; ceramic/SiO2 substrate in Figure 8b; and glass
substrate in Figure 8c, respectively. As can be seen from Figure 8c that the glass substrate
has a high density with roughness Ra of 1.65 nm as shown in Supplementary Materials
Table S2, much lower than that of the ceramic substrate with roughness Ra of 8.29 nm
as shown in Supplementary Materials Table S2, and that of ceramic-SiO2 substrate with
roughness Ra of 4.20 nm as shown in Supplementary Materials Table S2. This low surface
roughness of substrate is beneficial to heat reflection to THFs surface, as a result improving
its electrothermal efficiency.
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In a word, the electrothermal efficiency of THFs depends not only on its low re-
sistance value, but also on the low surface roughness of the substrate. The ceramic-
SiO2/AgNWs@AZO-TCF obtained by sputtering a SiO2 layer on the ceramic substrate
surface and modifying the silver nanowire network with AZO nanoparticles has a good
electrothermal efficiency, which shows that its surface temperature reaches 50.2, 72.3, 91.2,
113.2, and 213.1 ◦C at an applied voltage of 3, 4, 5, 6 and 9 V as shown in Figure 7b in the
curve B, respectively. This means that the ceramic-SiO2/AgNWs@AZO-TCF has a good
electrothermal effect even at low voltage. The temperature of ceramic-SiO2/AgNWs@AZO-
TCF reaches 72.3 ◦C at an applied voltage of 4V, realized as the heat preservation functions
if applied to ceramic devices such as electrothermal teacup, electrothermal tableware, and
heating face (floor) tile. Furthermore, the temperature of ceramic-SiO2/AgNWs@AZO-TCF
reaches 113.2 ◦C at an applied voltage of 9 V, realized as the sterilization and disinfection
function if applied to electrothermal teacup and electrothermal tableware.

Figure 9 shows the temperature distribution of ceramic/AgNWs-TCF and ceramic/
AgNWs@AZO-TCFs (samples 2#~5#), in which different colors are used to represent
different temperatures. As can be seen from the figures, the temperature distribution
of sample 3# is the best uniform temperature, followed by samples 4#, 2#, 5#, and 1#,
successively. Jeung Choon Goak et al. [26] have reported the non-uniformity of temperature
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distribution for THFs using CCD thermoreflectance optical microscopy image coming
from the non-uniformity of junction-resistance distribution. The reasons are explained
as follows: According to the transient self-heating model of Sajia Sadeque et al. [27], the
complex and random AgNW network is partially reduced to two geometrically symmetrical
nanowires that intersect on the substrate in which a hot spot is formed at the junction
and local thermoelectricity is generated. At the NW–NW junction, heat from the top
flows to the upper nanowires and heat from the bottom flows to the down nanowires.
For ceramic/AgNWs-TCF, because the contact area between the top silver nanowires
and the bottom silver nanowires as well as between the bottom silver nanowires and
the substrate is small due to the weak NW–NW junction contact and the weak contact
between the bottom silver nanowires and the substrate as showing in Figure 2a,a1, the
heat transfer is unbalanced, which results in the worst temperatures distribution of the
ceramic/AgNWs-TCF. On the contrary, for ceramic/AgNWs@AZO-TCFs (samples 2#~5#),
because the contact area between the top silver nanowires and the bottom silver nanowires
as well as between the bottom silver nanowires and the substrate is large due to the tight
NW–NW junction contact and the tight contact between the bottom silver nanowires and
the substrate, as shown in Figure 2b–e, the heat transfer becomes balance, resulting in
even surface temperatures of the ceramic/AgNWs@AZO-TCFs, in which the temperature
distribution of sample 3# is the best uniform temperature, followed by samples 4#, 2#, 5#,
and 1# successively, which is consistent with the uniformity of resistance distribution as
shown in Table 1.
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Figure 9. The thermal images of temperature distribution. (a) Ceramic/AgNWs-TCF; (b–e) ceramic/
AgNWs@AZO-TCFs modified by AZO nanoparticles with 10, 20, 30, and 40 min, respectively.

4. Conclusions

AgNWs network was modified and wrapped by AZO nanoparticles produced by mag-
netron sputtering to form a core-shell structure, which, on the one hand, can make NW–NW
junction contact tightly in AgNWs network greatly reducing the resistance of the junction
and improving the electrical stability and heating efficiency of the AgNW-based heaters. On
the other hand, the AZO coating can improve the inoxidizability and heat resistance of sil-
ver nanowire-based THF. Sputtering a layer of SiO2 on the surface of the ceramic substrate
effectively improves the surface thermal radiation of ceramic-SiO2/AgNWs@AZO-TCF due
to the smooth surface of SiO2-ceramic. Therefore, the ceramic-SiO2/AgNWs@AZO-TCF
can be applied to the scenario of electrically heated ceramics that perform the functions
of heat preservation and disinfection at low voltage, such as electrothermal teacup and
electrothermal tableware. The uniformity of surface temperature for the silver nanowire-
based THF depends on the tightness of NW–NW junction contact in AgNWs network
and the closeness of AgNWs network to the substrate. AgNWs network can be modified
and wrapped by AZO nanoparticles produced by magnetron sputtering, which can ef-
fectively improve the electrothermal uniformity of silver nanowire-based THF due to the
tight NW–NW junction contact and the tight contact between the AgNWs network and
the substrate.
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