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MoO3 nanowire growth on VO2/WO3 for
thermochromic applications†

Amina Houimi,ab Mohamed A. Basyooni-M. Kabatas, *acd Mucahit Yilmaz e and
Yasin Ramazan Ekeraf

This study explores the structural, electronic, and optical properties of sandwich-structured thin films

composed of WO3, MoWO3, and MoO3 as window layers on VO2/WO3 via a physical vapor deposition

method. Morphological analysis demonstrates the evolution of distinct nanowires, offering insights into

the lattice strain of the VO2 layer toward high-performance thermochromatic devices. Temperature-

dependent sheet resistivity is investigated, showcasing significant improvements in conductivity for

samples with MoO3 as a window layer. The electrical and optical properties of the MoO3/VO2/WO3

device showed a phase transition temperature (Tc) of 36.8 1C, a transmittance luminous (Tlum) of 54.57%,

and a solar modulation ability (DTsol) of 12.43. This comprehensive analysis contributes to understanding

the growth of nanowires on multi-layered thin films, offering valuable insights into potential applications

in bright windows.

I. Introduction

Building services use more energy than the transportation and
industrial sectors, accounting for over half of all energy con-
sumption. Most energy is used to run different heating, ventila-
tion, and air conditioning (HVAC) systems.1,2 The development
of efficient energy conversion technologies is of utmost impor-
tance in the modern era, and thermochromic materials are a
promising avenue in this regard.3 In particular, the thermo-
chromic properties of VO2 have received significant attention in
recent years due to their potential for use in various applica-
tions, such as temperature sensors, energy harvesting, and
cooling devices. The ability of VO2 to undergo a reversible
phase transition from an insulating to a metallic state with a
change in temperature makes it an ideal candidate for thermo-
chromic applications.4,5 However, in the real-world implemen-
tation of VO2-based thermochromic bright windows, issues

with high Tc, balancing the Tlum, and DTsol still persist. Since
high Tc limits the practical usage of monolayer VO2 films, Tc is
reduced by a variety of techniques, including strain engineering,6

element doping,7 and multilayer construction.8–10 Monoclinic VO2

has been synthesized using various fabrication methods, each of
which has proven successful in producing high-performance
materials, such as chemical vapor deposition (CVD),11 pulsed
laser deposition (PLD),12 molecular beam epitaxy (MBE),13 and
liquid phase synthesis (LPS).14 These various methods have each
demonstrated remarkable performance characteristics.

The thermochromic properties of VO2 can be further
enhanced through sandwich structures, consisting of layers of
different materials stacked on top of each other. In addition to
significantly improving the VO2 crystal’s quality, window layers
with lattice characteristics equivalent to VO2 can act as a barrier
against particle diffusion between the intermediate layer and
the substrate and act as an antireflecting layer (ARL).15,16 The Tc

and thermal hysteresis width (DH) of the VO2 layer can be
altered by the internal tension brought on by a lattice
mismatch.17,18 In general, carefully considering the materials
employed is necessary to attain the appropriate optical char-
acteristics in constructing sandwich structures. The materials
selected will be determined by the particular application and
the required performance standards.19 In a particular way, the
envisioned advantage of nanowire structures for smart win-
dows lies in the potential to fine-tune the metal–insulator
transition at lower temperatures, facilitating better control over
the window’s transparency in response to external stimuli.
Nanowires, with their higher aspect ratio and altered optical
properties, can influence the transmittance luminosity of smart
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windows. Their unique geometry and changed interaction
with light might enhance light scattering or absorption properties
compared to nanoparticles such as the recently reported, plasmo-
nic Au nanowires,20 silver nanowires,21,22 WO3 nanowires,23

Sb2Se3 ultrathin nanowires,24 and VO2 nanowires.25

This article investigates the effect of Mo, W, and Mo-W oxide
window layers in the ARL coating on the thermochromic
properties of VO2/WO3 sandwich structures on the FTO glass
substrate. Our study focuses on understanding the impact of
Mo concentration on the shape of the nanowires, the electrical
and optical properties of sandwich structures, and how these
properties affect the overall thermochromic performance of the
VO2. The surface morphology plays a significant role in thermo-
chromic applications, particularly in enhancing parameters
like transmittance luminous (Tlum) and solar modulation abil-
ity (DTsol).

II. Materials and methods
1. Deposition of sandwich structures

The thin film multi-layers comprising vanadium (V), molybde-
num (Mo), and tungsten (W) were prepared using metallic
targets of three inches with a purity of 99.9%. The deposition
process involved reactive radio frequency (RF) and direct cur-
rent (DC) magnetron sputtering, utilizing a combination of
argon and oxygen gases, as detailed in Table 1. Before sputter-
ing, the chamber underwent a vacuum pump down to a
pressure of 7 � 10�7 Torr. Cleaned FTO (6 O square�1)
substrates were utilized for depositing the thin films. These
FTO glass substrates were cleaned under ultrasonic conditions
with acetone and isopropyl alcohol for 15 min, followed by
rinsing with deionized water and high-purity nitrogen gas. All
samples were heated to the desired temperature in the sputter-
ing chamber and left for 30 minutes to stabilize the substrate
temperature. A working pressure of 5.1 � 10�3 Torr was
maintained throughout the processes. The thicknesses of the
V–O, W–O, and Mo–O films were controlled by adjusting the
deposition time. By keeping constant film deposition times,
the film thicknesses of V–O, W–O, Mo–O, and Mo–W–O films
were consistent across all samples. The deposition parameters
are illustrated in Table 1. The deposition parameters control
the window layer’s nanowire growth through the materials’
deposition rate.

While Mo0.2W0.8O3 was a composite film combining Mo and
W, the film was created under specific conditions, with an
oxygen environment of 12.1 sccm and an argon flow of 50 sccm,
and the power applied to the Mo and W targets during the

deposition process was 27 W and 110 W, respectively. The
entire deposition process lasted 16.7 minutes for both Mo
and W targets. The primary objective of this layer was to
incorporate a small quantity of Mo atoms into the WO3 film
to produce a high-quality layer with anti-refractive and anti-
oxidative properties. Our previous research26–28 has indicated
that this layer exhibits exceptional transmission characteristics
and favorable electrical performance. It is worth noting that the
optimization of the Mo content within the WO3 film has been
thoroughly explored in previous studies.28 Moreover, following
the sputtering process, VO2 was subjected to an in situ treat-
ment at a temperature of 400 1C for 2 hours, with an argon flow
rate of 50 sccm.

For simplicity, V, W–V–W, MoW–V–W, and Mo–V–W are
used which represented the VO2, WO3/VO2/WO3, Mo0.2W0.8O3/
VO2/WO3, and MoO3/VO2/WO3 samples.

2. Characterization techniques

The optical transmission (T) was evaluated using a UV-Vis-NIR
spectrophotometer attached to a heating stage, specifically the
UV-3600i Plus model by Shimadzu. The surface morphology
was analyzed using a field emission scanning electron micro-
scope (FESEM), specifically the ZEISS GeminiSEM 500.
Raman vibrational modes were captured using a Renishaw
inVia confocal Raman microscope with a 532 nm laser beam.
X-ray photoelectron spectroscopy (XPS) measurements were
performed using a Thermo Scientific K-alpha XPS system,
employing an Al Ka source and a spot size of 400 mm. A source
meter system measured the electrical I–V phase transition
under temperature changes, including a connected heating
stage. An in situ Quartz crystal monitor within the sputtering
system collected the thickness measurements. Additionally, a
Filmetrics F20 Thin Film Analyzer is used to corroborate the
sample thickness, showcasing a minimal deviation of
around 1 nm.

III. Results and discussion
1. Structural properties (Raman spectroscopy)

In Fig. S2(b) (ESI†), in the additional information section, the
XRD pattern of the deposited VO2 thin film is presented,
indicating a monoclinic phase with a JCPDS card number
[#96-153-0871] and a space group of C12/m1(12). Various dif-
fraction peaks appear at 2y = 15.451, 20.491, 31.281, 47.691, and
62.321. The unit cell parameters are a = 12.03000 Å, b =
3.69300 Å, and c = 6.42000 Å, with an angle of b = 106.1001.
Fig. S2(c) (ESI†) in the additional information section shows the
Raman spectra of VO2 thin films. The most crucial peaks within
the VO2 layer are related to lattice motion involving V–V bonds
(at 132 and 229 cm�1), along with the vibrational modes
of V–O bonds in the VO2 monoclinic insulating phase (at 500
and 828 cm�1).29–31

It is also more interesting to present the Raman spectra of
MoO3, WO3, and Mo0.2W0.8O3 thin films, as represented in
Fig. S3 (ESI†) in the additional information section. In the

Table 1 The deposition parameters of the deposited multilayer films

Parameters V–O W–O Mo–O Mo–W–O

Power (W) DCV/190 RFW/137 RFM/137 RFM–W/137
Ar (sccm) 41 37.1 37.1 37.1
O2 (sccm) 2.2 12.1 12.1 12.1
Time (min) 7.5 7.5 16.7 16.7
Thickness (nm) 50 100 100 120
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MoO3 thin film, the prominent peaks at 820, 860, and 994 cm�1

correspond to the a-MoO3 crystal phase and M–O stretching
modes.32–34 Weaker peaks at 190, 283, 336, and 352 cm�1 are
linked to Mo–O bending mode,35,36 while the 658 cm�1 peak
relates to triply coordinated oxygen Mo3-O stretching.37 In the
WO3 layer, the monoclinic phase is characterized by peaks at
270 and 326 cm�1.38 The WO3 structure is confirmed through
the lattice mode peak at 132 cm�139 and stretching mode peaks
of W–O–W bonding at 711 and 810 cm�1.38 For Mo0.2W0.8O3

thin films, Raman peaks are weak, whereas distinguishable
prominent peaks for WO3 imply significant structural disrup-
tion caused by the introduction of Mo.

Nevertheless, examining the multilayer sandwich structures
of the prepared samples can provide additional insights into
the strain effects of VO2, as illustrated in Fig. 1. Within the VO2

layer, specific peaks play a crucial role in characterizing the
lattice motion involving V–V bonds (132, 144 387, 305 and
222 cm�1), as well as the vibrational mode of V–O bonds in the
VO2 monoclinic insulating phase (500 and 828 cm�1).29–31,40,41

In the case of the top MoO3 thin layer, the most robust peaks
observed at 820, 860, and 992 cm�1 correspond to the a-MoO3

crystal phase and the M–O stretching modes.32–34 Additionally,
weaker peaks are detected at 191, 284, 335, and 350 cm�1,
which are attributed to the bending mode of Mo–O,35,36 while
the peak at 658 cm�1 is associated with the triply coordinated
oxygen Mo3–O stretching.37 Moving on to the WO3 layer, the
monoclinic phase is identified by peaks at 267 and 327 cm�1.38

The WO3 lattice mode is confirmed by the peak observed at
133 cm�1,42 and the stretching mode peaks of W-O-W bonding
are scanned at 710 and 810 cm�1.43 Finally, the Raman peaks of
Mo0.2W0.8O3 thin films exhibit moderate intensity.

2. Surface morphology of the top window-layer

It is known that VO2 is one of the attractive, strongly correlated
oxides that involve high lattice strain effects that can easily
control the deposition of various materials on its surface.

Different studies show that reactive DC magnetron sputtering
is used to deposit nanowires and nanorods with a high aspect
ratio.44 The growth of different morphologies of VO2 has been
controlled in the sputtering system, as reported before.45 Our
previous research28 delved into the growth patterns of various
metal oxides at 400 1C. Fig. S1(a) and (b) (ESI†) in the additional
information section show the surface structures of VO2 and
MoO3 thin films. By employing high vacuum conditions during
deposition, coupled with an optimal sputtering temperature of
40 1C, we achieved the ideal setting for generating nanostruc-
tures and uniformly distributed thin films. Notably, nanowires
manifest in VO2, while MoO3 exhibits growth in the form of
nanosheets. However, depositing the sandwich structure affects
the surface growth of the VO2 layer due to its lattice strain,
which can influence the growth of MoO3 on its surface.

The top FE-SEM images of W–V–W, MoW–V–W, and
Mo–V–W sandwich samples unveil a fascinating evolution of
nanowire-based structures, shedding light on the intricate
nature of these composite materials. In Fig. 2(a) and (b), the
W–V–W sample exhibits an initial morphology characterized by
a dense and compact structure, with large grains (approxi-
mately 139 nm in size) uniformly distributed. However, in
Fig. 2(c) and (d), with an increased concentration of Mo in
the top layer of the MoW–V–W sample, the presence of delicate
nanowires becomes evident, signifying the early stages of sur-
face morphology transformation. Observations indicate the
presence of nanostructured wires, with dimensions of roughly
60 nm in length and 20 nm in diameter, which appear to
develop atop the grains. This formation results in clearly
demarcated regions separated by grain boundaries.

As the process continues, further increasing the Mo atom
concentration until reaching MoO3 on the top surface, a
profound transformation is observed, resulting in a well-
defined and visible nanostructured surface. Fig. 2(e) and (f)
depicts the Mo–V–W sample, where short nanowires are uni-
formly distributed across the entire surface. Notably, the

Fig. 1 Raman spectra of W–V–W, MoW–V–W, and Mo–V–W samples. The inset shows the main VO2 peak at 144 cm�1.
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nanoparticles’ size remains unchanged compared to the
MoW–V–W sample. These short nanowires, characterized by their
slender and tapered structures, significantly contribute to the
overall surface texture, providing a light-harvesting surface that
holds great promise for applications in intelligent windows.

3. XPS

To seek the origin of different thermochromic properties of
samples upon varying the top layer of the sandwich structure,
the XPS analysis is carried out on both the Mo–V–W and
W–V–W samples to examine the composition and valence states
of the prepared films. The corresponding results are displayed
in Fig. 3 and 4. In Fig. 3(a), the analysis of Mo–V–W and the XPS
spectra revealed the presence of the V2p, O1s (Fig. 3(b)), and
Mo3d (Fig. 3(c)) photoelectron spectra. The peaks were decon-
voluted using a Gaussian function to ascertain the films’

chemical state and stoichiometry. Due to spin–orbit splitting,
the V2p3/2 spectra display characteristic two-peak patterns at
517.1 eV and 517.9 eV, corresponding to the oxidation states of
V4+ and V5+, respectively. For O1s, the core peak was split into
two peaks corresponding to an oxygen ion ‘‘O2�’’ at 530 eV and
oxygen vacancies ‘‘VO

2+’’ at 533.12 eV. High-resolution XPS in
Fig. 3(c) showed the enlarged spectra of Mo3d between 227 eV
and 240 eV binding energies, which exhibited dual peaks, with
Mo3d5/2 and Mo3d3/2 peaks. These peaks correspond to molyb-
denum in Mo6+ oxidation states. The binding energy difference
of Mo3d5/2 and Mo3d3/2 is 3.12 eV, which fits well with the
reported values.46,47

The XPS analysis of the W–V–W sample is presented in
Fig. 4. The survey spectrum in Fig. 4(a) shows the existence of
O, W, and V. Deconvolution of V2p3/2 also reveals two peaks at
516.41 eV and 517.11 eV, for V4+ and V5+, oxidation states,

Fig. 2 FE-SEM images of (a) and (b) W–V–W, (c) and (d) MoW–V–W, and (e) and (f) Mo–V–W samples. (a), (c), and (e) show a high resolution of 250 KX,
while (b), (d), and (f) represent 50 KX resolutions.
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respectively. The high resolution of the O1s core peak shows an
oxygen ion peak of ‘‘O2�’’ at 529.78 eV and oxygen vacancies
‘‘VO

2+’’ at 532.24 eV (Fig. 4(b)).48 In addition, from the decon-
volution of the W4f core peak in Fig. 4(c), W is present as W6+

with W4f7/2 and W2f5/2 at 35.02 eV and 37.21 eV binding

energies, respectively. These binding energies were consistent
with previously published values of the W6+ oxidation state
WO3.38,42

The integrated surface ratio of V4+/V5+ in Mo–V–W is 1.87,
indicating a higher proportion of V4+ valence than the W–V–W

Fig. 3 (a) XPS survey spectrum of the M–V–W sample. (b) Enlarged spectra of V 2p3/2, V 2p1/2, and O 1s and (c) Mo 3d peaks.

Fig. 4 (a) XPS survey spectrum of the W–V–W sample. (b) Enlarged spectra of V 2p3/2, V 2p1/2, and O 1s and (c) W 2f and V 3p peaks.
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sample, which presents a lower V4+/V5+ ratio of 1.37. It is
generally thought that W6+ and Mo6+ as solutes penetrate the
crystal lattice of VO2 and substitute the V4+ ion, creating donor-
like defects (both W6+ and Mo6+ ions with valences higher than
V4+ ions). The lower V4+/V5+ ratio in the W–V–W sample relative
to the Mo–V–W sample is attributed to the possibility of over-
doping VO2 thin films by W atoms migrating from both upper
and lower layers.47 However, in the Mo–V–W sample, the co-
doping of W6+ and Mo6+ ions contribute separately to the
increasing V4+/V5+ ratio.19,49,50

4. Electrical properties

Fig. 5 illustrates the temperature-dependent sheet resistivity of
V, W–V–W, MoW–V–W, and Mo–V–W samples. The graph
showcases the variation in sheet resistivity with changing
temperatures. Initially, all samples exhibit thermochromic
properties with a relatively high sheet resistivity in KO order
(Table 2). As the temperature increases, a significant decrease
in sheet resistivity of up to four orders of magnitude is observed
for the samples with MoO3 as a window layer. This remarkable
change indicates a notable improvement in the electrical con-
ductivity properties of the sandwich samples compared to the
reference sample V.

The amplitude of transition (DR), representing the resis-
tance change from room temperature above 85 1C, and the

hysteresis widths (DH), calculated as the difference between Tc

values measured during heating and cooling cycles are also
discussed. The Tc value of the W–V–W sample with a WO3

window layer is 43 1C, while for the MoW–V–W sample with a
Mo0.2W0.8O3 window layer, it is 43.6 1C. However, Mo–V–W
samples presented the lowest recorded Tc behavior of 36.8 1C.
Those values of the three samples are lower than the observed
transition temperature of VO2 of the order 54 1C.

Furthermore, the DR and DH values change according to the
window layer used in W–V–W, MoW–V–W, and Mo–V–W sam-
ples. Comparatively, the W–V–W sample deposited with a WO3

window layer exhibits a lower DR value of 1.95 � 102 O cm�2,
while MoW–V–W with the Mo0.2W0.8O3 window layer pre-
sented a narrower DH of 6 1C with a high DR of 3.5 �
102 O cm�2, indicating superior electrical behavior compared
to the V sample with the smallest DR (1.7 � 102 O cm�2)
and a DH value of 12 1C. Mo–V–W presented a higher DR of

Fig. 5 Temperature-dependent sheet resistivity of (a) V, (b) W–V–W, (c) MoW–V–W, and (d) Mo–V–W samples. Tc calculated from d(log R)/dT B T with
Gauss fitting plots in insets.

Table 2 Tc, DR and DH of V, W–V–W, MoW–V–W, and Mo–V–W samples

Samples Tc (1C) DR (O cm�1) DH (1C)

V 54 1.7 � 102 12
W–V–W 43 1.95 � 102 9.6
MoW–V–W 43.6 3.5 � 102 6
Mo–V–W 36.8 3.78 � 102 14.8
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3.78 � 102 O cm�2 and the lowest Tc of 36.8 1C. However, this
sample presents the highest hysteresis DH of 14.8 1C.

A longstanding debate surrounds the nature of the metal–
insulator transition (MIT) in VO2. Some argue for a Mott-type
transition, emphasizing strong electron–electron correlations,
while others advocate for a Peierls-type transition, focusing on
structural changes involving V dimerization. Recently, a hybrid
perspective has emerged, proposing that the MIT in VO2 might
be best described as a Mott-Peierls phase transition, suggesting
that electron–electron correlations and V4+ dimerization con-
tribute significantly to this transition.51–53 As evidenced by the
XPS findings, the W–V–W configuration exhibits a lower V4+/V5+

ratio compared to the Mo–V–W configuration. Consequently,
the Tc of the Mo–V–W samples is lower than that of the W–V–W
samples. Despite the low Tc of Mo–V–W, the Mo migration to
the VO2 lattice results in a broadening of the phase transition
peak (bigger DH); this effect is likely due to the substitution of V
in the VO2 lattice by Mo through doping. Mo will replace the
position of V in the doping process because the radius of Mo6+

is more significant than that of V4+, which results in the
deformation of its crystalline structure due to the size mis-
match. This disparity in ionic radii between Mo6+ and V4+ leads
to decreased activation energy required for MIT, resulting in a
bigger DH and a phase transition sharpness.49,54–56 The work

done by Fan et al.57 indicated that the high defect concen-
tration would cause a hysteresis loop or disappearance of the
shifting effect.

5. Optical properties

The optical transmittance of samples was measured in visible
(vis) and near-infrared (NIR) regions under two different tem-
peratures (room temperature (RT); 25 1C and 80 1C) of the V,
W–V–W, MoW–V–W, and Mo–V–W samples. It is evident from
the presented results in Fig. 6 that the transmittance in the
visible region remains relatively constant for all the samples.
The following formulas were used to calculate the integrated
solar transmittance (Tsol, 300–2500 nm) and luminous trans-
mittance (Tlum, 380–780 nm)58:

Tsol=lum ¼
Ð f
sol=lumðlÞTðlÞdl

Ð f
sol=lumðlÞTðlÞdl

DTsol ¼ Tsol 25
�Cð Þ � Tsolð80 �CÞ

In this case, jlum(l) is the standard luminous efficiency func-
tion for the human photopic vision, T(l) indicates the film
transmittance at a wavelength (l), and jsol(l) is the solar
irradiance spectrum for air mass 1.5, which corresponds to
the sun standing 371 above the horizon and DTsol is the solar
modulation ability.

Fig. 6 Transmittance spectra at RT and 80 1C of (a) V, (b) W–V–W, (c) MoW–V–W, and (d) Mo–V–W samples.
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To use VO2 in smart windows applications, a technological
obstacle is to raise the maximum Tlum to a respectable level
(450%) while preserving VO2’s high DTsol.

59 The solar trans-
mittance of each sample was computed as a means of illustrat-
ing the solar modulation. The calculated Tsol on the solar
spectra present a similar comportment as Tlum. This suggests
that the structures under investigation have a large impact on
the transmission of not only in the visible light range but also
in the entire solar spectra.

As presented in Fig. 7, Tlum calculated from the transmit-
tance spectra at the RT, it presents a slight decrease from
45.33% to 41.65% in the W–V–W sample compared to the
VO2 thin films’ reference sample (Table 3). The sandwich
structure negatively affected the sample’s transmittance in
W–V–W due to the additional two WO3 layers.48 On the other
hand, DTsol increased to from 9.57% in VO2 to 15.7%. Never-
theless, a considerable improvement in both MoW–V–W
and Mo–V–W of 50.83% and 54.57% was noticed. In
contrary to the W–V–W surface, the nanostructured surface
of MoW–V–W and Mo–V–W acted as a light-harvesting media
reducing the reflectance arrived from the VO2 surface
and acting as an antireflecting layer. Consequently, we notice
a very promising improvement in Tlum. Additionally, in
Table 3, Tlum improvement can be seen to have a direct
relationship with the sandwich samples’ optical band gap
(Eg).7,54 DTsol decreases in Mo–V–W and MoW–V–W to
12.43% and 9.25%, respectively, compared to the W–V–W
sample. It is believed that the defects generated due to the
textured surface negatively affected the solar modulation of
these two samples.

IV. Conclusions

In conclusion, the systematic investigation of nanowire-based
sandwich-structured thin films composed of Mo0.2W0.8O3,
MoO3, and WO3 top layers via physical vapor deposition pro-
vides a detailed understanding of their structural, electrical,
and optical characteristics. Raman spectroscopy confirms the
successful preparation of each thin film, highlighting distinc-
tive vibrational modes and lattice features. FE-SEM images
reveal a fascinating evolution of nanostructures, particularly
with MoO3 as the top layer, showcasing potential applications
in smart window applications. Electrical properties exhibit
significant improvements in conductivity for samples with
MoO3 as a window layer, attributing this enhancement to the
migration of Mo atoms into the VO2 lattice. The observed MIT
behavior is rationalized based on XPS findings. Furthermore,
optical analysis demonstrates promising improvements in
luminous transmittance and solar modulation, especially in
configurations with MoO3 as the top layer. Collectively, these
findings contribute to the knowledge base for developing and
optimizing multifunctional thin films, paving the way for
potential advancements in smart window technologies.
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