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Abstract

Transparent conductive electrodes (TCEs) are an indispensable component in optoelectronic devices and organic solar cells
(OSCs). Recently, oxide/metal/oxide multilayers have been identified as promising structures (TCEs). In this context, we
prepared MoOs/Ag/MoOs (MAM) multilayer structures on glass substrates at different Ag thicknesses using RF and DC
magnetron sputtering. Samples were prepared with Ag thicknesses ranging from 5 to 10 nm. As a result of varying the Ag
midlayer thickness, the MA (10nm) M trilayer structure with more desirable electrical, optical, and morphological properties
compared to other samples was selected and was exposed to thermal annealing with an oxygen to argon flow ratio of 20% at
temperatures of 400 and 500 °C for 2 h in an electric furnace. Investigations highlighted the prominent role of reactive
thermal annealing in optimizing the properties of multilayer structures, which has led to improved stoichiometry of the
MoO:s layer and increased optical transmittance and electrical conductivity of trilayer structures. The MA(10 nm, 400 °C) M
multilayers with a modified figure of merit of 23.86x10-3 (Q') as the optimal structure have potential application as TCEs in

optoelectronic devices and (OSCs).
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1. Introduction

Renewable energy sources are naturally produced at
a higher rate than they are consumed, while fossil
energy resources are limited. Therefore, studying the
use of renewable energy sources seems to be
essential to chart a sustainable future for growing
societies. These energy sources are reliable and
clean alternatives to fossil fuels by reducing
greenhouse gas emissions and mitigating climate
change. Meanwhile, solar cells and their
components have attracted a lot of attention.
Transparent conductive electrodes (TCEs) are
essential components in many optoelectronic
devices, including solar cells. They are materials
that are transparent in the visible light range and are
also capable of conducting electrical charge [1].
However, the use of common transparent conductive
oxides has encountered limitations that necessitate
the need for an alternative. Recently, among
emerging technologies, oxide/metal/oxide
structures, in which a thin metal layer is sandwiches
between two oxide layers, have been widely studied
as promising electrodes [2-5]. Desired optical
transmittance and electrical conductivity, flexibility,
easy production and deposition capability on various
substrates are among the numerous advantages of
these structures [6]. The conductivity in these
structures is through the metal layer [7], so a metal
layer with high conductivity is required in such
structures. In this regard, silver with the lowest
resistivity, seems to be a suitable choice for the
metal layer [8].
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The thickness of the metal layer must be sufficient
to provide conductivity of the structure [9].

The placement of oxide layers on the sides of the
metal layer, leads to suppression of light reflection
by the metal layer and leads to high transparency of
the structure [7,10,11]. Molybdenum trioxide is a
transition metal oxide and a n type semiconductor
compound with a direct band gap and high work
function that is relatively chemically stable.

This metal oxide is non-toxic and its abundance in
nature is high [12], so it is a good choice as oxide
layer in oxide/metal/oxide structures [13].
Therefore, MoO3/Ag/MoOs; multilayer structures
can be used as TCEs [14]. To achieving desired
performance in these structures, simultaneous
attainment of high optical transmittance and
electrical conductivity is required, which needs the
study and use of appropriate laboratory methods and
conditions. In this regard, in this study, we have
prepared, optimized and characterized the
MoO3/Ag/Mo0Os  multilayer  structures  and
demonstrated their efficiency as TCEs. We prepared
the MoOs3/Ag/MoOs structures using magnetron
sputtering on glass substrates, then optimized the
thickness of silver layer, and investigated the effect
of thermal annealing in presence of oxygen gas and

annealing  temperature on the  structural,
morphological, electrical and optical properties of
the prepared films.

Molybdenum trioxide-based trilayer were deposited
on glass substrates sequentially wusing radio
frequency magnetron sputtering of molybdenum
trioxide target (99.99%) and direct current
magnetron sputtering of Ag metal target (99.99%),
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by varying the deposition time of the Ag layer in
four separate steps without breaking the vacuum.

2 .Materials and Methods

All deposition steps were performed at constant
sputtering power of 81 and 32 W for molybdenum
trioxide and Ag layers respectively. Other
deposition conditions including base pressure,
working pressure and radio frequency sputtering
time were kept constant at all four stages so that
molybdenum trioxide layers were deposited
symmetrically with a thickness of 60 nm on both
sides of silver layers with thicknesses of 5,10,15 and
20 nm. The films thicknesses were monitored in
situ. The substrates were fixed at a distance of 9 cm
from the target. The deposition was applied at a
working pressure of 8x10 mbar. After deposition, a
number of samples were thermally annealed at
temperatures of 400 and 500 °C for two hours in the
presence of oxygen gas. The naming of multilayer
structures deposited on glass substrates according to
their Ag midlayer thickness and annealing
temperature is shown in the Table 1. The structural
properties of prepared samples were evaluated using
an X-ray diffractometer (XRD; Philips PW3710)
with Cuka radiation (A= 0.1540nm). The surface
morphology  of multilayer  structures  was
investigated using atomic force microscopy in
noncontact mode (AFM; DS95-50 scanner, DME
Company, Denmark). The elemental composition of
prepared samples was determined using Energy-
Dispersive X-ray Spectroscopy (EDX) analyzer
which was attached to Field Emission Scanning
Electron Microscopy (FESEM; Hitachi S-4160). A
UV-VIS spectrometer was utilized to analyze the
optical transmittance of samples (Perkin Elmer,
Lambda25). The sheet resistance of multilayers was
measured using four-point probe technique.

Table. 1. The naming of M0oO3/Ag/MoO:s trilayer films.

Ag Annealing
Sample | Substrate Thickness Temperature
(nm) (49)
B1 Glass 5 -
B2 Glass 10 -
B3 Glass 15 -
B4 Glass 20 -
B3 Glass 10 400
Ba4 Glass 10 500

3. Results and Discussions
3.1. XRD analysis

The X-ray diffraction (XRD) patterns of the as
deposited MAM multilayer structures with Ag
thicknesses of 5, 10, 15 and 20 nm and
MA(10nm)M annealed samples on glass substrates
are shown in Fig. 1.(a) and Fig. 1.(b) respectively.
In the XRD patterns of as deposited samples on
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glass substrates, no diffraction peak belonging to
molybdenum trioxide or silver oxide is observed,
indicating the amorphous nature of multilayer
structures in these samples. The amorphous nature
can be caused by the irregular arrangement of
atoms, the presence of defects in the crystal, the
lattice mismatch between the layer and the substrate,
or the insufficient formation of particles on substrate
[15-17]. Since the argon sputtering can create
oxygen vacancy defects in metal oxide layers and
the glass substrates are exempt from the possibility
of lattice mismatch with molybdenum trioxide [15]
besides the thickness of prepared trilayer structures
is low, the amorphous nature seems to be due to the
incomplete formation of particles on the substrate
and presence of defects. Annealing did not affect the
crystal structures of prepared samples on glass
substrates and the aforementioned samples remained
amorphous after annealing.

3.2 AFM and EDX Studies

To investigate the surface morphology of prepared
multilayer structures with different Ag thicknesses
and to study the role of thermal annealing on surface
roughness of the films, atomic force microscopy
(AFM) analysis with a scanning size of 5x5um? has
been used. The 2D and 3D AFM images of
deposited samples on glass substrates at different Ag
thicknesses are shown in Fig. 2.

In all these samples a uniform granular appearance
is observed, so that the grain size in samples with
Ag thickness of 10 nm is smaller and the grain
distribution is more uniform compared to other
samples. The 2D and 3D AFM images of deposited
samples on glass substrates with Ag thickness of 10
nm after annealing at temperature of 400 and 500 °C
are shown in Fig. 3. It is observed that thermal
annealing has significantly affected the surface
morphology of the samples, nevertheless did not
affect the crystallinity of samples. After annealing
and with increasing the annealing temperature, the
grain size has increased. Fig. 4.(a) shows the
average roughness and root mean square roughness
of MAM trilayer structures deposited at different
Ag thickness on glass substrates. Studies on the
roughness of the multilayer structures show that the
average roughness and root mean square (rms)
roughness in all these samples have similar trends.
In the as-deposited samples, first with increasing the
Ag midlayer thickness up to 10nm, the roughness
values decreased then with further enhancement in
Ag thickness, increased. The average roughness and
rms roughness of MA(10nm)M multilayer deposited
after annealing at temperature of 400 and 500 °C are
shown in Fig. 4(b). Studies show that annealing has
led to an increase in the roughness of the samples
surface. Also, the roughness values have increased
with increasing the annealing temperature up to
500°C. These changes are attributed to an increase in
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grain size and change in morphology of the
deposited layers. Energy- dispersive X-ray (EDX)
analysis has been used to identify the elements
present in samples. This technique determines the
elemental details of the samples surface elements.
The EDX spectra of samples deposited on glass
substrates with Ag thickness of 10nm, as well as
samples annealed at 400 °C, are shown in Fig. 5. The
EDX spectra in all samples confirms the presence of
oxygen, molybdenum and Ag elements and shows
that the layers completely follow the composition of
the target materials and are free from any
contamination, which indicates the high quality of
MAM prepared trilayer [18].

3.3. Optical and Electrical Properties

The optical transmittance of MAM trilayer has been
investigated by ultraviolet-visible (UV-VIS)
spectrometer in the wavelength range of 350-1000
nm. The optical transmittance spectra of the trilayer
structures deposited on glass substrates at different
Ag thicknesses and different annealing temperature
are shown in Fig. 6.(a) and Fig. 6.(b). According to
optical investigations the transmittance in as-
deposited samples is relatively low. In general, the
low transmittance in these samples is attributed to
the presence of oxygen vacancies.

The lowest optical transmittance value belongs to
the sample prepared with an Ag thickness of 5 nm.
The transmittance value increases with increasing
the Ag thickness up to 15 nm and then decreases
with further increasing of Ag thickness. It is
observed that with increasing the Ag thickness the
transmittance peak shifts toward red wavelength.
The highest optical transmittance at 550 nm
corresponds to the layers deposited with
intermediate Ag thicknesses of 10 and 15nm. In
fact, the high difference between the refractive index
of the Ag layer and the dielectric layer leads to
effective Plasmon coupling, which results in desired
visible transparency.

Therefore, the better transmittance at intermediate
Ag thicknesses can be attributed to the surface
Plasmon resonance of the Ag layer, which has been
reported previously [9]. The decrease in
transmittance at Ag thickness of 20 nm is caused by
the increase of charge carrier densities with
increasing Ag thickness, which can lead to increased
absorption and decreased transmittance. By
exposing the samples deposited on glass substrates
at Ag thickness of 10 nm to thermal treatment at 400
°C in presence of oxygen gas, the optical
transmittance improves. This increase can be due to
the reduction of oxygen vacancies and transition to
more stoichiometric molybdenum trioxide layers
[10].

Thermal annealing also leads to shifting the
absorption edge of molybdenum trioxide layers
towards the lower wavelengths [19].
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Fig. 1. XRD patterns of MoO3/Ag/MoOs trilayer films:
(a) at different Ag thickness and (b) after annealing at
400 °C (B23) and 500 °C (B24).

Oxygen vacancies can create further electronic
states in the energy gap of MoOs and form a narrow
donor band below the conduction band. Reducing
oxygen vacancies by thermal annealing, decreases
the number of these excess states and increases the
optical band gap, shifting the absorption edge to
lower wavelengths [10, 20]. With increasing the
annealing temperature to 500 °C, the optical
transmittance decreases significantly. Morphological
studies showed that annealing at this temperature
resulted in a high surface roughness of the samples,
so the sudden drop in transmittance could be due to
increased absorption and scattering caused by the
high surface roughness. The sheet resistance of
MAM trilayer structures deposited on glass
substrates at different Ag thickness and after
annealing at temperature of 400 and 500 °C at an Ag
thickness of 10 nm has been investigated using the
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four-point probe technique. The numerical results of
the measurements are summarized in Table 2. It is
observed that the electrical conductivity of layers
clearly depends on the thickness of Ag layer. With
increasing Ag thickness, the sheet resistance values
decrease, while at Ag thickness of 10 nm there is a
sudden decrease. This decrease is explained by the
formation of threshold percolation pattern and
transition from a discontinuous Ag layer to a
continuous layer [7]. When the Ag thickness in
trilayer structures increased to 10 nm, their sheet
resistance values decrease significantly, so there is a
possibility of Ag islands existence at the Ag layer
thickness of 5 nm [10], which is in agreement with
the decrease in samples roughness values after
changing the thickness of Ag layer to 10 nm and
also in agreement with the results of study [21] in
which the roughness values increased due to island
growth. Island boundaries can act as disconnected
scattering sites and reduce the mobility of charge
carriers and the reduction in mobility of charge
carriers leads to a decrease in their density and
consequently, to a higher sheet resistance [10]. By
changing the Ag thickness layer to 10 nm, the
discontinuous Ag layers were replaced by
continuous and uniform layers, which resulted in
lower sheet resistance in this sample. Thermal
annealing has led to improved electrical
conductivity. Since annealing was performed in the
presence of oxygen gas and there is no possibility of
reducing oxide state in MoOj layers, Improvement
in conductivity through thermal annealing can result
from increasing the density of the MoOs layers or
from structural ordering within the layers.
Sometimes, the layers may become slightly more
compact after annealing without the appearance of
any distinct diffraction peaks. Island boundaries can
act as disconnected scattering sites and reduce the
mobility of charge carriers and the reduction in
mobility of charge carriers leads to a decrease in
their density and consequently, to a higher sheet
resistance [10]. By changing the Ag thickness layer
to 10 nm, the discontinuous Ag layers were replaced
by continuous and uniform layers, which resulted in
lower sheet resistance in this sample. Thermal
annealing has led to improved electrical
conductivity. Since annealing was performed in the
presence of oxygen gas and there is no possibility of
reducing oxide state in MoO; layers, Improvement
in conductivity through thermal annealing can result
from increasing the density of the MoOs layers or
from structural ordering within the layers. In this
research, multilayer structures of MoO3/Ag/MoOs
with good electrical and optical properties for use as
TCE have been designed.

A figure of merit is a numerical value used to
evaluate and compare the performance of different
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devices, systems or methods based on their key
parameters.

It indicates how well the devices, systems or
materials perform relative to their alternative in a
particular  application. To  investigate the
performance of transparent conductive multilayer
prepared on glass substrates, we have used the
figure of merit defined by Hock [22] Eq. 1.:

Tl(]
FOM = N

Eq. (1).
FOM indicates the figure of merit, T is optical
transmittance and Rs represents the sheet resistance.
We have calculated the figure of merit at 550 nm for
the MoQO3/Ag/MoOQ;3 trilayer structures deposited on
glass substrates. The calculation results are given in
Table. 3. The highest figure of merit value was
obtained at Ag thickness of 15 nm and then at Ag
thickness of 10 nm. However, achieving high
performance  TCEs  requires high  optical
transparency and electrical conductivity and also an
appropriate surface roughness.

Therefore, a compromise optimization must be
made between the optical transmittance, electrical
conductivity and surface roughness of prepared
samples.

For this purpose we chose the MA (10nm) M as the
ideal sample and performed thermal annealing on
this structure. After annealing at temperatures 400
and 500 °C, the figure of merit values first increased
significantly and then decreased. Therefore, the
optimal  structure is  the  glass/MoOs/Ag
(10nm)/MoOs3 which annealed at 400 °C. Fig. 7.(a)
and Fig. (b). show the variation of the FOM and
sheet resistance value with Ag thickness and
annealing temperature. It is observed that thermal
annealing plays a prominent role in modifying the
electrical and optical properties and consequently
the figure of merit of the MAM structures.
Annealing at temperature of 400 °C leads to a
decrease in sheet resistance and an increase in
optical transmittance of MAM structures compared
to the pristine samples, indicating a trade-off
between transparency and electrical conductivity at
this temperature, and demonstrating the importance
of annealing in achieving the best performance.

The optimal structure, with a superior figure of
merit of 23.86x103 (Q') is suitable candidate as
transparent conductive electrodes in optoelectronic
devices and solar cells. It can be concluded that
thermal annealing is an efficient method in
improving the optical transmittance, electrical
conductivity and consequently performance of
prepared multilayer structures as transparent
electrodes.
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Fig. 2.

Fig. 3. 2D and 3D images of the MoO3/Ag/MoO:s trilayer films at Ag thickness of 10 nm: annealed at 400 °C (B23) and
500 °C (B24).
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Fig. 4. The root mean square (Rms) and average
roughness of MoO3/Ag/MoQs trilayer films: a) at
different Ag thickness b) at Ag thickness of 10 nm and
annealed at 400 °C (B23) and 500 °C (B24).
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Fig. 5. EDX spectra of (a) the as-deposited sample B:
and (b) annealed sample B23 at temperatures of 400 °C.
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Fig. 6. Transmittance spectra of MoO3/Ag/MoOs
trilayer films deposited on glass substrate: a) as-
deposited samples at different Ag thicknesses b)
annealed samples at temperatures 400°C (B23) and 500
°C (B24).

Table. 2. The Sheet Resistance of the as-deposited and
annealed MoO3/Ag/MoOs trilayer films.

Ag Annealing Sheet
Sample | Thickness | Temperature | Resistance
(nm) (k) (/sq)
B1 5 - 11.8
B: 10 - 9.1
B3 15 - 7.2
B4 20 - 5.7
B2 10 400 4.5
B24 10 500 5.1
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Table. 3. The optical and electrical parameters of the as-deposited and annealed MoO3/Ag/MoOs3 trilayer films.

Sambple Ag Thickness Annealing Transmittance Sheet Figure of Merit 10-3
P (nm) Temperature (°C) (A=550 nm) (%) Resistance (Q/sq) Qh
Bi 5 - 33.15 11.8 0.001
B2 10 - 61.45 9.1 0.90
Bs 15 - 64/0 7.2 1.60
B4 20 - 49.30 5.7 0.15
B2 10 400 80.0 4.5 23.86
B4 10 500 28.71 5.1 0.008
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Fig. 7. The variation of figure of merit and sheet resistance values of MoO3/Ag/MoO:s trilayer films as a function of
(a) Ag thickness and (b) annealing temperature.

4. Conclusion

1. Symmetric MoOs/Ag (5, 10, 15, 20 nm)/ MoO;
structures deposited on glass substrates using RF
and DC magnetron sputtering.

2. Amorphous uniform and granular appearance
with low optical transmittance observed.

3. Electrical conductivity enhanced by increasing
the Ag thickness.

4. Creation of threshold percolation pattern and
transition from a discontinuous Ag layer to a
continuous one formed at Ag thickness of 10 nm.

5. MA (10nm) M with better features was reactively
annealed at 400 and 500 °C.

6- Surface roughness increased in all samples.

7. At 400 °C, sheet resistance values decreased and
transmittance improved in glass/MAM samples.

8. Absorption edge of molybdenum trioxide layers
shifted towards the lower wavelengths after
annealing.

9. Glass/M/A(10nm, 400 °C)/M with figure of merit
of 23.86x10° (Q") ideal as TCE in optoelectronic
devices like solar cells.
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