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Abstract: A flexible transparent heater is presented, based on an all-sprayed composite architecture of
indium-doped zinc oxide (IZO) layers that sandwich a network of silver nanowires, on a polyimide-
foil substrate. This architecture could be materialized through the development of a low-temperature
(240 ◦C) spray-pyrolysis process for the IZO layers, which is compatible with the thermal stability of
the transparent polyimide substrate and allows for the formation of compact and transparent layers,
without precipitates. The IZO layers entirely embed the silver nanowires, offering protection against
environmental degradation and decreasing the junction resistance of the nanowire network. The
resulting transparent heaters have a high mean transmittance of 0.76 (including the substrate) and
sheet resistance of 7.5 Ω/sq. A steady-state temperature of ~130 ◦C is achieved at an applied bias
of 3.5 V, with fast heater response times, with a time constant of ~4 s The heater is mechanically
stable, reaching or surpassing 100 ◦C (at 3.5 V), under tensile, respectively, compressive-bending
stress. This work shows that high-performance transparent heaters can be fabricated using all-
sprayed oxide/silver-nanowire composite coatings, that are compatible with large-scale and low-
cost production.

Keywords: spray-pyrolysis; ZnO; silver nanowires; flexible substrates; transparent heaters; transparent
conducting materials

1. Introduction

Transparent conducting materials (TCMs) combine high visible transparency with
high-electrical conductivity. They are applied across a vast number of applications, com-
prising optoelectronic devices (such as light-emitting diodes, thin-film displays and touch-
screens), photovoltaic modules, sensors and actuators, low-emissivity and electrochromic
window coatings, etc. [1]. Transparent conducting oxides (TCOs), which in their majority
are highly doped, n-type semiconductors, have the widest implementation among TCMs [2].
The most established TCOs are the tin-doped indium oxide (ITO), fluorine-doped tin oxide
(FTO) and aluminum-doped zinc oxide (AZO). Although TCOs provide a high performance
for the targeted applications, they also have significant disadvantages. One is that they are
brittle, which compromises their use in applications demanding flexibility, as well as their
processing using roll-to-roll approach. Another disadvantage concerning ITO is that indium
is scarce and has a high cost. To address these shortcomings, in recent years, materials
such as metallic nanowires, carbon nanotubes, metallic nanofilms and meshes, conducting
polymers and combinations of these, have opened new perspectives, functionalities and
applications for TCMs [1,3–7]. Additionally, advantageous for certain emerging TCMs is
their ability to be processed by non-vacuum-based techniques, particularly from solutions,
which decreases capital expenditure and maintenance costs for deposition equipment.
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A wide range of the aforementioned TCMs have found application as transparent
heaters (THs) [8], which exploit the Joule heating produced when current flows through a
conductor of resistance R. Implemented materials in THs include TCOs (the mainstream
TH material), carbon-based nanomaterials [9,10], silver or copper nanowires (NWs) [11–16],
conducting polymers [17] and TCO/metal (Ag or Cu)/TCO multilayers [18–20]. Precise
and rapid temperature control can be achieved through the electrical properties of the
employed materials and the heater design characteristics, which also need to be matched
to the input bias or current requirements of the particular application.

The ideal TH should have the following characteristics: (a) low sheet resistance that
yields high heating power density and allows for large-area applications, (b) high resistance
uniformity to provide uniform temperature distribution during operation and to avoid
hotspots that would potentially lead to heater degradation and eventually breakdown,
(c) high transparency in the visible, (d) fast heating rate and high attainable temperature,
which depend on the thermal properties of both the heating film and the substrate, (e) high
environmental, chemical and mechanical stability, (f) low-cost in terms of materials and
fabrication, (g) self-limiting maximum temperature to eliminate the need of additional
control electronics.

THs, based on TCOs and nanomaterials, offer homogeneous optical appearance and
temperature profile, which make them attractive with respect to traditional, wire-based
heating elements. High optical transmittance and visual homogeneity are of high priority
for heating applications regarding displays and smart windows. Additionally, the targeted
temperature depends on the application. For example, defogging in automotive needs
relatively low temperatures, whereas defrosting requires much higher temperatures. Espe-
cially in the automotive sector, current revolutionary trends such as autonomous driving,
further push the market demand for THs (e.g., for de-/anti-icing sensors of autonomous
driving assistance systems). A wide list of application sectors for THs, including wearables,
medical devices, gas sensors and others, has been presented in recent reviews [8,21]. To
address these fast-growing markets, flexible THs are particularly attractive since they can
be 3D-formed to the product’s shape, are lightweight and can be produced at a low cost by
high-throughput, non-vacuum processes, including roll-to-roll. However, the temperature
stability of most polymer substrates is a challenging problem.

Ultrasonic spray-pyrolysis (USP) is an industry-relevant deposition technique that
has been extensively used to fabricate a wide variety of TCO materials [22], including
doped ZnO. Efforts have also been made to produce high-quality TCO layers (in terms of
compactness, transparency and conductivity) at lower substrate temperatures, using more
sustainable solution recipes, thereby reducing or completely eliminating organic solvents.
In recent publications from our group, we reported on highly transparent and conductive
In-doped ZnO (IZO) layers by USP from water-based solutions at temperatures as low
as 360 ◦C [23,24]. However, even this reduced substrate temperature is not low enough
to permit the use of polymer substrates. Further reduction of the temperature to below
300 ◦C requires modification of the solution chemistry in order to obtain TCO layers with
suitable properties.

This work reports on a composite flexible TH, based on IZO layers, sandwiching
a network of Ag-NWs, with all of the material components spray-coated in ambient
atmosphere, using sustainable processes. To achieve this, a low temperature (240 ◦C) USP
process for the IZO layers was developed, using a water-based solution recipe, whereas a
transparent polyimide foil was used as a substrate. The flexible composite electrode was
characterized in terms of its structural, electrical, optical and heating properties, achieving
temperatures of ~130 ◦C at a relatively low applied bias (3.5 V), as well as fast heating
response times. We thus demonstrate high-performance, TCO/Ag-NW composite, flexible
and transparent heaters that are fabricated using a low-cost, spray-coating approach.
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2. Materials and Methods

Flexible transparent heaters of IZO/Ag-NWs/IZO were deposited on 50 µm-thick,
transparent polymide (PI) substrates (Yangzhou Guotai Fiberglass Co., Yangzhou, China),
by sequential spray deposition of (a) bottom IZO layer, (b) Ag-NWs and (c) top IZO layer,
using a Sono-Tek, ExactaCoat® (Sono-Tek, Milton, NY, USA) coating system, equipped
with a 120 kHz Impact® ultrasonic nozzle, in horizontal geometry. The substrates resided
on a hot-plate covered with a high-temperature Al2O3-SiO2 glass ceramic (McMaster-CAR,
Cleveland, OH, USA), the temperature of which was precisely monitored and automatically
regulated. The fine droplet mist of the solutions was directed from the nozzle towards the
hot plate in a fan-shaped spray-pattern, obtained by a controlled jet of air. The nozzle-to-
substrate distance was 14 cm.

The PI substrates were firstly cut into 3.0 × 2.5 cm2 pieces and subsequently cleaned
in isopropanol and de-ionized water for 15 min at each step, followed by drying in nitrogen
gas stream. The samples were then fixed on the substrate holder of the spray coater by
placing heavy pieces of glass at the shorter sample edges, defining a deposited area of
2.5 × 2.5 cm2. For upscaling demonstration, samples with a deposited area of 5 × 5 cm2

were also fabricated.
The used solution recipe for the deposition of IZO is based on previous publications

from our group [23,24]. In the present case, however, the recipe was modified for deposition
at significantly lower temperature, below 300 ◦C. This is critical to prevent the deformation
of the transparent PI substrate, when subjected to high temperatures for prolonged deposi-
tion durations. To this end, the zinc acetate precursor used in the previous recipes, was
replaced by zinc acetylacetonate, which decomposes at lower temperatures during spray
pyrolysis [25]. The water-based precursor solution contained 0.2 M zinc acetylacetoanate
dihydrate (Zn(Acac)2 × 2H2O) and 0.008 M indium acetate (In(Ac)3) as Zn and In sources,
respectively, along with 1.8 M acetic acid (HAc), as a complexing agent. All chemicals were
purchased from Sigma Aldrich, Austria and used without further treatment. The precursor
solution pH was 3.

On the other hand, the Ag-NW layers were spray-deposited from a solution contain-
ing commercial Ag-NW dispersion (Agnw-60, ACS Materials LLC, Pasadena, CA, USA)
and isopropanol (99.9% purity) in a 1:100 volume ratio (Sigma-Aldrich, Vienna, Austria).
According to the manufacturer, the length of the wires is 20–30 µm and their average diam-
eter 60 nm. Besides, polyvinylpyrrolidone (PVP) was used as a stabilizing agent for the
Ag-NWs, with <0.5 wt% left in the final product. The Ag-NWs solution was homogenized
by shaking for 2 h prior to the spray deposition.

The spray parameters used for the IZO and Ag-NW layers are shown in Table 1,
corresponding to the coatings with optimized structural, electrical and optical properties.
A particular spray pattern was applied for the depositions, as it was introduced in refer-
ence [24]. For reasons of comparison, samples without the bottom IZO layer were also
fabricated, as well as a sample with a single layer of Ag-NWs, deposited at 150 ◦C.

Table 1. Spray parameters for depositing IZO/Ag-NWs/IZO on PI substrates.

Spray
Sequence
Number

Material
Substrate
Temperature
(◦C)

Flow Rate
(mL/min)

Shaping Air
Overpressure
(bar)

Scan Cycles

1 IZO 240 0.1 0.2 500
2 Ag-NWs 100 0.4 9.0 3
3 IZO 240 0.1 0.2 600

The surface morphology of the layers was investigated by scanning electron mi-
croscopy (SEM, Carl Zeiss Supra 40, Oberkochen, Germany), with an acceleration voltage
of 5 kV and in-lens detector. The SEM is additionally equipped with an EDAX Octane Elect
Plus detector (AMETEK, Berwyn, PA, USA) to perform energy dispersive X-ray spectrome-
try (EDX). For EDX measurements, the acceleration voltage was increased to 15 kV and the
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APEX software (AMETEK, Berwyn, PA, USA) was used for spectrum analysis and elemen-
tal quantification. The crystallographic information of all layers was studied with grazing
incidence X-ray diffraction (GIXRD, Equinox 100, Thermo Fischer Scientific, Munich, Ger-
many) at an incidence angle of 2 deg, using Cu Ka X-ray source with λ = 1.54 Å. Specular
and total optical transmittance spectra were measured using a Fourier transform spectrom-
eter (FT, Vertex 70, Bruker, Ettlingen, Germany) equipped with an integrating sphere and
GaP and Si detectors. A four-point-probe tool (Nagy SD-600, Gäufelden, Germany) was
employed to measure the sheet resistance of the coatings.

For the preparation of the transparent heaters, conductive Ag paste (SCP03B, Electrol-
ube, Surrey, UK) was applied along the two opposite edges of the samples (Figure 1a,b)
and left for several hours to dry. Afterwards, Cu adhesive tape (1181, 3M Scotch, Vienna,
Austria) was applied on the Ag paste and folded to cover the front and the back side of
the substrate’s edge (Figure 1c), defining stripes of ~4.5 mm width. The Cu-tape stripes
extended beyond the length of the samples. Close to the extremities of the Cu stripes, wires
were soldered and the two wires from each stripe were connected, as shown in Figure 1c,
at the same terminal of the power supply. For the final heater, the transparent area is
2.2 × 2.5 cm2 (see photo in Figure 1d). A photo of a fabricated TH with a coated area of
5 × 5 cm2 is also shown in Figure 1e.
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Figure 1. (a–c) Schematic representation of the fabrication steps of the transparent heater, showing
(a) the coated area, (b) the state after application of the Ag paste and (c) after the application of the
Cu tape stripe and the soldering of the wires. (d) Photo of the transparent heater, featuring the Cu
stripes and the soldered wires. (e) Photo of a transparent heater with a coated area of 5 × 5 cm2.

The temperature of the heater was measured with a remote IR sensing device (Peak-
Tech 4960, Ahrensburg, Germany) and monitored continuously. The measurements were
realized with the IR beam impeding on the PI foil side. The thermal emissivity of the
PI foil was taken as 0.7, according to the literature for transparent polyimides of similar
properties [26]. For certain control measurements, the K-type thermocouple of the device
was used instead. Bias was applied to the heater through a Keithley 2400 Sourcemeter,
measuring the current. Thermography images of the heaters were acquired with a Jenoptic
VarioCam HD camera (Jenoptic, Jena, Germany) and processed with the IRBIS 3 analysis
software (InfraTec, Dresden, Germany). All measurements were conducted with the heaters
free-standing (not in contact with any surface).
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3. Results and Discussion

The IZO/Ag-NWs/IZO architecture of the transparent heaters offers protection to
the Ag-NWs from ambient humidity and other environmental influences. The bottom IZO
layer is employed for multiple reasons, namely, (a) it can act as a diffusion barrier between
the substrate and the Ag-NWs during the TH deposition and operation, (b) it improves
the substrate wettability in the case where techniques such as rod-coating, spin-coating
or doctor-blading are used for the Ag-NWs deposition, (c) it improves the NW junction
resistance, as it has reproducibly led to lower sheet resistance values, as compared to the
case where only the top IZO layer was used. It has been also shown in various works in the
literature that the coating of Ag or Cu NW networks with oxide layers (deposited by atomic
layer deposition in vacuum or atmospheric pressure) has multiple beneficial effects. These
benefits include the improvement of the mechanical stability and the homogeneity of the
current density throughout the electrode, which consequently improves the temperature
distribution and the onset of the electrical failure [15,16,27,28]. These are therefore strong
motivations for the pursued multicomponent architecture.

The sprayed IZO layer on the PI substrate shows a dense and compact surface mor-
phology, with small nanocrystals distributed uniformly over the substrate, as seen in the
low and high magnification images of Figure 2a,b, respectively. The nanocrystalline nature
of the IZO layer is a consequence of its deposition at the reduced temperature of 240 ◦C,
which is the lowest reported in the literature. Depositions at higher substrate temperature
(>260 ◦C) led to the plastic deformation and damaging of the ultra-thin and transparent
PI substrate, whereas pyrolysis at lower substrate temperature than 240 ◦C gives rise to
precipitates on the substrate, due to the incomplete decomposition of the precursors and/or
incomplete evaporation of the solvent before reaching the substrate. The thickness of the
IZO layer is ~50 nm, extracted from SEM cross section image for an IZO layer deposited on
glass substrate, as shown in Figure 2c. The IZO layer exhibits a high sheet resistance, in the
range of MΩ/sq. The contribution therefore of the IZO layer to the electrical conductivity
of the whole electrode can be considered negligible, as the latter is determined by the
conductivity of the Ag-NW network. However, the doping of the ZnO with In is important,
as In doping leads to the observed compact morphology of the layer. Spray-pyrolysed,
un-doped ZnO layers generally form platelets and other nano-structures that would not fit
the purpose of the targeted devices [23]. The composition of the IZO layer on the PI was
measured by EDX. The EDX spectrum, together with the elemental compositions table are
shown in Figure 2d. The In/(In + Zn) concentration in the film is extracted to be 3.4 at.%,
close to the molar concentration of the In precursor in the solution.

The deposition of the Ag-NWs on the PI/IZO yields uniformly distributed Ag-NWs,
without agglomerations, as shown in Figure 3a. A network of spray-deposited Ag-NWs
can be seen along with the exposed IZO layer beneath. In the higher magnification image of
Figure 3b single Ag-NWs with a diameter of 50–70 nm can be distinguished (in accordance
with the nominal average diameter), together with the nanocrystalline morphology of
the bottom IZO layer. The sheet resistance of the Ag-NW layer varies from sample-to-
sample (in the range up to several tens Ω/sq.), suggesting that spraying at this substrate
temperature does not reproducibly achieve intimate contact between the wires, and that
the wire-to-wire junction resistance is significant.
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glass (simultaneously with the one on PI substrate). (d) EDX spectrum with the elemental composition
for the IZO film on the PI substrate.

The spray pyrolysis of the IZO topmost layer on PI/IZO/Ag-NWs also occurs without
the appearance of precipitation, as seen in Figure 3c. The high magnification SEM image
(Figure 3d) shows that the wires are thoroughly and conformally covered with IZO, in-
creasing their diameter to 150–200 nm. The thickness of the topmost IZO layer is estimated
to be ~60 nm. The complete PI/IZO/Ag-NWs/IZO multilayer has a sheet resistance of
7.5 ± 0.5 Ω/sq., with the error representing the deviation from sample-to-sample. This
suggests that intimate contact and reduction of the junction resistance between the Ag-NWs
were achieved during the high temperature pyrolysis of IZO, without oxidation of the
wires themselves that could be caused by the relatively high processing temperature. It
was therefore concluded that, with the first spraying scans of the topmost IZO layer, the
oxidation of the Ag-NWs can be prevented. Besides, it was shown that samples employing
only the top IZO layer had a higher sheet resistance of 9 ± 1 Ω/sq. This is attributed to
a less efficient mitigation of charge carriers at the vicinity of Ag-NW junctions, as com-
pared to the case where two IZO layers sandwich the NW network. Finally, the sample
with larger deposited area of 5 × 5 cm2 (Figure 1e) showed very similar sheet resistance
(~7 Ω/sq.) after the required adjustment of the spraying area has taken place, showing the
up-scalability of the spraying process.
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Figure 3. SEM images of PI/IZO/Ag-NWs at (a) low magnification and (b) high magnification. SEM
images of the PI/IZO/Ag-NWs/IZO multilayer at (c) low magnification and (d) high magnification.
(e) GIXRD of the PI/IZO, PI/IZO/Ag-NWs and PI/IZO/Ag-NWs/IZO. With asterisk (*) are marked
the IZO wurtzite reflections of (100), (002), (101), (012), (110) and (112) from low to higher diffraction
angle, according to Crystallography Open Database (COD) 96-101-1259 reference.

The GIXRD pattern (angle of incidence 2◦) of the IZO layer on PI is depicted in
Figure 3e. Although the peaks are of low intensity (due to the small thickness of the layer),
the layer crystallizes in the typical wurtzite hexagonal ZnO structure, as a complete set
of corresponding reflection peaks can be identified (COD 96-101-1259). Nevertheless, no
particular texture for this ultra-thin film prevails. After the deposition of the Ag-NWs,
new Ag (111), (202) and (311) reflections (COD 96-151-2488) in addition to the wurtzite
ZnO ones, appear. The subsequent spray pyrolysis of the IZO topmost layer enhances the
wurtzite reflections intensity, as the overall oxide thickness is increased. The presence of
the IZO topmost layer also reduces the Ag-NWs reflection intensity as the Ag-NWs are
coated by IZO.

The optical property of the multilayers was evaluated using specular Ts and total Tt
transmittance spectra at the wavelength range of 350–1000 nm and 500–1000 nm, respec-
tively (Figure 4a,b). The high frequency oscillations seen in the spectra are due to light
interferences caused by the ultra-thin PI substrate. Table 2 shows values of the mean specu-
lar transmittance in the whole visible range 380–750 nm, as well as in the range 500–750 nm.
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Additionally, the mean total transmittance in the 500–750 nm range along with the diffuse
transmittance (Td = Tt − Ts) in the same range is illustrated. For the entire electrode,
the total transmittance is 0.76, while the diffuse part amounts to 0.11 (Table 2). Taking
into account the total transmittance (0.76) and the sheet resistance (7.5 Ω/sq.) of the elec-
trode, one can calculate the Haacke figure of merit [29], using the relation: FoM = Tt

10/Rs,
and extract FoM = 8.6 × 10−3 Ω−1. This value is at least as high as for the electrodes in
the literature employing transparent, 50 µm-thick PI substrate and a similar architecture,
namely either AZO/Ag-NWs/AZO or GZO/Ag-NWs/GZO (GZO: Ga-doped ZnO), with
sputtered AZO and GZO layers [30,31]. The FoM is 23.0 × 10−3 Ω−1 if we consider the total
transmittance relative to the substrate (for reasons of comparison with other publications),
which is 0.84 (substrate transmittance is 0.91). This value is, indeed, within the range for
similar electrodes in the literature employing Ag-NWs coated with different oxide layers,
on glass substrates [15,32].
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Figure 4. Specular (a) and total transmittance (b) spectra of PI, PI/IZO, PI/IZO/Ag-NWs and
PI/IZO/Ag-NWs/IZO (multi)layers.

Table 2. Mean transmittance values for two wavelength ranges.

Sample Ts
(380–750 nm)

Ts
(500–750 nm)

Tt
(500–750 nm)

Td = Tt − Ts
(500–750 nm)

PI 0.86 0.90 0.91 0.01
PI/IZO 0.75 0.79 0.86 0.07
PI/IZO/Ag-NWs 0.65 0.70 0.80 0.10
PI/IZO/Ag-NWs/IZO 0.60 0.65 0.76 0.11

As the next step, the electrodes were tested with respect to their heating performance,
firstly with the heater at a flat state (Figure 5a). The measured resistance from one contact
(Cu stripe) of the sample to the other, at room temperature (RT = 21 ◦C), was 7.4 Ω (Figure 6).
The applied bias between the contacts was progressively set to V = 1, 2, 3 and finally at 3.5 V.
At each bias, the temperature of the heater was measured until it reached a plateau, i.e., the
steady-state temperature, Tst, was reached. After reaching the plateau, the bias was turned
off and the sample was left to cool down. For the bias of V = 3.5 V, ON/OFF cycles of the
bias were also realized, with each cycle’s duration being 1 min (30 s ON and 30 se OFF). For
the flat electrode, the obtained Tst at each bias were: 34 ◦C (1 V), 65 ◦C (2 V), 110 ◦C (3 V)
and 131 ◦C (3.5 V). The resistance of the heater increased with the temperature, from 7.4 Ω
at 21 ◦C to 8.7 Ω at ~130 ◦C, as expected from the metallic nature of the Ag-NWs. During
the ON/OFF cycles, the maximum attained temperature was reproducibly around 130 ◦C.
Figure 5b shows a zoom-in of the ramp-up phase, the plateau and the ramp-down phase
of the heater, for V = 3.5 V. The ramp-up time from RT to the steady-state temperature
was ~15 s.
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Figure 5. (a) Measured temperature versus time for flat heater, upon application of different bias
(1, 2, 3 and 3.5 V), followed by ON/OFF cycles, with 3.5 V applied during the ON state. The bias
(in V) is marked in blue, whereas the resistance measured at the steady-state temperature for each
applied bias, as well as the resistance at RT, are marked in black (in Ω). (b) Zoom-in a temperature
cycle, including the ramp-up, plateau and ramp-down phases, for the flat heater case. The inset
shows the steady-state temperature for each bias, as a function of the power density. (c) Measured
temperature versus time, following the same measurement protocol as before, for a heater subjected
to compressive bending, with a bending radius of 3 mm. (d) Measured temperature versus time,
following the same measurement protocol as before, for a heater subjected to tensile bending, with a
bending radius of 3 mm.

If we consider relatively small temperature variations (neglecting non-linear radiation
losses) and assuming that the heat capacity of the substrate is much larger than the one
of the coating, the following formula can be written, for the time evolution of the heater
temperature [8,13]:

T(t) ≈ T0 +
1
α

P
A

[
1 − exp

(
− t

τ

)]
, with τ =

ρsubtsubcsub
α

(1)

τ is the time constant of the temperature rise (corresponding to a (T(t)− T0) that is 63% of
the Tst), which depends on the density, ρsub, thickness, tsub, and specific heat capacity, csub,
of the substrate, while α is the heat transfer constant. P = V2/R is the joule-heating power,
A the area of the heater (2.5 × 2.5 cm2) and T0 the initial temperature. The steady-state
temperature can be therefore written as:

Tst ≈ T0 +
1
α

P
A

(2)
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By plotting the Tst as a function of the power density P/A (inset of Figure 5b) and
by linear fitting of the data according to Equation (2) (for T0 = 21 ◦C), we extract the
heat transfer constant α = 19.6 × 10−3 W/(◦C cm2) from the slope of the fit (slope = 1/α).
The slope, representing the thermal resistance, is 510 ◦C cm2/W. For the PI substrate:
tsub = 50 µm, ρsub = 1.40 gr/cm3 and csub = 1.09 J/(gr ◦C). Substituting these values in

Equation (1), we extract the time constant to be: τ ≈ 4 s. This agrees with the time constant
extracted from the temperature ramp-up shown in Figure 5b. The short time constant is
due to the low thickness of the used PI substrate and is similar to results in the literature
using similar substrate [31,33].

When compressive bending is applied to the TH, with a bending radius of r = 3 mm
(Figure 5c), the attained measured temperatures are lower compared to the flat heater case,
whereas the resistance is somewhat increased (by 0.7 Ω at RT). Specifically, the temperature
values were: 32 ◦C (1 V), 54 ◦C (2 V), 88 ◦C (3 V) and 109 ◦C (3.5 V). In the case of tensile
bending, with the same bending radius of r = 3 mm (Figure 5d), the measured attained
temperatures were further reduced to: 32 ◦C (1 V), 50 ◦C (2 V), 80 ◦C (3 V) and 98 ◦C (3.5 V).
For both compressive and tensile bending, the ON/OFF cycling shows that the maximum
temperature can be reproducibly attained, with fast ramp-up times.

The temperature of the flat heater, residing on a plexiglass support, was also measured
with the K-type thermocouple of the instrument residing on the heater’s surface, verifying
that the contactless IR measurement agrees with the steady-state temperature measured
using the thermocouple. The investigated heaters are also highly stable. After storing the
heater for 7 weeks in ambient conditions, the temperature profile was again measured
at an applied bias of 3.5 V (flat heater). The heater resistance (from one contact to the
other) was measured 8.3 Ω at RT, somewhat higher than the value in Figure 5a. The
steady-state temperature attained was 126 ◦C, with the resistance at this temperature being
9.4 Ω. As the voltage was ramped gradually up, electric breakdown of the heater took place
at 6 V, with the temperature reaching ~220 ◦C before the breakdown and the resistance
approaching 12 Ω. After the breakdown, a crack that run from one side of the substrate to
the other, along the contact, appeared, which shows that the breakdown was caused by
PI degradation induced by the high temperature, which can locally exceed the substrate’s
stability threshold.
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At this point, for reasons of comparison, it is noteworthy to refer to the sample
featuring one single layer of Ag-NWs, deposited at a higher temperature (150 ◦C), in order
to decrease its sheet resistance to 15 Ω/sq. When subjected to the same heating procedure,
the heater reached ~130 ◦C at a voltage of 7 V (corresponding to 0.37 W/cm2). Under these
conditions electrical break-down took place, which marks a significantly lower performance
with respect to the embedded NWs in IZO.

The obtained thermal images of the embedded Ag-NWs heaters at their flat and
bended states, are shown in Figure 6. Additionally, average temperature values over the
marked areas for the flat heaters and marked lines for the bended ones are shown. It needs
to be pointed out that, due to the very small thickness of the foil, ripples on its surface
cannot be avoided, especially at the proximity of the contacts where pressure had to be
applied. These ripples eventually lead to unwanted reflections, influencing the apparent
temperature homogeneity. For the bended samples, reflections are more pronounced.

At this point, a comparison can be made to other THs from the literature combining
Ag-NWs with transparent polyimide. Huang et al. [34] reported on embedded Ag-NWs
in 50 µm-thick transparent PI, with sheet resistance of 5.6 Ω/sq. and transmittance of
0.58 at 550 nm. The reported thermal resistance of the TH (size of 2.5 × 2.5 cm2) was
~161 ◦C cm2/W, significantly lower than the one obtained in the present work (510 ◦C
cm2/W), showing the more efficient transduction of electrical energy into joule heating for
the IZO/Ag-NWs/IZO THs. Another study by Pyo and Kim [35] reported on embedded
Ag-NWs in PI, featuring a relatively high sheet resistance of 23 Ω/sq. and reaching temper-
atures of up to 160 ◦C at relatively high bias of 16 V, but without stating the corresponding
power density. Furthermore, in a highly relevant study, Wang et al. [31] reported THs
on 50 µm-thick PI, based on the GZO/Ag-NWs/GZO architecture, with the GZO layers
deposited by sputtering. The reported sheet resistance was 14.6 Ω/sq., with a transmittance
similar to the present work (0.79 at 550 nm). The THs (with an area of 2 × 2 cm2) reached
~130 ◦C for a power of ~2.7 W, corresponding to a power density of ~0.68 W/cm2, which is
three times larger than the value achieved here (~0.23 W/cm2). The difference can be at
least partially attributed to the lower sheet resistance of the IZO/Ag-NWs/IZO electrode,
which is achieved through an intimate NW contact. Finally, the performance of the THs
presented here is similar to the one achieved by Gupta et al. [36] for sprayed crack templates
followed by Ag evaporation in the crack regions, on a PET substrate (area of 4 × 3 cm2),
which yielded thermal resistance values as high as 515 ◦C cm2/W.

4. Conclusions

In conclusion, we have presented a flexible transparent heater based on all-sprayed
IZO/Ag-NWs/IZO multilayer on polyimide foil. The fabrication was possible through
the development of a low-temperature (240 ◦C) spray-pyrolysis process for the IZO lay-
ers, which is compatible with the thermal stability of the transparent polyimide. The
nanocrystalline IZO layers are compact and highly transparent, entirely embedding the
Ag-NWs. This offers environmental protection and decreases the junction resistance of
the Ag-NW network, leading to reproducibly low sheet resistance. The fabricated trans-
parent heaters have a high mean transmittance of 0.76 (including the substrate) and sheet
resistance of 7.5 Ω/sq. As a result of this optimized architecture, a steady-state tempera-
ture of ~130 ◦C was achieved at an applied bias of 3.5 V, with fast temperature response
times of several seconds. The heater is mechanically stable, with attained temperatures
reaching or surpassing 100 ◦C (at 3.5 V), under tensile, respectively, compressive bending
stress. This work shows that high-performance transparent heaters can be fabricated using
all-sprayed oxide/silver-nanowire composite coatings, compatible with large-scale and
low-cost production.
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