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Molybdenum oxide nanostructured thin films were grown on fluorine doped tin oxide (FTO), indium
doped tin oxide (ITO) and ordinary glass substrates by thermal evaporation process without vacuum and
catalysts using molybdenum trioxide (MoO3) powder as a source material and oxygen as a carrier gas.
Various morphologies including nanobelts, disks and hexagonal rod-like nanostructures were obtained by
changing the source and substrate temperatures during the growth of MoOs thin films. Structural param-
eters, morphology, composition and surface features of the films were characterized by XRD, SEM, EDAX,
XPS, AFM and Raman spectroscopy. The films were orthorhombic in structure with preferred orientation
along (0 1 0) plane. Morphology analysis reveals randomly aligned nanobelts with 40 nm in thickness
and a width of 800 nm and 3-12 mm in length. The disks have 1.5 wm diameters, 1 pum thickness
and hexagonal rod-like nanostructures with a length, breath and width of 2 um, 1 xm and 100 nm are
formed. The samples were investigated under dark and photocurrent conditions in H,SO4 aqueous solu-
tion as a function of applied potential. The photocurrent density of samples prepared on ITO and FTO
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substrate samples were compared and the results are discussed.
© 2016 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by Elsevier B.V. and Science Press. All rights reserved.

1. Introduction

Solar energy is able to meet global demand of power by sev-
eral orders of magnitude. Hence, a current priority in solar energy
research is to generate energy in the form of electricity [1-6]. Par-
ticularly, Photo Electrochemical Cell (PEC) is most efficient method
of harvesting solar power. Most metal oxides such as MoOs3, WOs,
V;,05, TiO, and SnO, play vital role in solar energy conversion pro-
cess. These metal oxides generate a pair of electron and hole per
absorbed photon when the energy of the incident photon is higher
than the band gap of the material. This property has been success-
fully used to convert solar energy into electrical energy by photo-
voltaic devices [7-10].

Molybdenum oxide (MoOs3) is one of the very important
types of semiconducting materials which possess excellent elec-
trochromic, optochromic, and gasochromic properties [11-15]. In
the past, MoO3 has been used to manufacture various devices
such as flat-panel displays, electrochromic smart windows, optical
modulation devices, write-read-erase optical devices, sensors and
field emission devices [16-21]. To date, molybdenum oxide is the
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benchmark semiconductor for PEC application due to its chemical
stability and high activity. Crystal size, surface area and morphol-
ogy are the important aspects in the development of such device
applications.

A number of techniques were reported for the deposition
of MoOs, including pulsed laser deposition, thermal evaporation
(vapor-soild and vapor-liquid-solid), sputtering, spray pyrolysis,
chemical vapor deposition, hydrothermal and electrode position.
Among these techniques, the deposition of MoOs using vapor solid
process offers greater advantages as they could produce highly
crystalline and nano dimensional structures. Vapor-solid growth is
historically based on the formation of whiskers. Whisker growth
is a crystalline phenomenon whereby tiny metal grows and fili-
form hairs are formed on the surface of substrate. The vapor-solid
mechanism is a catalyst free process whereas the sublimated vapor
created by heating the source powder is transported to lower tem-
perature zone and get deposited on the substrate to form nanos-
tructure [22,23].

In this work, we report the synthesis of molybdenum ox-
ide nanostructures such as nanobelts, nanodisks and hexagonal
rod-like by vapor-solid process on FTO, ITO and glass substrates
at ambient pressure in a flow of O,. The structural property of
synthesized MoOj5 thin films was characterized by X-ray diffraction
(XRD) analysis using a PANalytical model X’PERT-PRO X-ray diffrac-
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Fig. 1. XRD patterns of MoO; film deposited on glass, ITO and FTO substrates.

tometer system with the Ko radiations from a copper target (A =
1.5418 A). The surface morphology of the thin films was examined
using scanning electron microscope (SEM) (JSM 6390F, JEOL/EO)
and transmission electron microscope (TEM) (JSM 6390F, JEOL/EO).
The film composition was confirmed by energy dispersive X-ray
spectroscopy (EDAX). Raman spectrum was recorded using an
imaging spectrograph STR 500 mm focal length laser Raman
spectrometer (SEKI, Japan). X-ray photoelectron spectrometry
(XPS) analysis was used to analyze the presence of metal-oxygen
(SEKI, Japan). Photocurrent density, incident photon-to-current
efficiency (IPCE) and photoconversion efficiency were measured
by an electrochemical analyzer (Autolab PGSTAT30, Tennison Hill
Drive Austin, USA) in a standard three electrode configuration with
a platinum foil as counter electrode, a saturated calomel electrode
(SCE) as reference electrode, and MoOs thin film as photoanode.
The potential was swept linearly at a scan rate of 20 mV/s. A 1
kW mercury lamp (Austin, USA) served as the UV light source,
with an AM1 filter to simulate solar conditions. Linear sweep
voltammograms were measured in the potential range of —1.0 V
to +1.6 V at a scan rate of 10 mV/s.

2. Experimental

Molybdenum oxide nanostructured thin films were grown by
a thermal evaporation method. Molybdenum tri-oxide powder
(MoOs3) was used as the source material. A quartz tube is fixed in
a horizontal tubular furnace (Thermolyne-4700) without vacuum
system. 2 g Molybdenum tri oxide powder was sprinkled in an alu-
mina boat and placed at a constant high temperature maintained
area of the quartz tube. Indium tin oxide coated glass (ITO), flu-
orine doped tin oxide coated glass (FTO) and ordinary glass sub-
strates were positioned at 22-27 cm distance from the alumina
boat along one side of the quartz tube. The temperature of the
tubular furnace was increased at a constant rate of 10 °C/min from
room temperature to source vaporizing temperature at 720 °C. Af-
ter attaining the vaporizing temperature, an oxygen flow of 50
sccm was admitted through the quartz tube, introduced by the
side closer to the molybdenum oxide source and maintained for

6 h. In the mean time, the substrate temperature was maintained
around 450 °C. Next, the temperature of the tubular furnace was
constantly decreased at a constant rate of 30 °C/min from the
source vaporization temperature to room temperature. During the
process, molybdenum oxide powder was heated and vaporized in
the higher temperature zone and deposited onto the substrates at
the lower temperature zone [24,25].

3. Results and discussion
3.1. Structural analysis

The X-ray diffraction patterns of molybdenum oxide thin films
deposited on different substrates at 450 °C are shown in Fig. 1.
These patterns exhibit several peaks along different orientation
planes including three dominant planes (020), (040) and (060).
This reveals that the samples are polycrystalline in nature. The
film deposited on FTO substrate exhibits «-MoOs orthorhombic
structure as confirmed from JCPDS index (Card no: 05-508) with
cell parameters, a = 3.962 A, b = 13.850 A, ¢ = 3.697 A. The
strong diffraction peaks appear at 260 angles 12.9°, 25.8° and 39.1°
correspond to the (020), (040) and (060) planes, respectively. Films
on glass and ITO substrates exhibit (110) and (021) peaks with less
intensity and indexed to B-MoOs crystal structure using JCPDS
data (Card No. 65-2421). The film on FTO substrate exhibits higher
intensity and consist of only orthorhombic «w-MoOs3 structure
[26-28].

The crystallite size (D), dislocation density (8) and strain (&) are
calculated using the relations:

kA
b= B 050 (1)
1
8= D2 (2)
e ,BCZSQ 3)

A comparison of average particle size, microstrain and disloca-
tion density of the thin films coated on glass, ITO and FTO sub-
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Fig. 2. Comparison of particle size, microstrain and dislocation density of MoOs film deposited on glass, ITO and FTO substrates.

strates are shown in Fig. 2. It is observed that the average particle
size is maximum around 84.6 nm for film coated on FTO substrate
and 68.4 and 62.3 nm for films coated on ITO and glass substrates.
At the same time, the microstrain and dislocation density are min-
imum for thin film coated on FTO substrate and maximum for thin
film deposited on ITO and glass substrates.

3.2. Laser Raman spectroscopy analysis

The Raman spectra of MoOs thin films deposited on FTO, ITO
and glass substrates at 450 °C are shown in Fig. 3. Strong Raman
peaks are present at 304, 670, 822, and 993 cm~! for all the
samples. The peak at 304 cm~! represents the bending mode
for the double bond (Mo = O) vibration. The 670 cm~! peak
is assigned to the triply coordinated oxygen (Mo3—-0) stretching
mode, which results from edge-shared oxygen atoms in common
to three adjacent octahedra. The peak at 822 cm~! is for the dou-
bly coordinated oxygen (Mo,-0) stretching mode, which results
from corner-sharing oxygen atoms common to two octahedral. The
peak at 993 cm~! is assigned to the terminal oxygen (Mot = 0)
stretching mode, which results from an unshared oxygen. Other
peaks at 388 and 349 cm~! can be assigned to Mo3;-0 and Mo=0
bending modes, while the peak at 479 cm~! has the same band
assignment as that of 670 cm~!.

In addition, two weak peaks at 177 and 257 cm~! represent
the bending mode of Mo,-0. All the thin films exhibit same wave
numbers (304, 670, 822 and 993 cm~!) with different intensities
[29-32]. The peak positions are in good agreement with those re-
ported in literature for the orthorhombic MoOj crystalline phase.
The observed wavenumbers are summarized in Table 1 and com-
pared to the reference data reported by Jian Zhen Ou et al. [33].

3.3. X-ray photoelectron spectroscopy (XPS) analysis

The chemical composition of MoOs; thin films was investi-
gated by X-ray photoelectron spectroscopy. Fig. 6 shows the wide

Table 1. Comparison of observed and reported MoO; Raman bands.

S.No Observed wave Work by Jian Zhen Ou  Raman groups and

numbers et al. assignment
(cm™1) (cm™1)
1 177 173 Bending mode of
Mo,-0
2 257 284 Bending mode of
MOz—O
3 304 298 Mos-0 and Mo = O
bending modes
4 349 339 Mos-0 and Mo = O
bending modes
5 388 376 Mos-0 and Mo = O
bending modes
6 479 471 Mos-0 stretching mode
7 670 666 Mos-0 stretching mode
8 822 821 Mo,-0 stretching mode
9 993 995 Mo+ = O stretching

mode

scan XPS spectrum with the binding energy range of 0-800 eV
for MoO3 thin films deposited on ITO and FTO substrates. The
spectrum shows that the main constituent elements of annealed
thin films are molybdenum and oxygen atoms. The photo-electron
peaks of the main elements, Mo and O peaks were obtained, to re-
veal the compositional purity and quality of the MoOs films. The
core level spectra of Mo 3d and O 1 s in MoOj3 films are analyzed.
The two components associated with Mo 3ds;, and Mo 3d3); sp
in orbit doublet at 233 and 235 eV, respectively, are in agreement
with previous literature reports for Mo®* in MoO; stoichiometric
thin films. The integrated areas of the Mo-3d and O-1 s peaks were
used to determine the concentrations of Mo and O on the film sur-
face. The peaks located at 416 and 398 eV were the molybdenum
Mo 3Py, and Mo 3P;), respectively. The peak situated at 283 eV
related to the carbon C 1 s due to the contamination of carbon on
the surface since the films were exposed to the atmosphere. The
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Fig. 3. Laser Raman spectra of MoOs thin films deposited on glass, ITO and FTO substrates.
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Fig. 4. XPS spectra of MoOs; thin films deposited on ITO and FTO substrates.

peaks located at about 18 and 35 eV related to the O 2 s and Mo
4d, respectively (Fig. 4).

3.4. Scanning electron microscope analysis

Scanning electron microscope images of molybdenum oxide
nanostructures such as rectangular prism, disk and belt are shown
in Fig. 6. The length and breadth of these structures are several
microns and the thickness is consistently in nanometer range. The
formation of these nanostructures may be explained by Vapor-
Solid (VS) mechanism. In our deposition method, molybdenum

Fig. 5. SEM images of MoO; thin films synthesized on (a) glass, (b) ITO and (c) FTO
substrates at 400 °C.

oxide vapor is created by heating the source powder at elevated
temperature around 700 °C in a high temperature zone and trans-
ported to a lower temperature zone 400-450 °C through carrier
gas (0,). During this period vapors are adhered onto the substrates
such as glass, ITO and FTO substrates to form film. The formation
of different morphological nanostructures is influenced by the syn-
thesis factors such as source and substrate temperature and carrier
gas in vapor solid process. The substrate temperature plays a vital
role in controlling the nucleation and growth of MoOs3 nanos-
tructures [34-36] and it determines how much vapors condensed
to form nanostructures. The substrate temperature is varied by
changing the position of the substrates from the source in the
tubular furnace. The nucleation process depends on the interfacial
energies between the substrate and vapors reacting on it.

At substrate temperature below 400 °C fewer amount of vapor
is condensed on their surface. Initially, vapors are adhered onto
the substrate surface and create isolated patches. Subsequently,
these isolated patches coalesces and grow together to form ran-
domly aligned roomy leaves and morsel like structures as shown
in Fig. 5(b) and (c). The ITO and FTO substrates are previously
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Fig. 6. SEM images of MoOs thin films synthesized on (a) glass, (b) ITO and (c) FTO
substrates at 450 °C.

coated with few microns of indium and fluorine doped tin oxide,
respectively. It interacts with more molybdenum oxide vapors and
easily facilitates the growth of crystal structure. Even though MoO3
was coated onto glass substrates, vapors do not easily interact and
condense on their surface which results no specific morphology
was formed as shown in Fig. 5(a). When the substrate temperature
is increased in the range of 400-450 °C more vapor is condensed
onto the substrates and well cleared crystalline structures such
as belt, disk and hexagonal rods are formed as shown in Fig. 6.
The nanobelts are highly dense with asymmetrical distribution as
revealed by the magnified image of a top view shown Fig. 6(c).
The nanobelts are straight and smooth, about 3-5 pum length
with diameters ranging from 40 to 350 nm. The disk with an
average length, breath and width of 1.5 um, 1 um and 500 nm,
respectively is found on ITO substrate as shown in Fig. 6(b). The
hexagonal rods (inset Fig. 6a) with a length, breath and width of
2 um, 1 um and 100 nm are formed on glass substrate as shown
in Fig. 6(a). The thickness of the ITO and glass substrates were
lesser (around 2 mm) compared to FTO (4.2 mm). Both substrates
were heated rapidly and they adsorbed more vapor to form
blurred crystal structures. FTO substrates were steadily heated and
molecules were one by one to form well aligned morphology [37].

As can be seen from the SEM images, the morphology of
MoOj; thin films differs depending on the type of substrates. Such
morphology difference can be explained by the difference in the
surface level of the substrates. Higher density grains on the FTO
substrate provoke large amount of nuclei that can further coales-
cence and promote the lateral growth of the crystal. The resistivity
of the substrates might also play a role for the difference in
final shape of the MoOs3 crystals. In our case, the ITO has lower
resistivity (p~15-20 Q/cm) than FTO substrate (p~150 Q/cm) that
conductive substrates greatly affect the structural properties of
MoOj; thin films.

3.5. Compositional analysis

The energy dispersive X-ray analysis (EDAX) of MoOs thin films
prepared on FTO, ITO and glass substrates is shown in Fig. 7. It is
observed that molybdenum and oxygen are present, indicating that
the nanostructures are composed only by Mo and O atoms. Fig. 8
shows the molecular weight of molybdenum and oxygen content
in MoOjs thin films prepared on FTO, ITO and glass substrates. Thin
film deposited on FTO substrate reveals good O/Mo weight ratio
nearly equalent to 3. It is found that MoOjs thin films synthesized
on FTO substrates possess good stoichiometry compared to films
prepared on ITO and glass substrates [38,39].

3.6. Atomic force microscope analysis

The surface topography studies on MoOjs films were carried out
using an atomic force microscope. AFM images of films deposited
on ITO and FTO at a substrate temperature 450 °C are shown in
Fig. 9. MoOs thin films prepared on ITO substrate with 300 nm

@ - (b) (c)

Fig. 7. EDAX spectra of MoO3 deposited on (a) glass, (b) ITO and (c) FTO substrates.
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Fig. 8. Atomic percentage of MoO; thin films prepared on glass, ITO and FTO
substrates.

Fig. 9. AFM 2D and 3D view of MoOs on ITO (a) and (b), and FTO (c) and substrates
(d).
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thickness exhibit combined plates like hillock structures of the or-
der of 1-2 um length and breadth as shown in Fig. 9(a). During
the initial stage of synthesis, the molecules are attached to form
column like nanorods and the rods collaged together to form bulk
plates or hillock structures as shown in two dimensional topogra-
phy view in Fig. 9(b).

At the same time, relatively flat uniform surface in the form
of rectangular nanobelts is formed on FTO substrate as shown in
Fig. 9(c). No agglomerated grains are viewed on the surface of
nanobelts and it is highly smooth as shown in Fig. 9(d). FTO sub-
strate was fully covered with nanobelts directed towards various
directions (more MoO3; molecules are attached) and the roughness
is higher in the order of 0.79 A compared to ITO substrate (0.54 A)
[40-42].

3.7. Photoelectrochemical study

The photoelectrochemical (PEC) measurements were carried
out in a potentiostatic system (Autolab PGSTAT30) with molybde-
num oxide film as the working electrode, platinum as the counter
electrode and a saturated calomel electrode (SCE) as a reference
electrode. All potentials are measured against SCE. An aqueous
solution of 0.5 M H,SO,4 was used as the electrolyte and irradia-
tion was provided by a 1 kW Xe arc lamp with an AM1 filter to
simulate solar conditions. For monochromatic irradiation experi-
ments, a monochromator was positioned between the source and
the photoelectrochemical cell. Linear sweep voltammograms were
measured, scanning from —1.0 V to +1.6 V at a scan rate 10 mV/s
[43-48].

Photoconductivity is a phenomenon in which samples become
electrically conductive to the illumination of light. When light is
absorbed by the sample, the number of free electrons and holes
changes and raises its electrical conductivity. Photo current density
response results under dark and illumination condition are shown
in Fig. 10. It is observed that photo current of all the samples in-
creases dramatically with applied bias voltage. The light is illu-
minated on the samples under a positive potential and electrons
are continuously released with increase in photo current. The pho-
tocurrent of MoOs thin film on FTO substrate is found to be 6.2
mA/cm?. This is 2 times greater than for the MoOs thin film coated
on ITO. Under the dark condition no measurable current was de-
tected for both the MoOs thin films up to the bias voltage 1.25 V.
When the applied voltage is increased, MoOs thin film on FTO sub-
strate conducts weak current around 1 mA/cm?. The dark current
of MoOs thin film on ITO substrate remains unchanged.

Table 2. Power output characteristics of MoOs thin film based photoelectrochemical
solar cell.

SL.No.  MoOs thin I Inp Voo  Vwe FF
films substrate  (A/cm?) (m~2) (V) (V) (%)
1 ITO 33 x 10°° 1.6 x 1073 1.25 1.20 0.48
2 FTO 6.3 x 1073 4.6 x 1073 1.25 1.20 0.70
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Fig. 11. Photoconversion efficiency of MoO; thin films on ITO and FTO substrates.

Samples are found to be responsive only under the illumina-
tion of light. It indicates that MoOs; films are photoconductive
in nature. The photosensitivity of samples was determined us-
ing the relation S = ohfod and calculated to be 4.79 and 3.64
for FTO and ITO sample, respectively. The measurement of inci-
dent photon-to-current-conversion efficiency (IPCE) is defined as a
percentage quantity of the number of collected excited electrons
over the number of incident monochromatic photons. The incident
photon-to-current efficiency (IPCE) was calculated from the follow-
ing equation [49-51].
1240/, x 100

APy

where J,;, is the photo current density (mA/cm?), ‘A’ is the wave-
length of the incident light (nm) and Py is the incident light power
density (mW/cm?). The fill factor (FF) is essentially a measure of
the PEC cell quality. The FF values are calculated by the following
equation and tabulated in Table 2.

IPCE(%) = (4)

FE — Vmp-Imp 5)
Voc-Isc

where V¢ is the open circuit potential (V), Isc is the short-circuit
current density (A/cm?2), Iyp is the maximum current at the max-
imum power output point (A/cm?) and Vyp is the maximum volt-
age at the maximum power output point (V).

The photoconversion (light energy to electrical energy) effi-
ciency (&) of PEC in the presence of a bias potential was cal-
culated from the following equation as shown in Fig. 11.

€eff(Ph0t0) (%) = Jp[Erey — [Eapp] x 100/ (Io) (6)

where J, is the photocurrent density (mA/cm?), Ere,” is the stan-
dard reversible potential (1.23 V), I, is the power density of
the incident light (mW/cm?) and |Espp| is the absolute value of
the applied potential Eapp, which is obtained from the following
equation

Eapp = (Emeas - Eocp) (7)
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where Emeas is the electrode potential of the working electrode at
which J, was measured under illumination and Eop is the applied
potential at open circuit under the same illumination at which J,
was measured [52-54]. The photoconversion efficiency of FTO sub-
strate substrate MoOs film was 7.3%. This efficiency was 2.1 times
larger than the value obtained for the film on ITO substrate (3.4 %).

MoOj; thin films deposited on FTO and ITO substrates exhibit
different nanostructures such as nanobelt and nanodisk respec-
tively. MoO3 thin films on FTO substrate have higher surface to
volume ratio. The surface to volume ratio plays a significant effect
on the photocurrent measurement. Further, the enrichment of pho-
tocurrent and photoconversion efficiency was observed for MoOs
thin film on FTO substrate because more molecules were accumu-
lating on their surface. The nanobelts occupied with well defined
morphology with porous nature are suitable to achieve higher pho-
toconversion efficiency. This result shows that the thin films de-
posited on FTO substrates generates more photo current than the
thin films deposited on ITO substrates which makes them promis-
ing candidates for solar cells.

4. Conclusions

In this work, we report an inexpensive method to produce
nanocrystalline molybdenum oxide thin film with different mor-
phology including belt, diskette and rectangular prism on FTO,
ITO and glass substrates. The substrates temperature plays a vital
role to the formation of different nanostructures. XRD results
showed that films are polycrystalline with a-orthorhombic struc-
ture. The chemical composition and stoichiometry of the film
was confirmed. Surface analysis indicates that film coated on
FTO substrate was fully covered with randomly aligned nanobelt
and mean roughness was higher compared to films on ITO and
glass substrates. MoOs thin film on FTO substrate exhibited
higher photocurrent (6.2 mA/cm?2) and photoconversion efficiency
(7.3%) under the illumination of light compared with film on
ITO substrate (3.35 mA/cm? and 3.4%). Our results indicate that
MoOj3 film synthesized on FTO exhibits promising properties for
photochromic device applications.
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