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Highly Transparent and Stable Flexible Electrodes Based on
MgO/AgNW Nanocomposites for Transparent Heating
Applications

Abderrahime Sekkat, Dorina T. Papanastasiou, Maheera Abdul Ghani, Hervé Roussel,
Matthieu Weber, Laetitia Rapenne, Carmen Jiménez, David Muñoz-Rojas,*
and Daniel Bellet*

Transparent electrodes (TE) based on silver nanowire (AgNW) exhibit good
physical properties and constitute a promising alternative to transparent
conductive oxides due to their low cost, flexibility, and low toxicity.
Nevertheless, they suffer from stability issues over harsh conditions, and
encapsulation allows to overcome these limitations. Herein, the low-cost,
scalable fabrication and study of transparent electrodes based on sprayed
AgNW networks coated with MgO thin films deposited by atmospheric
pressure spatial atomic layer deposition (AP-SALD) at mild deposition
temperature (≤220 °C) is reported. Fabrication of MgO thin films by AP-SALD
is reported here for the first time, and their deposition on different substrates
is optimized. MgO exhibits a pure phase and conformal growth with a
preferential (220) crystalline orientation and a higher growth rate as compared
to conventional atomic layer deposition (ALD). Furthermore, thanks to the
conformal coating of MgO on AgNW, the obtained nanocomposites exhibit
great optical transparency of ≈85% and flexibility while maintaining high
stability under thermal and electrical stress. Indeed, this study shows a clear
enhancement of the stability of AgNW networks for thin MgO coatings of only
a few nanometers thick. Finally, a proof-of-concept transparent heater is
fabricated to melt a piece of cheese.
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1. Introduction

Transparent Electrodes (TE) are emerg-
ing as a leading technology for several
optoelectronic applications, such as
solar cells, low-emissivity coatings,
and organic light-emitting diodes,[1–4]

due to their high optical transparency
(>90%) and electrical conductivity
(<10 Ω sq−1)[5] as they are also used as
transparent heaters (TH). Initially devel-
oped for anti-fog airplane windshields,
TH have gained increasing popularity
in recent years for various applications,
including smart windows, lab-on-chips
devices, and thermotherapy.[6] As they
satisfy the majority of requirements,
in terms of functional characteristics,
transparent conducting oxides (FTO,
ITO, and AZO) have been the most
widely used candidates to date.[7] Nev-
ertheless, they demonstrate several
drawbacks, such as material scarcity
(specifically for indium), fabrication
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cost, plasmonic absorption (resulting in low transmittance
in the IR range of the spectrum), and brittleness, which drive
the community to explore flexible, low-cost, and abundant
alternatives for next-generation TH applications.[8]

In this sense, AgNW networks represent a promising TE can-
didate as they exhibit excellent mechanical properties with a high
figure of merit (FoM, optical transparency versus electrical con-
ductivity) comparable to metal oxides.[5,9] Their potential was ini-
tially demonstrated in photochromic displays.[10] Despite these
properties, AgNW-based TE exhibit a lack of stability and aging is-
sues under ambient and harsh conditions leading to silver oxida-
tion or sulfidation. In addition, thermal and/or electrical stresses
induce morphological evolution of the nanowires ultimately lead-
ing to loss of AgNW network percolation nature.[5,11] Stability en-
hancement by encapsulation has been the subject of several re-
ports using oxide and polymer-based thin films.[8,9] In particu-
lar, oxides such as Al2O3,[12] ZnO,[13] AZO,[14] and TiO2,[15] have
proven to be very efficient. While the enhanced stability comes
at the expense of a slight loss of transparency, obtained FoM are
acceptable for many applications. In addition, the use of oxide
bilayers, namely ZnO/Al2O3,[16] can improve the transparency.
Finally, apart from preventing their degradation, this strategy al-
lows the combination of complementary properties that are ben-
eficial for specific applications, such as the case of memristive
devices based on AgNW/TiO2

[17] or transparent biochip heaters
based on AgNW/ZnO.[18] Other materials based on oxynitrides
and reduced graphene oxide also show an overall improvement
of the operational resilience of the AgNWs.[19,20]

Magnesium oxide (MgO) is a material with advantageous
and distinctive characteristics, such as high physical and
chemical stability, high transparency and significant insulation
properties.[21] This opens up a wide variety of possibilities for
its use since it has a high optical bandgap (4-6 eV) allowing
for a higher transparency.[22–24] MgO has been developed as a
thin film using different processes such as spray,[25] sol-gel,[26]

sputtering,[27] and chemical vapor deposition[28] techniques. In
addition, ALD has been widely used for the growth of MgO
thin films since the 1990s due to its precise growth control
of conformal and uniform thin films as a result of the self-
limiting, surface, and sequential reactions.[29–37] A promising
alternative to ALD, known as AP-SALD, involves separating
the precursor in space rather than time with continuous injec-
tion of the precursor.[38] Such approach results in higher de-
position rates than conventional ALD,[39–41] and has been ex-
plored for the growth of high-quality materials for many opto-
electronic applications at atmospheric pressure and low deposi-
tion temperatures.[42–46] However, to the best of our knowledge,
there are no studies so far reporting the AP-SALD deposition of
MgO.

In this work, we report the deposition of high-quality, pure
and uniform MgO thin films on glass and polymer substrates
for the first time by AP-SALD. A higher growth rate was demon-
strated compared to what has been reported by ALD processes.
The material and structural properties of the film are presented.
Encapsulation of AgNW by an optimized MgO thin film has
been confirmed and presents a significant stability enhancement
against thermal, electrical and mechanical stresses using only a
few nanometers thick MgO films. This proves the potential of us-
ing such thin films as successful encapsulation for AgNW, espe-

cially if the goal is to retain high optical transparency and enhance
the stability. Finally, we demonstrate a proof-of-concept of a TH
for the fast melting of solid cheese, showing its potential use for
applications in which robust transparent heaters are needed.

2. Results and Discussion

The bare AgNW networks were deposited on glass and flexible
substrates using spray-coating technique, as detailed in the ex-
perimental section. Figure 1a illustrates the deposition process
of AgNW and the growth of MgO by AP-SALD on top of the net-
work. As reported in previous studies, bare networks undergo
spheroidization of the nanowires after thermal annealing,[11]

while MgO/AgNWs, in our case, show high stability and flexi-
bility. The SEM image on the left shows bare AgNWs that have
been spheroidized induced by a thermal ramp up to 400 °C with a
rate of 5 °C min−1, resulting in a complete degradation of the net-
work. The SEM image on the right of Figure 1a shows a AgNWs
network coated with MgO thin film and submitted to a similar
thermal stress as the bare sample on the left of the figure (400 °C),
showing no degradation. The deposition of MgO was carried out
at different deposition temperatures (from 200 to 260 °C) on a
glass substrate. The XRD spectra, shown in Figure S1a (Support-
ing Information), reveal that the increase in the thermal budget
has no impact on the crystallinity of the MgO thin film, show-
ing in all cases a preferential orientation along <220>. Given
that no substantial change in crystallinity is observed with de-
position temperature, 220 °C was kept for the remaining of the
study. XRD measurements of films having different thicknesses
are shown in Figure 1b, and show that the preferential orienta-
tion along the <220> direction does not change with thickness.
XPS measurement were performed on the Mg 2p for a MgO sam-
ple deposited at 220 °C, as presented in Figure S2 (Supporting
Information), where the peak at 50.7 eV corresponds to Mg in
the +2-oxidation state. In addition, the XPS measurement con-
firms that carbon can only be seen as traces in the film, depict-
ing the purity of the layer prepared by SALD. The O 1s spec-
tra decomposition indicates that the primary contribution arises
from the metallic O─Mg bond, supplemented by the presence
of OH and O─C contributions. The optical properties of the dif-
ferent films were evaluated and revealed that they are not im-
pacted by film thickness, with the bandgap varying only slightly
from 4.44 to 4.41 eV as thickness increased (Figure 1c). The total
transmittance and reflectance of the MgO thin film with differ-
ent thicknesses, used for the Tauc plot calculations, are presented
in Figure S3 (Supporting Information), showing the high film
transparency across the different temperatures. The haze factor
values of the TH (measured at 550 nm) are reported in Table S1
(Supporting Information). For thin MgO coating (thickness be-
tween 10 and 50 nm) the haze factor is not influenced by the
coating and is ≈6.2%. Such value stems for the AgNW dimen-
sions and areal mass density of the associated AgNW network, as
discussed elsewhere.[3] However, for MgO coating thicker than
50 nm, there is a clear increase of the haze factor: 8.95 and
13.8%, respectively, for the 100 and 200 nm thick MgO layer
thickness. Such increase of the haze factor for thicker MgO coat-
ing stem from the presence of surface morphologies (such as
tips, sharp edges, and corners) that can act as efficient light scat-
tering centers. Therefore, one can play not only with the AgNW
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Figure 1. a) Schematic illustration presenting the fabrication steps of stable and flexible MgO/AgNW nanocomposites, by spray coating for AgNW
and AP-SALD for MgO film, respectively. As shown in the SEM images in circles, bare AgNW networks degrade after thermal annealing up to 400 °C
with 5 °C min−1 while the encapsulation with MgO protects them efficiently. b) XRD pattern and c) optical bandgaps, of MgO thin films with different
thicknesses (from 10 to 200 nm) deposited at 220 °C by AP-SALD on glass substrate.

dimensions and network areal mass density to tune the haze fac-
tor, but also with the MgO coating thickness. This is of key im-
portance for device integration since the required haze factor de-
pends on the targeted applications. Ellipsometry and XRR mea-
surements (see Figure S4, Supporting Information) reveal a large
difference in film thickness from 10 to 200 nm with a mean
growth per cycle (GPC) of 0.25 ± 0.02 nm per cycle, as com-
pared to a GPC of 0.14 nm per cycle reported for conventional
ALD.[32]

Figure 2a shows a TEM image of a thin MgO nanofilm, with
a thickness of 2–3 nm, that was grown on top of an AgNW net-
work. There is a slight variation in thickness along the nanowire,
possibly attributable to the electron beam degradation caused by
the small film thickness and/or due to the observed region being
located at the tip of the nanowire. This appears to be more ho-
mogeneous for thicker layers over 65 nm, which demonstrates a
quite conformal growth overall in the AgNW (Figure 2b). Further-
more, SEM imaging of pristine samples before thermal stress

(Figure 2c), confirms that thin MgO layers on top of AgNW have
a smooth, conformal morphology, and the deposition is free of
pinholes. The thicker layer covers with the same conformal way
the nanowires with a much rougher surface. This is confirmed by
another SEM image with higher magnification of the 65–70 nm
thick film covering the AgNWs as presented in Figure S5 (Sup-
porting Information). Both samples depict a low standard devia-
tion of 0.19 of thickness variation for 2–3 nm thick samples, while
0.29 for 65–70 nm thick coating.

The SEM images in Figure 2c show that subjecting the sam-
ples to a thermal annealing, from room temperature (RT) to
400 °C, deteriorate significantly the bare AgNW samples as the
nanowires tend to form small spheres caused by the high ther-
mal budget[47] (see methods from more details). The driving force
of such degradation is the reduction of the surface energy (i.e.,
Plateau-Rayleigh instability). Interestingly, the deposition of a
thin MgO film with only 2–3 nm prevents the network degrada-
tion. In the case of thicker MgO encapsulating films, as observed
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Figure 2. TEM images of MgO thin films deposited on top of AgNW network having a thickness of a) 2–3 nm and b) 65–70 nm. c) SEM images of bare
and MgO-coated AgNW networks on glass before (top) and after (bottom) thermal stress. d) The dependence of MgO/AgNW nanocomposite optical
total transmittance measured at 550 nm wavelength versus the MgO film thickness. e) The evolution of normalized electrical resistance of MgO/AgNW
nanocomposite during 10000 bending cycles with 5 mm radius. The inset picture shows the sample fixed on the bending set-up.

in Figure 2c, the thicker films tend to keep the network steady,
even if there are some cracks that exist over the grown thin film.

Following that, we investigated the properties of MgO/AgNW
nanocomposites with AgNW networks deposited with the same
network density and coated with varied MgO film thicknesses

from 1 to 70 nm at 220 °C. Pictures of the actual samples
are shown in Figure S6 (Supporting Information). Their opti-
cal properties and their performance under thermal, electrical
and mechanical stress are discussed in the following sections.
The optical transmittance is the key in several devices and the
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Figure 3. a) Variation of the normalized electrical resistance (R/R0) of bare and MgO/AgNW networks during a thermal annealing in open-air from room
temperature to 400 °C with a ramp of 5 °C min−1. The arrow indicates the increase of MgO thickness b) Ratio between final and initial resistance of
MgO/AgNW networks after the thermal annealing at 400 °C.

optimum is to coat the AgNW network with a thin film that
manages to increase the stability over harsh conditions with-
out reducing too much its transparency. The measurements per-
formed on coated samples have demonstrated that the total trans-
mittance at 550 nm decreases quite slightly for samples coated
with 1 to 5 nm thick MgO, compared to bare AgNW networks,
as this value is reducing from 85% to 82% (Figure 2d). This
value reduces gradually with the MgO thickness increase un-
til it reaches 70% for 70 nm thick films. A fit of this varia-
tion reveals an R2 value of 98% which demonstrates a linear
dependence with respect to the film thickness and allows the
extraction of the optical absorption coefficient following this
formula:

𝛼 = −
ln (1 − A)

t
(1)

where 𝛼 is the optical absorption coefficient of the MgO thin
film on a glass substrate and t represents the MgO thickness. As
shown in Table S2 (Supporting Information), the absorption co-
efficient tends to decrease from 1.104 to 2.103 cm−1 due to the in-
crease of MgO thickness and the contribution of its optical prop-
erties. Several studies have reported the optical absorption coef-
ficient of MgO, with values ranging from 102 to 103 cm−1,[48,49]

which is consistent with the value obtained in this study. The
agreement is only valid for one order of magnitude since in the
present case the absorption coefficient is larger compared with
literature values. This could be explained by the fact that litera-
ture mainly reports on film processed by ALD process whereas
SALD film may have different structure and morphology (which
can exacerbate different light scattering and absorption phenom-
ena). Therefore this is in alignment with the obtained results as
the contribution of the MgO thin films tend to intervene from
film thickness above several nanometers.

A flexible sample with 1.3 nm thick MgO film covering the
AgNWs was used to test its mechanical stability (Figure 2e). The
sample shows a very stable behavior without significant increase
in the electrical resistance, even after 10000 bending cycles of
5 mm radius. This shows the high flexibility of the fabricated
nanocomposite.

The main goal of coating AgNW by MgO is to enhance AgNW
network stability. As presented in Figure 3a, thermal annealing is
performed on bare and coated samples with different thicknesses
in order to assess the MgO coating influence of AgNW network
stability. The bare sample degrades quite rapidly after the sinter-
ing step at ≈275 °C,[11] with a significant and irreversible increase
of its electrical resistance. This is associated to the morphological
instability shown in Figure 1c for bare AgNWs which eventually
leads to the loss of the percolative nature of the bare AgNW net-
work. The sample with 70 nm thick MgO layer seems to prevent
the rapid degradation of the network by delaying its increase in
normalized resistance up to 350 °C and with an order of magni-
tude from the starting resistance. Remarkably, this degradation is
attenuated when considering thinner MgO layers, with thickness
between 1 and 5 nm. Such coated AgNW networks preserve the
AgNW morphology after being annealed at 400 °C with a ther-
mal ramp of 5 °C min−1 with a negligible change in the normal-
ized resistance, as indicated by the ratio RFinal/RInitial shown in
Figure 3b. This is quite promising since thinner films result in
higher optical transparency as shown in Figure 2d.

Let now consider the origin of the observation that thick MgO
layers are not favorable to efficient stability, as one would ex-
pect the inverse mechanism (i.e., a better protection from thicker
layers, as it has been shown previously for instance for AgNW-
ZnO based transparent electrodes[13]). The MgO coating is de-
posited on both glass substrate and AgNW network, both heated
at 220 °C. Due to the difference in thermal expansion coefficient
between the glass substrate (𝛼glass) and the MgO thin film (𝛼MgO),
one expects that the latter will experience stress after cooling from
220 °C to room temperature. The associated strain, ɛ, is directly
proportional to the thermal expansion coefficient difference (Δ𝛼
= 𝛼MgO − 𝛼glass) and the temperature difference (ΔT = 220 °C):

𝜀 = Δ𝛼 × ΔT (2)

Such strain is associated to a stress, 𝜎, given in first approxi-
mation by:

𝜎 = Δ𝛼 × ΔT × E (3)
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Figure 4. a) In situ variation of the normalized electrical resistance for bare and MgO-coated AgNW networks during a voltage ramp of 0.5 V min−1

associated with different MgO layer thicknesses. b) The observed maximum areal power density versus MgO layer thickness. c) The transparent heater
demonstration with 12.5 nm thin MgO-coated AgNW nanocomposite for melting local French cheese (Raclette).

where E is the Young modulus of the MgO layer. When the in-
duced stress is larger than the rupture stress, 𝜎Rupture, then the
MgO film can exhibit mechanical degradation, that is, crack for-
mation. 𝛼MgO was estimated to 10.4 × 10−6 × K−1,[50]

𝛼glass close
to 7 × 10−6 K−1, while E is close to 300 GPa.[51] Therefore, the
stress associated to cooling down the thin MgO layer corresponds
roughly to 180 MPa. This value has to be compared with MgO
rupture stress, 𝜎Rupture, which was estimated between 100 and
200 MPa.[51] This means that this simple estimation appears to
be in good agreement with the experimental observations, and
the difference between thermal expansion of glass and MgO thin
film can explain the presence of cracks within MgO layer, as re-
vealed by the SEM imaging (see Figure 2c). However, this ap-
proach should be considered with care, since the real physico-
chemical processes might be more complicated than this model
approximation.

The presence of AgNWs on the substrate can create many
structural defects in the MgO layer. Moreover, if the latter is
very thin, that is, a few nanometers as elaborated in the present
work, it can exhibit properties rather different compared with
bulk MgO. In any case, this calculation clearly indicates that the
stress level within the MgO layer can explain the existence of the
observed cracks. One can expect that very thin MgO layer can
accommodate such stress, but not in the case of a thicker layer;
which explains why a thin MgO layer appears as a more efficient
coating compared to a thick MgO layer.

Such stability enhancement was also confirmed for the elec-
trical stress test performed on the bare and coated samples, as
presented in Figure 4a. The thinner layers (1–12.5 nm) degraded
at a higher voltage (≈17 V), which is quite high compared to
bare AgNW networks that tend to degrade at 10 V. The thicker
MgO case (70 nm) degraded at a low voltage value, which means
that it is not efficient for the stable encapsulation of AgNW net-
works. Furthermore, the enhanced performance is also repre-

sented in Figure 4b, where the thin MgO films (1–12.5 nm) show
a higher areal power density at electrode failure of 3.5–4 W cm−2

compared to the bare AgNW and the thick MgO coated AgNW
networks (70 nm), which show a value around 1.5 W cm−2. In-
frared images are presented in Figure S7 (Supporting Informa-
tion), presenting the maximum surface temperature evolution
of the samples with respect to different voltage values during
the 0.5 V min−1 applied electrical ramp. The maximum temper-
ature reached with bare samples is much lower (218 °C) than
with thinner coatings, reaching 342 °C, and with thicker coat-
ings, ≈290 °C. Interestingly, the 5 nm thick coated films show no
failure of the nanocomposites, even at voltage values that reach
20 V, proving the high encapsulation efficiency of the MgO thin-
ner films against the electrical stress.

Finally, a transparent heater was fabricated by coating 12.5 nm
thick MgO in order to melt raclette cheese on the surface of the
glass substrate through joule heating (Figure 4c). The cheese
sample (initial resistance of 14 Ω) was heated by an applied con-
stant voltage of 4 V, reaching 75 °C and a final resistance of 15.5 Ω.
As shown in Figure 4c, we can clearly notice that the cheese starts
to melt after 1–3 min and is completely melted after 5 min. The
samples are quite robust due to the efficient protection of the
AgNW networks provided by the MgO coating, which provides
a calculated areal power density of 0.2 W cm−2 (2065 W m−2)
at 75 °C. This result aligns well with the dependence of areal
power density on the stabilized temperatures when compared
to previously reported data for various TH technologies.[5] This
proof-of-concept is a simple demonstration of the viability of such
nanocomposite to be used in transparent heater applications.

3. Conclusion

In summary, AgNW networks have been coated with differ-
ent MgO thicknesses and showed efficient and stable electrical
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performance during thermal and electrical stress. For this pur-
pose, we have developed for the first time MgO thin films by
AP-SALD deposited at low temperature (≤220 °C) and charac-
terized their optical and structural properties. We have demon-
strated that the films are crystalline along the (220) plane, pure,
and free of impurities, as evidenced by the characteristic peak of
the MgO phase from XRD, XPS, and XRR measurements. Fur-
ther, transparent and conductive electrodes have been fabricated
by coating silver nanowires with MgO thin films. Remarkably,
the electrodes protected by thin MgO films were the most sta-
ble (until 400 °C under thermal stress and no failure under elec-
trical stress), since the thicker films can form defects in the lat-
tice (such as cracks easily observed by SEM), which accelerate
the degradation. The high bandgap of MgO (4.4 eV) along with
the thin coatings that stabilized the AgNW networks, led to elec-
trodes having a high optical transparency of ≈85% and thus a
high figure of merit. Finally, a proof-of-concept for melting ro-
bust cheese has been elaborated to demonstrate the potential use
of the MgO/AgNW nanocomposite as a transparent heater. The
composite electrodes presented here can be easily fabricated by
low-cost/low-temperature approaches. This, in combination with
the obtained superior performances, made these technologies
very appealing for integration in mass-produced devices, such as
transparent heaters, solar cells, touch screens or low-emissivity
coatings.

4. Experimental Section
AgNWs Deposition: 0.1 g L−1 suspensions in methanol of AgNWs

with an average diameter of 79 ± 10 nm and an average length of
7 ± 3 μml[52] were used (kindly provided by Dr. J.-P. Simonato’s group,
CEA-LITEN). For the spraying coating of the AgNW solution, a home-
made set-up was used, composed of a spray gun, robotic arms that can
move along two perpendicular directions and a heating plate.[52] Corn-
ing glass substrates (1.1 mm-thick) were cut in size of 2.5 × 2.5 cm2,
cleaned in isopropanol ultrasonic bath, rinsed with distilled water and
dried with N2. The glass or flexible substrates (Neopulim, Mitsubishi-
0.1 mm-thick) were placed on top of an aluminum plate that was heated
up to 110 °C in order to allow immediate evaporation of solution solvent.
The distance between the airbrush nozzle and the substrates was fixed
at 7 cm. The flow of solution is regulated by the air pump connected
to the airbrush and the pressure used is 1.4 bar. The flow rate of one
droplet every about 4 s was adjusted using the needle’s position inside the
airbrush.

AP-SALD Deposition: The deposition of the MgO thin films was per-
formed using an AP-SALD open-air and scalable approach based on a
manifold head, as reported previously.[40] The latter contains one metal
precursor outlet, separated from the co-reactant outlets by inert gas barri-
ers alternatively located in between the reactive gas flows to prevent them
from mixing.[40] The precursor, bis(ethylcyclopentadienyl)magnesium was
heated at 85 °C and the transport line between the bubbler and the man-
ifold injection head was heated at 90 °C to avoid any condensation of the
precursor in the lines. A flow of 60 sccm of nitrogen was used for the Mg
precursor, which was diluted in extra nitrogen flow (60 sccm) before be-
ing sent to the injection head. Finally, the nitrogen barrier flow was ad-
justed to obtain a flow of 120 sccm per outlet. A flow of 120 sccm of wa-
ter was diluted with an additional 120 sccm of nitrogen flow. The precur-
sor and co-reactants were injected continuously from the manifold head
onto the substrate that oscillated at a scanning speed of 10 cm s−1. The
gap between the head and the substrates was maintained at a distance
of 150 μm in all cases. Films were deposited on borosilicate glass sub-
strates with a surface area of 3 × 5 cm2. The substrates were previously

cleaned with isopropanol in an ultrasonic bath for 5 min and then dried
with N2.

Characterization Techniques: Film thickness was estimated by ellip-
sometry (using a compact Film Sense FS-1 ellipsometer). The surface mor-
phology and thickness of the thin films and MgO/AgNW nanocomposites
were evaluated by scanning electron microscopy (SEM-FEG, GeminiSEM
300) and with transmission electron microscopy (TEM) (JEOL JEM 2010
LaB6 microscope operating at 200 kV with a 0.19 nm point-to-point reso-
lution). AgNWs/MgO nanocomposites were directly deposited on carbon-
coated copper grids for TEM observations. X-ray Diffraction patterns were
obtained with a Bruker D8 Advance diffractometer in the Bragg-Brentano
(𝜃–2𝜃) configuration, with Cu K𝛼1 radiation (0.15406 nm). The optical
properties of the films were evaluated with a Perkin Elmer lambda950 UV-
Vis-NIR spectrophotometer within the wavelength range of 250–2500 nm.
The optical bandgaps of the different films were extracted from the trans-
mittance and reflectance spectra using the Tauc plot method. XPS mea-
surements were performed using a ThermoScientific K-Alpha spectrome-
ter with an Al K𝛼 (1486.6 eV) X-ray source. The samples were pretreated
with an Ar-ablation process at 2 keV for 60 s.

Device Fabrication and Testing: The transparent heater (TH) based on
MgO/AgNWs nanocomposites was covered on the edges with a silver
paste (L-200N, CDS Electronique) that was dried for 1 h in the ambient.
Copper cables were connected directly on top of the silver paste contacts
with a silver tape to maintain them steady all over the measurements. A
Keithley2400 sourcemeter was connected to the TH providing a constant
voltage of 4 V for several minutes.
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