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A B S T R A C T

WO3/Ag/WO3 multilayer structures were used as ITO free transparent electrode, transparent heat mirrors and
transparent heaters. WO3/Ag/WO3 stacked layers were deposited by sequential sublimation, evaporation under
vacuum. After optimization of Ag thickness (16 nm), they exhibit low sheet resistance (8Ω/sq), high trans-
mittance in the visible (TMax= 91.5%, averaged T400-700= 80.6%) and high reflection in the near infrared and
infrared regions. These values are optimal when it is used as transparent electrode but, as transparent heat
mirrors 18 nm are better due to higher reflection in the NIR and IR. All these properties made possible to use
them in different devices. When used as transparent anode in organic photovoltaic cells, they allow achieving
performance similar to those obtained with ITO. Their transmission and reflection spectra show that they can
also be employed as transparent heat mirrors. Similarly, studies dedicated to heating properties of the WO3/Ag/
WO3 multilayer structures show that their performance are comparable to those obtained with another possible
substituent to ITO, silver nanowires thin films.

1. Introduction

Transparent conductive electrodes (TCE) are commonly used in
many optoelectronic devices such as organic photovoltaic cells
(OPVCs), flat panel displays, organic light-emitting diodes (OLEDs) and
sensors [1–4]. In this regard, indium Tin Oxide (ITO) films are the most
often used as TCE in optoelectronic devices, due to their high trans-
parency and good conductivity [5–7]. But the transparent conductive
electrode (TCE) industry will achieve rapid growth, serving a size of
more than 60 million square meter per year and indium is scarce,
moreover there is currently a considerable interest in flexible electronic
and ITO is brittle. Therefore it is necessary to look for Indium free TCE.
New market opportunities are emerging, changing the prospects of
various technologies and increasing the demand overall in the coming
years. Indeed, the TCE field is entering a new phase. Some ITO alter-
natives have matured, such as other transparent conductive oxides,
doped ZnO [8] or SnO2 [9] but also, Dielectric/Metal/Dielectric (D/M/
D) multilayer structures have shown promising perspectives due to

their high conductivity. For instance, ZnO/Ag/ZnO was shown to pre-
sent good performance [10]. Finally, the conductivity of these struc-
tures being mainly controlled by the conductivity of the metal layer, D/
M/D multilayers, using oxides others than TCO, have gained much at-
tention as promising substituent to ITO because these structures can
suppress the reflection from the metal layer, due to high refractive in-
dexes of dielectrics, and obtain a selective transparent electrode with
high conductivity. Usually, this structure consists in a thin Ag layer
(10–20 nm) sandwiched between two dielectric layers [11–13]. Nu-
merous methods of producing the new TCE are investigated. Using
transition metal oxides such as MoO3 or WO3 allows using a simple
sublimation/evaporation deposition technique for the whole multilayer
structure. Due to the well known high efficiency of MoO3 as anode
buffer layer, it was often used as dielectric in such D/M/D multilayer
structures, because this made it possible to directly use these structures
as anodes in devices, without the need to add a buffer layer between the
electrode and the organic layer. However, it was shown recently that if
WO3 is used instead of MoO3 in optoelectronic devices, more
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reproducible and stable devices are obtained [14–16]. Therefore, in the
present work, WO3/Ag/WO3 (W/A/W) multilayer structures were
prepared and studied, before using them in different devices. If many
manuscripts are dedicated to MoO3/Ag/MoO3 multilayer structures
[12,17–19], it is possible to find some others which are devoted to W/
A/W multilayer structures [20–23]. For instance, the effect of thermal
annealing on the performance of W/A/W transparent conductive
structures has been studied [21]. It is shown that, even for an annealing
at 200 °C, the optical and electrical properties of the structures are
nearly preserved, which testifies of their stability. The electrochomic
properties of WO3 being well known, W/A/W multilayer structures
have also been probed successfully in ITO free electrochomic devices
[22–24]. About flexibility, two main technical issues must be taken into
account, flexible substrates such as PET, cannot undergo thermal pro-
cesses higher than 150 °C, flexible devices must be able to suffer
thousands of bending cycles without worsening their electro-optical
properties. In the present work, after optimizing the optical, electrical
and morphological properties of the structures, we show that it is
possible to use them in several types of devices. More precisely, we
show that using the Ag thickness as parameter it is possible to grow
highly performing devices such as OPVCs, Transparent Heat Mirrors
(THM) and Transparent Heaters (THs). In the case of OPVCs, it is ne-
cessary to use a highly conductive electrode with an optimized top layer
for efficient carrier collection. On the other hand, in the case of trans-
parent heater (TH), the electrical energy must be rapidly and efficiently
converted into thermal energy. Due to its slow thermal response, ITO is
not ideal. W/A/W transparent conductive structures, due to the high
conductivity and thermal performance of Ag, appear far more pro-
mising. Here the problem of stability of the Ag conductor is over passed
thanks to the layers of oxides that enclose the silver layer.

2. Experimental details

2.1. W/A/W multilayer structures realization and characterization

W/A/W multilayer structures were grown on both glass and 150 μm
thick PET substrates using simple sublimation/evaporation technique.
Before deposition, the PET substrates were underwent to a specific
surface treatment in order to obtain conductive and adherent multilayer
structures. After cleaning by a detergent, Micro Son (Ref 4890D) pro-
vided by Fisher Scientific, the PET substrates were rinsed in running
distilled water. Then they were treated in 0.5 M NaOH at 90 °C for half
an hour, rinsed again with distilled water and finally dried in an oven
and introduced into the deposition apparatus. Such a treatment allows
improving the adherence of functional layers on PET substrates as
shown by Amendola et al. [25]. The deposition process was started for a
vacuum of 10−4 Pa. The multilayer structures were successively de-
posited onto substrates at room temperature, using two tungsten cru-
cibles, one loaded with WO3 powder and the other one with Ag wires.
The bottom WO3 layer thickness was 20 nm following earlier studies of
D/M/D structures [26], while the top WO3 layer was between 15 and
35 nm. The thickness of this top oxide layer depends on its use, thus it
will be 15 nm, since optimum results were obtained using this thickness
when it serves as an anode in an OPVC and 35 nm when used in other
devices. After deposition of the bottom WO3 layer, at a deposition rate
of 0.03 nm/s, Ag film was deposited by thermal evaporation at a de-
position rate of 0.3 nm/s, since we have shown that this value allows
obtaining optimized structures [27]. Subsequently, the top WO3 layer
was deposited at identical conditions to those used for the bottom WO3

layer. Both film thickness and deposition rate were monitored with a
quartz crystal microbalance.

Sheet resistance, Rs, of the W/A/W structures was measured at room
temperature, using a four-point technique, as a function of Ag thick-
ness. In order to obtain reproducible results we used a specific mask,
which allows depositing very small area point contacts.

The optical measurements were carried out at room temperature

using a UV/visible spectrometer (Perkin spectrophotometer). The op-
tical transmission could be measured in 300 nm–2500 nm spectral
range.

The thin film structures were monitored by X-ray diffraction (XRD)
using a Siemens D5000 diffractometer with a Kα radiation
(λ=1,54056 °A). XRD diagrams were collected in the Bragg-Brantano
orientation with a step size of 0.020 and while counting for 2 s per step.

The surface and the cross section of the W/A/W multilayer struc-
tures were observed with a field emission scanning electron microscope
(SEM, JEOL F-7600). The SEM operating voltage was 5 kV. In order to
improve the visualization of the cross section, images in secondary
(SEM) and backscattering (BEI) modes were done (“Centre de
microcaractéristion, Institut des Matériaux Jean Rouxel, Université de
Nantes”).

AFM images of the films were taken ex-situ at atmospheric pressure
and room temperature. For each sample, the surface image was carried
out in various places with a maximum scan size of 10× 10 μm2. All
measurements have been performed in tapping mode (Nanoscope IIIa,
(Veeco, Inc.). Classical silicon cantilevers were used (NCH, nano-
sensors). The average force constant and resonance were approximately
40 N/m and 300 kHz, respectively. The cantilever was excited at its
resonance frequency. The AFM image processing was done using the
Gwyddion V2.36 program which allows, among others, calculation of
the roughness of the surface (RMS).

The scotch tape method [15] was used to estimate the adhesion of
the structures to the substrate. This test is highly qualitative but it al-
lows screening films involving poor adhesion from those where adhe-
sion is appreciable. We pressed the tape onto the film and then rapidly
stripped it. Three possibilities arise: (a) the film is completely removed
from the substrate (b) the film is not at all removed, and (c) the film is
partly removed or removed in patches. In the present work, the results
of the scotch tape tests are evaluated through this classification. WO3

films were examined using XPS technique. The quantitative study of
WO3 films was based on the determination of the W4f7/2 and O1s peak
areas with 1.26 and 0.61 as relative sensitivity factors (RSF) respec-
tively.

The flexibility of the W/A/W structures was analyzed by a labora-
tory made bending test system. The samples were clamped between two
parallel plates. One plate was mounted to the shaft of the motor, the
other was fixed to a fixed support. The distance between the plates in
the stretched mode was 25mm. The bending radius was around 6mm
and the bending frequency was 1 Hz. During the bending test, the re-
sistance of the samples was measured by an ohmmeter.

2.2. Realization and characterization of devices using W/A/W multilayer
electrodes

To test the potential of the W/A/W multilayer structures as elec-
trodes in the OPVCs we have made OPVCs using the planar hetero-
junction geometry. To this end, we used a structure that we have
probed in the past, namely [28]:

Glass substrate/transparent anode/MO3/CuI/ED/C60/Alq3/Al.
In these structures, the couple MO3/CuI is the hybrid hole trans-

porting layer (HTL), MO3 corresponding to MoO3 or WO3. Alq3 is the
exciton blocking layer (EBL), Al the cathode, while ED is the electron
donor and C60 is the electron acceptor of the junction of the OPVC. We
took advantage of the present study to test a new ED, the dye based on
A-π-D molecule, the (E)-2-cyano-3-(5-((E)-2-(9,9-diethyl-7-(methyl
(phenyl)amino)-9H-fluoren-2-yl) vinyl)thiophen-2-yl)acrylic acid (M8-
1). The synthesis of this new molecule M8-1 was already described
[29]. It was recently synthesized with the aim of using it as an organic
dye in solar cells. It was already shown that it is the most promising of a
new family of dipolar A-π-D molecules [29]. With regard to the anode,
we used our W/A/W multilayer structures, and also ITO anode as re-
ference OPVCs. The ITO thin film was 100 nm thick and its sheet re-
sistance was 20Ω/sq.
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The electrical characterization of the OPVCs was performed with an
I-V tester, in the dark and under sun global AM 1.5 simulated solar
illumination.

The second device used to probe the performance of the W/A/W
multilayer structures was the Transparent Heat Mirrors (THM). A THM
consists in a thin coating on a glass substrate which can transmit in the
visible range and reflects in the near-infrared (NIR) and infrared (IR)
range. Therefore a good THM must exhibit a maximum transmission of
the visible light and maximum reflection in NIR and IR regions. Such
THM can be used in energy efficient windows [30,31]. It was already
shown that multilayer structures using high reflecting metal layers
sandwiched between two high refractive index oxides such as ITO/Ag/
ITO enhance the spectral selectivity [32]. Therefore, the refractive
index of WO3 [33] being similar to that of ITO [34], we checked the
transmission and reflexion of our W/A/W structure in the visible, NIR
and IR regions, the thickness of Ag film being used as parameter.

The third device grown with our W/A/W multilayer structures was
the Transparent Heaters (THs). THs are electrically conducting thin film
materials that are used to convert electrical energy into thermal energy
on a surface which is transparent to visible light [35]. THs are used
there where visibility and heating are required simultaneously: window
defroster, outdoor panel display. Usually, ITO is the transparent con-
ductive electrode in such devices. W/A/W multilayer structures are one
of the possible substituent to ITO in these devices. The electrodes of the
devices, two parallel contacts on opposite sides, were designed fol-
lowing the optimum disposition described elsewhere [35]. Two alu-
minium electrodes, spaced 1 cm apart, were deposited via a thermal
evaporator system. The electrode thickness was 100 nm. The tempera-
ture measurements were taken via copper/constantan thermocouples.

3. Results and discussion

3.1. W/A/W multilayer characterization

Fig. 1 shows the optical transmission spectra with increasing Ag
thickness. The variation of the transmission with the silver film thick-
ness is classical for this kind of D/M/D structures, the transmission
increases with the silver thickness up to an optimum value and then it
decreases. The optimum thickness corresponds to the formation of a
continuous Ag film. Below this thickness there is some absorption due
to aggregated Ag islands. When the silver layers are less than 8 nm
thick, they consist in grains which induces light scattering (See sup-
porting information S 1-a). Then, 8–14 nm thick Ag films shows

connected channel shape (See supporting information S 1-b), the light
scattering effect of the grains decreases, until the film becomes com-
pletely continuous [36].

In the present experimental conditions the silver films become
continuous for a thickness of 16 nm. The maximum transmission is
91.5% while its averaged value between 400 nm and 700 nm is 80.6%.
A further increase of the silver thickness induces a decrease of the
transmission. Nevertheless, in this thickness range of the silver layer the
average transmission from 400 nm to 700 nm varies only slightly since
it is 79.5% and 79.6% in the case of 14 nm and 18 nm respectively. As
far as the maximum value of the transmission, it is 84.5% and 88.2% for
14 nm and 18 nm respectively. For more distant values, 12 nm and
20 nm the maximum transmission are 78.5% and 81.2% the averaged
transmissions 71.05% and 72.46% respectively. In the inset of Fig. 1 we
can see the variation of the sheet resistance of the W/A/W structures
when the Ag film thickness increases from 12 nm to 20 nm. Here also a
classical behaviour is obtained. The sheet resistance, Rs, decreases when
the silver film thickness increases, first, quickly up to the percolation of
the silver film, i.e. for 16 nm (Rs= 8Ω/sq), then it stabilizes or de-
creases very slowly. The fact that the four point technique used to
measure the sheet resistance allows measuring the whole structure and
not only to the top dielectric layer was already addressed which is re-
called in the supporting information S2. Therefore, the optimum Ag
thickness in the W/A/W structures is 16 nm. The maximum value of the
figure of merits (ΦTC) suggested by Haacke [37] was calculated, ΦTC

being defined as:

=Φ T /RTC
10

s (1)

with T transmission and Rs the sheet resistance of the W/A/W
multilayer structure. The maximum obtained value is ΦTC= 51
10−3Ω−1 and, using the T averaged transmission value between
400 nm and 700 nm, ΦTC= 27 10−3Ω−1, values which are situated in
the expected range for this kind of structures [21]. For 14 nm and
18 nm the averaged values are 3 10−3Ω−1 and 14 10−3Ω−1 respec-
tively, while for 12 nm and 20 nm they are 1.6 10−4Ω−1 and 11
10−3Ω−1. The quite small ΦTC value obtained with 12 nm of Ag is due
to the fact that this thickness is situated just before the percolation of
the silver film and Rs is still 200Ω/sq, while it is 7Ω/sq for 20 nm of
silver.

In Fig. 2, the XRD pattern of Glass/W/A/W structure, with 16 nm of
Ag, has a peak at 2θ=38.1° that corresponds to (111) plane of Ag
(JCPDS N° 87-0720). No peaks due to WO3 are visible which means that
WO3 layers are amorphous.

The surface visualization by SEM of the Glass/W/A/W multilayer
structures is shown in Fig. 3. The structure appears smooth and quite

Fig. 1. Variation of the transmission of Glass/W (20 nm)/A (x nm)/W (35 nm)
structures with the thickness of the Ag layer.
Inset Figure 1: Variation of the sheet resistance of these structures. Fig. 2. X-Ray diffraction diagram of Glass/W (20 nm)/A (16 nm)/W (35 nm).

H. Essaidi et al. Vacuum 153 (2018) 225–231

227



homogeneous without defects such as pinholes, cracks or pinholes
owing to the stable amorphous structure and the very fine particle
shape of the WO3 top layer. The cross section visualized in the left in-
sert, shows that the three layers of the structure are clearly visible.
Moreover, that cross section shows clearly the continuity of the metal
interlayer. It must be noted that the structures are slightly blue coloured
due to the oxygen deficiency of the WO3 layers [38]. As a matter of fact,
the XPS study shows that there is some oxygen deficiency in WO3

layers, such deficiency is usual in transition metal films deposited by
sublimation under vacuum [39].

Fig. 4 shows the XPS peaks corresponding to O1s (Fig. 4a) and W4f
(Fig. 4b) of a WO3 layer deposited by sublimation process on a glass
substrate. Fig. 4a shows that O1s peak is asymmetric which means that
it corresponds to several contributions. It can be de-convoluted into two
peaks situated at 530.8 eV and 531.9 eV. Knowing that the reference
carbon peak, C1s, is located at 284.8 eV, the lower binding energy at
530.8 eV is attributed to oxygen bounded to W, corresponding to fully
oxidized WO3. The higher energy of O1s peak appearing at 531.9 eV
can be assigned to oxygen vacancies and hydroxyl group due to surface
contamination. However, different authors have already associated the
high energy O1s peak, situated around 531.9 eV, to oxygen deficient
regions in oxides [40,41]. The contribution of oxygen vacancies to the
O1s high energy peak is corroborated by W3d peak deconvolution. The
Fig. 4b shows that two doublets are necessary to obtain a good agree-
ment between the experimental and theoretical curves. The two mains
peaks visible in Fig. 4b, situated at 36.1 and 38.2 eV, can be attributed
to W4f7/2 and W4f5/2 of WO3. The binding energy difference between
the two peaks of the doublet, 2.1 eV is in accordance with the standard
reference value [42]. In addition to this contribution due to the W in the
W6+ oxidation state, a second doublet of lower intensity assigned at 35
and 37.1 eV can be attributed to W5+ ion, contribution which corre-
sponds to oxygen vacancies.

The survey scan (Supporting information S3) of the top layer of a
W/A/W multilayer structure consists of peaks corresponding to W, O
and surface C. The curve shows that there is no Ag metal on the top. The
homogenous dielectric layer is retained over the continuous mid metal
layer of the W/A/W multilayer structure.

The homogeneity of the W/A/W multilayer structures was checked
by AFM study. The surface topography of a Glass/W/A/W multilayer
structure was measured by AFM and using 3× 3 μm2 scans (Supporting
information S4). The root mean square surface roughness (rms) is
1.72 nm. Such small rms confirms the impression of high homogeneity

resulting from the visualization by SEM.
The structures deposited onto glass substrates pass the scotch tape

test. Actually, the multi-layer structures are systematically not removed
at all.

About the flexibility, our bending apparatus is able to perform outer
and inner bending tests. For inner bending, the sample was loaded with
the multilayer structure facing downward, while for outer bending
measurements, the sample was loaded with the multilayer structure
facing upward.

In order to check and evaluate the flexibility of our W/A/W struc-
tures onto PET substrates, we tested them under outer and inner
bending as described above. The results are compared to commercial
100 nm-thick ITO onto PET thick of 125 μm.

During the bending tests, the variation of the sheet resistance of the
PET/W/A/W and PET/ITO samples was measured after 1, 5, 15, 25, 50,
100, 500, 1000 and 2000 cycles. The change in resistance was ex-
pressed as (R-R0)/R0, where R0 is the initial resistance and R the
measured resistance after bending. Whatever the sample, PET/ITO or
PET/W/A/W, it has nearly the same behaviour when it is submitted to
inner or outer bending (Supporting information S5). The sheet re-
sistance of PET/ITO increases continuously with the number of cycles,
while it is nearly stable in the case of PET/W/A/W. More precisely, for
outer bending, in the case of W/A/W multilayer structures there is not
any variation of the sheet resistance after 2000 cycles, except some few
samples which exhibit an increase of 1% or less. For comparison, the (R-
R0)/R0 value of the PET/ITO sample increases regularly from the first

Fig. 3. Visualization of the surface of a Glass/W (20 nm)/A (16 nm)/W (35 nm)
structure.
Insets: Left side, cross section of this structure.

Fig. 4. XPS spectra of O1s (a) and W4f (b) of the surface of a WO3 layer.
Dotted curves: Measured curves.
Continuous lines: Theoretical curves.
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cycle. For instance, the value of (R-R0)/R0 in the case of outer bending
is 25% after 50 cycles and 160% after 500 cycles (Supporting in-
formation S5). It must be noted that, in the case of ITO, the thickness of
the PET substrate was 125 μm, which is of the same order of magnitude
than that used for the W/A/W multilayer structures (150 μm). We can
therefore compare the results obtained, especially since the finer the
substrate and the lower the stress. As a matter of fact, it is known that
the minimum allowed radius of curvature scales linearly with the total
thickness of the sample [43].

The good stability of the sheet resistance of the PET/W/A/W mul-
tilayer structures can be attributed to the presence of the ductile Ag
metal layer between the WO3 layers and to the fact that WO3 being
amorphous, unlike ITO (see supporting information S6), its failure
strain is higher than that of crystalline films.

Moreover, it must be noted that W/A/W multilayer structures de-
posited onto PET also pass the scotch test. Herein, the multilayer
structures are systematically not removed at all, which testifies that,
even on PET substrates, W/A/W multilayer structures present an ex-
cellent adhesion.

The properties of W/A/W multilayer structures, listed above, make
it possible to envisage using them in various devices and we give some
examples below.

3.2. Use of the W/A/W multilayer electrode in various applications

In a first attempt, a W/A/W multilayer structure was substituted to
ITO as transparent conductive anode in organic photovoltaic cells
(OPVCs). As said above, an OPVC device is a sandwiched structure
containing two electrode layers and an organic active layer in the
middle. The active layer consists of one electron donor material and one
electron acceptor either in the form of stacked layers or bulk hetero-
junctions. Here, for simplicity, we used stacked layers deposited under
vacuum. Often, in classical structures the top cathode is an aluminum
layer, which behaves like a mirror for unabsorbed light and the bottom
anode is the transparent conductive electrode. In the present work, the
anode was a W (20 nm)/A (16 nm)/W (15 nm) multilayer structure or,
as reference, ITO. As specified in paragraph 2.2, the OPVCs were
completed using the HTL MoO3/CuI and the EBL Alq3, while the active
organic couple was M8-1/C60. Therefore the OPVCs probed were as
follows:

Substrate/transparent anode Glass/(W/A/W or ITO)/MoO3/CuI/
M8-1/C60/Alq3/Al.

The results obtained are presented in Table 1 and Fig. 5.
It is a first series of results obtained with the new molecule M8-1

and it remains to optimize its performance by working on its deposition
parameters (deposition rate, thickness of the layer …) it nevertheless
remains that the results are significant for the effectiveness of the W/A/
W multilayer structure as TCE. Not only is the efficiency of the OPVCs
practically the same, whatever the TCE, ITO or W/A/W structure, but
the shape of the curves is remarkably similar, which shows that the ITO
can be substituted by the W/A/W without degradation of OPVCs per-
formance. It must be noted that the presence of the MO3/CuI hole
transporting layer allows achieving high hole collection efficiency.

In a second attempt, W/A/W multilayer structures were probed as
THM. A change of 2 nm in the Ag layer thickness modifies significantly
the transmission and the reflection of the structures. Ag is highly re-
flecting in NIR and IR regions, while its transmission in the visible
depends strongly on its thickness. Ag layer must be thick enough to

achieve good reflection in NIR and IR regions, but it must be thin en-
ough to allow high transmission in the visible domain. Therefore, there
is an optimum compromise between the transmission and the reflection
to achieve the highest possible efficiency as THM. It is known that,
when W/A/W multilayer structures are used as THM, the Ag layer must
be continuous to exhibit a good selectivity and stability [44]. In the
present work, we saw that the Ag film becomes continuous for a
thickness of 16 nm. Therefore we probe structures with Ag layer
thickness equal to 16 nm and more, while those of WO3 layers were
20 nm and 35 nm for the bottom and top layer respectively. The Fig. 6
shows that, when the Ag thickness is 16 nm, the transmission in the
visible is very high but the reflection in the NIR and IR is quite weak.
For Ag thickness of 20 nm, the reflection is good, but the transmission is
significantly lowered. Therefore, the optimum Ag thickness in the W/A/
W multilayer structures, when they are used as THM, is 18 nm.

In a third attempt, W (20 nm)/A/W (35 nm) multilayer structures
were probed as transparent heater, the thickness of Ag layer being, here
also, used as parameter. Samples with different sheet resistance, 8, 36,
85 and 200Ω/sq were probed in order to study the influence of the
sheet resistance on the structure performance. These sheet resistances
correspond to Ag layer thickness of 16 nm, 14 nm, 13 nm and 12 nm
respectively.

In Fig. 7a, the change in steady state temperature of the THs with
respect the applied voltage is shown, it can be seen that dependence of
the temperature with the applied voltage depends strongly of the sheet

Table 1
Parameters of the OPVCs.

Anode Voc (V) J (mA/cm2) FF (%) η (%)

ITO 0.69 2.54 38 0.67
W/A/W 0.67 2.44 39 0.62

Fig. 5. J-V characteristics of an OPVC with Glass/ITO ( ) and Glass/W/A/W
(■) as anode.

Fig. 6. Transmission and reflectivity of Glass/W/A/W multilayer structures.
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resistance of the structure, while only 3.5 V are needed to reach 205 °C
for a sample with 8Ω/sq as sheet resistance, 12 V are necessary to
achieve 110 °C for a sample with 200Ω/sq as sheet resistance. Actually,
the variation of the steady state temperature with the applied voltage is
controlled by the Joule's law:

=P V /R2 (2)

With P the power, V the applied voltage and R the resistance.
Therefore, samples with smaller sheet resistance can reach higher

temperature under the same applied bias. This is consistent with the
fact that higher heat dissipation can be obtained for sample with
smaller sheet resistance under a fixed bias (Fig. 7b).

Fig. 7b shows the time-dependent thermal response of the different
W/A/W multilayer structures for a constant applied voltage of 9 V for
samples with the higher sheet resistance values (200, 85Ω/sq), 7 V for
the sample which sheet resistance is 36Ω/sq and 3 V for 8Ω/sq. It can
be seen in Fig. 7b, that the heating and cooling time constant are similar
whatever the sheet resistance of the sample is, but the maximum tem-
perature reaches is quite different, which makes that the heating and
cooling rates are significantly different. During the first minute, the
heating rate is 2.2 °C per second for the most conductive sample, and
only 0.5 °C for the sample with the highest sheet resistance. Similarly
the cooling rate is −1.2 °C and – 0.85 °C in the former and latter case
respectively.

Finally, we have studied the stability of these structures; the results
are synthesized in Fig. 7c. Here also, the voltage chosen to follow the
ageing of the devices depends of the sheet resistance of the structure. It
can be seen that the stability of the structures depends significantly on
the sheet resistance of the structures. Here also the best performance is
obtained with the sample with the smaller sheet resistance.

The performance, as transparent heater, of the W/A/W structure
can be compared with those obtained with another possible ITO sub-
stituent, the silver nanowires thin films (AgNWs) [35]. The perfor-
mance of the AgNWs layers depend significantly on the AgNWs density,
i.e. with the sheet resistance of the films. The steady state temperatures
achieved with the applied voltage by the AgNWs films are similar to
those achieved in the present work for equivalent sheet resistance. Si-
milarly, the heating and cooling rates of the samples are similar. About
the ageing process, the stability of the W/A/W structure with the
smaller sheet resistance (8Ω/sq) is similar to that of the AgNWs films
(see inset Fig. 7c). Moreover, we proceeded to longer experiment and
we showed that after one week of continuous operation, the loss in
temperature is only 5%, which testifies of the stability of W/A/W
multilayer structures. Such high life time, compared to that of AgNWs
single layer, can be attributed to the protective effect of the WO3 layers
which surround the Ag layer in our structures W/A/W. Actually, it was
shown recently that, in the case of OPVCs, the lifetime of the devices
with WO3/Ag or W/A/W devices as top electrodes was quite different.
When WO3/Ag is used as top electrode there is de-wetting of the
electrode, while there is not in the case of W/A/W top electrode [45].
Therefore it is necessary to use sample with very small sheet resistance
to obtain performing transparent heater. Moreover, it is necessary to
insert the conductive layer between protective oxide layers to improve
the device lifetime.

4. Conclusion

Simple deposition by Joule effect of W/A/W multilayer structures,
allows achieving performing structures which can be introduced in
different devices. The optimum averaged figure of merit of the W
(20 nm)/A (16 nm)/W (35 nm) structure is ΦTC= 27 10−3Ω−1. We
have probed these structures in different devices. The OPVCs using the
W (20 nm)/A (16 nm)/W (35 nm) multilayer structure as transparent
anode, achieve efficiency similar to that reach with ITO anodes. For a
slightly thicker Ag film, the W (20 nm)/A (18 nm)/W (35 nm) multi-
layer structures reach optimal transmission and reflection for use as

Fig. 7. (a) Variation of the steady state temperature with the applied voltage,
the sheet resistance of the structures being used as parameter, (b) Temperature
variation with time at a constant applied voltage, the sheet resistance of the
structures being used as parameter, (c) Variation of the temperature as a
function of time. Inset: Variation during the first 40 h of operation.
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THM. The use of these structures as stable TH implies that their sheet
resistance is as small as possible in order to obtain performance similar
to those reach by AgNWs layers. It is the case of W (20 nm)/A (16 nm)/
W (15 nm) multilayer structures which sheet resistance is 8Ω/sq. It can
be concluded that these W/A/W structures are very easy to use, since it
suffices to optimize the thickness of Ag as a function of the required
structure and to adapt the upper oxide layer to the desired application.
For instance, in the case of OPVCs, the optimum top WO3 layer thick-
ness is 15 nm (Supporting information S2). When covered by MO3/CuI
hole transporting layer it behaves as efficient anode due to the high
work function of this hybrid buffer layer. If it was covered with a layer
of material of which work function is weak, such as Ca, CsI, Cs2CO3, it
could then be used as a cathode collecting electrons. When used as TH,
the presence of the WO3 layers between which that of Ag is inserted,
makes it possible to obtain a longer lifetime than that of structures
using simple silver layer.
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