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The authors report the fabrication of morphologically controlled a-MoO3 hierarchical microspheres (MSs)
with the nanoflakes (NFs) on nickel coated glass substrate using a facile low cost physical vapor
deposition (PVD) routes without any template or surfactant. The synthesis mechanism of MSs includes
the sequences of plasma assisted sublimation and thermal evaporation processes in three independent
steps. It is experimentally demonstrated that the nanostructured thin film with vertically aligned NFs

during first growth step provides a seed layer for the growth of MSs. The morphological, structural,
and optical properties of MoO3 MSs are investigated systematically as function of substrate/growth
temperatures. The obtained results endorse the surface morphology of a-MoO3 MSs are strongly
depending on the growth temperature at the final growth step. HRTEM analysis with SAED assured that
NFs existing on the surface of MoO3 MSs are single crystalline in nature. The vibrational study of
molybdenum and oxygen atoms in MSs is carried out by micro-Raman and infra-red (IR) spectroscopy,
which evident the presence of single orthorhombic phase of MoO3 MSs and agreed with XRD results.
The MoO3 MSs exhibit photoluminescence (PL) in the UV–visible region at room temperature and the
emission is observed to be strongly enhanced with the increase of substrate/growth temperature in
accordance with the improvement in the degree of crystallinity characterized by XRD analysis.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

It is conceived that there is a very close relationship between
the morphology and the properties of inorganic materials. For
example, isotropic and anisotropic behavior is strongly related to
the size, shape and dimensionality of the materials [1]. As a result
there has been considerable effort in synthesizing inorganic mate-
rials with controlled shapes of architectures, which are desirable
for many applications in optics, electronics and in energy storage
devices. In particular, the alignment of nanostructure building
blocks or the structure morphology on the surface of inner core
(nanoparticles, nanorods, and nanoflakes) into three dimensional
(3D) ordered microstructures by bottom-up approaches has been
an exciting field in recent years for new technological applications
[2]. To date, a wide variety of inorganic materials, including metal,
metal oxide, sulfide and other materials have been successfully
synthesized with hierarchical shapes [3–8]. Among all transition
metal oxides with diverse morphological structure have a wide
range of potential applications. Specifically, nanostructured
transition metal oxides are of significant interest due to their
applications in the field of sensors, photo-catalysis, electrochromic,
field emission and solar energy devices [9–11]. As a wide band gap
semiconducting material molybdenum oxide (MoO3) has received
considerable attention over the past few years owing to its diverse
application in various fields such as elements for the information
display, energy-efficient window technology, optical switching
coating, high density memory devices, gas sensors, heterogeneous
catalysis and positive negative photo resistivity [12–17]. The
variety of MoO3 nanostructures, such as nanowires, nanotubes,
nanobelts, nanostars, nanorods, nanoflakes, and nanospheres has
been prepared by using different routes. Zhou et al. [18] grown
a-MoO3 nanowires by using a thermal evaporation method under
vacuum conditions at very high boat temperature 1100 �C on
silicon substrates. Diaz-Droquett et al. [19] synthesized the molyb-
denum trioxide nanostructures such as nanoribbons, nanofibers,
nanoniddles and nanoparticles by direct thermal evaporation of
MoO3 powder at high temperatures. Liu et al. have reported the
growth of hollow nanospheres of MoO3 and WO3 assembled with
the polymeric micelles by using a soft template of polymeric
micelle with the core–shell–corona architecture [8]. Dense MoO3

nanoparticles as well as the hollow microspheres are reported so
far [20,21], no MoO3 microspheres with solid inner core by the
facile deposition route have been reported. Among the various
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Fig. 1. Schematic diagram of experimental setups employed to grow MoO3 MSs: (a)
set up used in the plasma assisted sublimation process. (b) Set up used in thermal
evaporation process. (c) Cross-sectional view of deposited films during each growth
step with the respective thicknesses.
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morphological structures mentioned above, hierarchical micro-
spheres, especially those with uniform shape and size have at-
tracted much attention because of their large surface area,
mechanical and thermal stabilities. The importance of hierarchical
microstructures of metal oxides from the applications point of
view, motivates us for the current work. Most of the groups have
synthesized hierarchically structured nano/microspheres with the
assistance of the templates and surfactants by chemical routes.
Although chemical routes work but has some boundaries. For in-
stance, chemical routes are complex, more or less produce contam-
ination, need several steps of washing, purification, and drying, etc.
The PVD process demonstrated in this paper is very simple and ra-
pid growth process, which is also benign to the environment, may
lead to large-scale industrial production.

In this communication, we present a low cost and controllable
physical vapor deposition (PVD) strategy to fabricate hierarchical
MoO3 MSs on nickel coated glass substrate. The PVD growth strat-
egy basically includes the two different synthesis processes as
plasma assisted sublimation process and thermal evaporation
route in three individual steps. The morphological and structural
studies divulge that the features and the alignment of NFs on the
surface of MSs are strongly dependent on substrate temperature.
At low substrate temperature flakes are randomly aligned on the
surface of MSs, while the flakes assembled and form bunches at rel-
atively high growth temperature due to the surface interactions
among these NFs [22]. The recorded HRTEM and SAED images re-
veals that the grown flakes are single crystalline in nature and ver-
ify the XRD findings. The vibrational study of hierarchical MoO3

microspheres at the different substrate temperatures is discussed
in this paper. The enhanced intensity of PL emission of MSs with
the increase in substrate temperature may be owing to the
improvement in the degree of crystallinity. The MoO3 MSs are ex-
pected to exhibit enhanced functionality, particularly in the form
of hierarchical architecture at micro scale because of large surface
area, Li+ ion batteries and gas sensing applications.
Fig. 2. X-ray diffractrograms of MoO3 films deposited at 300, 400 and 500 �C during
final growth step.
2. Experimental details

Molybdenum oxide microspheres (MSs) have been grown on the nickel coated
glass substrates by employing both the plasma assisted sublimation and the ther-
mal evaporation process in three independent growth steps. In first growth step
MoO3 film is deposited on Ni coated glass substrate by plasma assisted sublimation
process at 500 �C in oxygen plasma ambience, while second step includes the depo-
sition of MoO3 film on the pre-deposited substrate by thermal evaporation at room
temperature and the third step incorporate the deposition of MoO3 film on the ther-
mally evaporated MoO3 film (grown in second step) by the same process as used in
first step under the same processing parameters. The schematic diagram of exper-
imental setup of both the deposition mechanisms including the cross-sectional
view of deposited films with thickness details is shown in Fig. 1(a–c). First the nick-
el thin film of thickness about 100 nm was deposited on glass substrate by ther-
mally evaporating (99.99% Aldrich) pure nickel powder at base vacuum of
7.5 � 10�6 Torr. After the deposition of nickel film on glass substrates, in first step
the Ni coated glass substrates are mounted in the centre of Mo strip (taking as a
sublimation source) and keeping the substrate temperature at 500 �C by suitably
adjusting the current, passed through the source. The ratio of substrate area to that
of the Mo-strip (8 � 3) cm2 was nearly 1/10. The heated Mo strip along with sub-
strate was placed inside the oxygen plasma in first growth step. The plasma param-
eters on sublimation viz. plasma voltage, electrode separation and oxygen pressure
were kept constant at 2500 V, 7.5 cm and 7.5 � 10�2 Torr respectively. After depo-
sition of MoO3 film (of thickness nearly 1 lm) by plasma assisted sublimation route
the sample is allowed to cool naturally at room temperature. In second step molyb-
denum oxide film of thickness 1.0 lm is deposited on the pre-deposited substrate
by thermal evaporation of MoO3 powder (Merck 99.99%) at a base vacuum of
7.5 � 10�6 Torr at room temperature without oxygen plasma ambience. Last depo-
sition step includes further sublimation of MoO3 under the same plasma parame-
ters as in first step beside the substrate temperature. The film growth was carried
out at three substrate temperatures at 300, 400, and 500 �C in the third step. In
all growth steps the deposition duration remain fixed as ½ h. The microstructure
of MoO3 MSs prepared at different substrate temperature was studied with scan-
ning electron microscope ZEISS EVO Series scanning electron microscope model
EVO-50. Structural analysis of the MoO3 MSs was carried out using Philips X-ray dif-
fractometer using Cu Ka radiation (k � 1.54 Å) with glancing angle kept constant at
1�. Vibrational study of molybdenum and oxygen atoms in MSs was carried out by
micro-Raman spectroscopy of Renishaw-inVia (excited with an Ar+ line at
514.5 nm) and Perkin Elmer (Spectrum BX) FTIR in the spectral range from 200 to
1000 cm�1 and 400 to 1200 cm�1 respectively. Transmission electron microscopy
(TEM) studies of samples were carried out on Philips Model CM12 operated at
120 kV with selected area electron diffraction (SAED) analysis. More insight charac-
terization of MSs was performed by high-resolution transmission electron micros-
copy. The photoluminescence (PL) was studies by using a xenon lamp (excited at
250 nm line). The thickness of films after growth in each step is determined by
AMBIOS Technology (XP-2) stylus profilometer.
3. Results and discussions

3.1. XRD analysis

X-ray diffraction pattern of MoO3 nanostructured thin films fab-
ricated at different substrate temperature is shown in Fig. 2. All the
recorded diffraction peaks can be clearly assigned as an ortho-
rhombic phase of MoO3 and matched very well with the reported
data (JCPDS card no. 00-005-508, a = 3.962 Å, b = 13.858 Å and
c = 3.697 Å). No impurity peaks are observed within the detection
limit of X-ray diffraction, indicating that the grown structures as
a function of substrate temperature are pure. In XRD pattern, it is
worth noting that of film deposited at substrate temperatures
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300 and 400 �C, the peaks intensity observed from most of the
crystal planes of grown nanostructures are considerable, which di-
rectly evident the random alignment of grown nanostructures. As
the substrate temperature increase to 500 �C, peak corresponding
to the crystal planes (110) and (021) are dominant and their
intensity become relatively higher than the other peaks revealing
the highly oriented growth of the formed MoO3 product rather
than random distribution. Additionally, higher intensity and broad
spectral width of peaks particularly at low temperature affirms
that the crystallite size is very small. The average size of crystalline
grains of films deposited at different temperatures is theoretically
calculated by using the following Debye–Scherrer formula [23].

Dhkl ¼
kk

bðhklÞ � cosðhhklÞ
ð1Þ

where Dhkl is the average linear dimension of the crystal perpendic-
ular to the diffracting plane (hkl), k is the wavelength of the incident
X-ray beam, hhkl is the Bragg angle, k is the shape factor with value in
neighborhood of 1 and b(hkl) is the full width at half maximum
(FWHM) in radians of most intense diffraction peaks corrected for
the instrumental line broadening. The crystallite sizes are found to
16.8, 26.4, and 39.5 nm for the films deposited at 300, 400, and
Fig. 3. SEM micrographs: (a) shows the formation of vertically aligned MoO3 NFs during fi
evaporation at room temperature. (c) Formation of MSs at temperature 300 �C. (d) MSs for
view of the same film prepared at 500 �C.
500 �C respectively, which confirms the presence of nanocrystallites
in the MoO3 films prepared in this work. The increase in crystallite
size with growth temperature reveals the improved crystallinity
and decreases the grain boundary discontinuities.
3.2. SEM analysis

The SEM micrograph of deposited MoO3 film is recorded after
every step as well as different substrate temperatures during final
step to understand the morphological change. During first step
the deposited film shows the formation of vertically aligned nano-
flakes see in Fig. 3(a), which provides the favorable environment for
the growth of MoO3 MSs in our case. After second consecutive
growth step islands like morphology originated with smooth
surface by thermal evaporation process at room temperature (see
in Fig. 3b). The recorded micrographs of finally deposited films
confirm the formation of microspheres like morphology and also
endorse that the surface structure greatly modified as a function
of substrate temperatures during the last growth stage. At high
growth temperature islands start to collapse into each other due
to the large diffusion rate and transformed in well shaped spheres
of relatively large diameter to attain the minimum energy
rst growth step. (b) Shows the islands like morphology of film deposited by thermal
med at 400 �C. (e) Low magnification image of film deposited at 500 �C. (f) Magnified
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configuration. The finally grown MoO3 microspheres at all temper-
atures have rough surface because the coexistence of the well
aligned nanoflakes on their surface and the roughness is continu-
ously enhanced due to the increment in flake dimensions with
growth temperature. Randomly oriented tiny flakes with the aver-
age thickness of 40 nm deposited at 300 �C on MSs can be seen from
Fig. 3(c). These flakes are not developed sufficiently in terms of
shape and size at that temperature because of low mobility of
incoming MoO3 molecules, consequently less probability to migrate
on substrate and achieve proper nucleation sites for growth, (see in-
set of Fig. 3(a)). The MSs prepared at growth temperature 400 �C ex-
hibit densely packed grains and flakes large in size due to the
relatively high mobility of incoming MoO3 molecules at higher tem-
perature, facilitates to crop out the well established flakes on their
surfaces can be seen Fig. 3(d) with inset. The low magnification SEM
micrograph of sample formed at 500 �C is shown in Fig. 3(e), con-
sists the hierarchically structured MoO3 MSs with the completely
developed nanoflakes. The surface morphology is quite uniform,
confirming the growth process is progressed uniformly on the en-
tire substrate of area (15 � 20) mm2. The microsphere with the typ-
ical diameter of 1.5 lm is shown in the inset of Fig. 3(c). The
obtained MoO3 microspheres have the diameters in between the
range of 0.7–2 lm at all temperatures. The magnified view of the
same film deposited at 500 �C is depicted in Fig. 3(f), revealed that
every microsphere consists the vertically aligned NFs with the aver-
age thickness of about 60 nm on its surface. The micrographs di-
vulge that the average thickness of flakes is increased with
growth temperature. At higher temperature 500 �C flakes lies on
the surface of sphere are assembled and form bunches of parallely
aligned flakes. It is believed that these bunches of nanoflakes are or-
ganized, when more than one flakes come in parallel in close prox-
imity with the gradual enlargement of surface areas due to the
surface interactions, can be clearly viewed in the inset of Fig. 3(f).
All bunches are not arrayed in same direction on spherical surface
but aligned randomly in all the possible directions, which is in com-
pletely agreement with the XRD results. The MoO3 microspheres
Fig. 4. (a) Low magnification TEM micrograp
grown at 500 �C are attained well spherical shape than previous
growth temperatures because of the enhanced rate of coalescence
of islands formed during second growth step. High substrate tem-
perature during final growth supplies additional thermal energy,
which offers high mobility of MoO3 molecules to migrate on the
substrate for accomplishing the preferential heterogeneous nucle-
ation sites and the high coalescence rate of islands, which is the core
of grown MSs in our case. Consequently the well organized micro-
spheres coexisting with nanoflakes are crop out. It is noticed that
two growth processes, one is the coalescence of islands and other
is the deposition of MoO3 by sublimation taking place simulta-
neously during last step at all temperatures. The measured film
thicknesses after the previous and second growth steps are found
to be nearly same of the order of 1 lm. Finally it is worth to remark
that the elevated growth temperature not only assists to grow well
shaped nanoflakes on MSs but also in the coalescence of islands
(which is the core of MSs) those prepared during second growth
step to acquire more spherical morphology by the surface energy
minimization. The structural and morphological studies confirmed
that the hierarchically structured a-MoO3 microspheres with nano-
flakes distributed uniformly on entire substrate offer very large sur-
face area, may be better candidate for applications such as
secondary Li+ ion batteries and gas sensor devices.

3.3. TEM, HRTEM analysis with SAED pattern

We could not analyze the grown microspheres by the transmis-
sion electron microscope (TEM) owing to relatively large diame-
ters. The bunches of nanoflakes detached from microspheres
surface when they disperse to ethanol with prolonged ultrasonica-
tion �5 h, allowing us to examine these flakes individually at dif-
ferent temperatures. The typical low magnified bright field TEM
micrograph of all films deposited at distinct temperatures is shown
in Fig. 4, the dark portion in all TEM image is found either of the
relatively large size of MSs or the bunching of nanoflakes with
dense and smooth surfaces, which is also consistent with SEM
hs of MSs grown at 300, 400 and 500 �C.
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result. The MoO3 NFs lies on MSs in case of low substrate temper-
ature (300 �C) are not clearly visualized due to their smaller
dimensions relative to the diameter of MSs (see in Fig. 4a). Whereas
the NFs grown on MSs at higher temperatures (400 �C and 500 �C)
are significantly large in dimensions and the mean thickness of NFs

in both cases are nearly same �40 nm can be seen in Fig. 4(b and
c), which are approximately matched with the crystallite size ob-
tained by the XRD analysis. A typical TEM images at higher magni-
fication of the well separated flakes formed at 400 and 500 �C with
the highlighted region for HRTEM measurement are shown in
Fig. 5(a and b). Further characterization of MoO3 nanoflakes of both
samples is performed by high resolution electron microscopy
(HRTEM) with selected area electron diffraction pattern, divulged
that nanoflakes placed on microspheres surface are composed of
single crystalline orthorhombic a-MoO3 with top/bottom surface
of [010] and the growth lying preferentially along [021] direction.
The SAED patterns are obtained by focusing the electron beam per-
pendicular to the anisotropic growth axis of single MoO3 NFs is
attributed to the [010] zone axis diffraction revealed in Fig. 5(c
and d), clearly exhibit diffraction spots with the d-spacing that
could be indexed according to the orthorhombic crystal structure
of a-MoO3 and indicates that the well crystallized single crystal
NFs are grown along [021] crystallographic orientation on micro-
spheres in both cases. The magnified images show the clear lattice
fringes of individual nanoflakes. These images reveal that the inter
planer separation of lattice fringes are 0.335 nm and 0.340 nm,
which is consistent with the d spacing of (021) planes for the
orthorhombic phase of MoO3.

3.4. Raman analysis

Raman spectroscopy is employed to further confirm that the
MSs prepared at different temperatures having only single ortho-
rhombic phase. Raman spectra of MoO3 MSs grown at different
temperatures show sharp Raman peaks with enhancing intensity
Fig. 5. (a and b) Highly magnified TEM images of individual NFs formed at 400 and 500 �C
SAED patterns.
as a function of substrate temperature can be seen systematically
in Fig. 6. The increase in peak intensities on increasing substrate
temperature is evident the improvement in degree of crystallinity
and support the SEM and XRD results. The obtained Raman peaks
positioned at 235, 285, 330, 370, 658, 810, and, 986 cm�1 are cor-
responds to orthorhombic MoO3 phase [24]. The vibrational analy-
sis of Raman spectra of MSs reveals that the bands in the 900–600
and 400–200 cm�1 region are mainly owing to the MoAO stretch-
ing and bending modes, respectively. The Raman peaks at 986, 810,
and 658 cm�1 in MoO3 microspheres is the characteristics of a-
MoO3. In general, the crystalline structure of orthorhombic a-
MoO3 can be figured as consisting of corner-sharing chains of
MoO6 octahedra, in which one oxygen is unshared, two oxygen
atoms are common to two octahedra and three oxygens are in
part-shared edges and common to three octahedra [25]. The bond
lengths of terminal bond (Mo@O) along a- and b-directions (1.67
and 1.73 Å) are shorter than MoAO bond length along the c-axis
(1.95 Å) [26]. The sharp intense peak at 986 cm�1 is assigned to
the terminal oxygen (Mo6+@O) stretching mode along a- and b-
axes which is the cause of the layered structure of a-MoO3 [27].
The bridging oxygens existing along c-axis are weakly bound.
The generation of oxygen vacancies should therefore lead to anion
vacancies along the c-axis. Therefore, a Shifting of the Mo atom to-
wards the terminal oxygen in the b-direction can be anticipated
with the loss of bridging oxygen, thus weakening the terminal
bond along the a-axis [28]. The Raman peak at 810 cm�1 is as-
signed to the doubly coordinated oxygen (MoAOAMo) in stretch-
ing mode, which results from corner-shared oxygen in common
with two octahedra. The peak located at 658 cm�1 is assigned to
the triply coordinated oxygen (Mo3AO) stretching mode which re-
sults from edge-shared oxygen in common with three octahedra
[29]. The low intense Raman peaks positioned on lower wavenum-
ber side at 235, 285, 330, and 370 cm�1 can be attributed to
OAMoAO scissoring and O@Mo@O wagging modes, respectively
[30].
(c and d) typical HRTEM images of separated NFs grown at 400 and 500 �C with their



Fig. 6. Raman spectra of MSs fabricated at growth temperature 300, 400, and 500 �C.
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3.5. FTIR analysis

Fig. 7 shows the FTIR spectra of all samples are recorded in the
wavenumber range of 400–1100 cm�1 further to study the vibra-
tional properties of MoO3 MSs. It is revealed from IR spectra that
majority of the molecular vibrational frequencies are present in
this region of interest. The MoO3 microspheres formed at different
substrate temperature show seven significant absorption peaks
positioned at 993, 960, 883, 828, 798, 620, and 502 cm�1.These ob-
served absorption peaks are attributed to different modes of vibra-
tions. The investigation is based on the fact that the MoO3 is
organized by MoO6 octahedra for which stretching and bending
vibrational infrared active modes invariably occur in the 500–
1100 cm�1 region [31]. As the substrate temperature increases
from 300 to 500 �C during last growth step, the IR absorption peaks
intensity correspondingly increases, which directly evident the
enhancement of nanoflakes dimensions owing to the increase in
degree of crystallinity. Two strong absorption peaks located at
883 and 993 cm�1, associated with the stretching mode of oxygen
in the MoAOAMo mode, and the Mo@O stretching mode, which is
the specification of terminal double bonds and confirms the basic
characteristic of a layered structure of a-MoO3 [32]. The absorption
peak located at 960 cm�1 in all samples attributed the existence of
molybdenum species of lower oxidation state i.e. Mo (V) at higher
temperature [33] and the weak absorption peak at 828 cm�1 is due
Fig. 7. FTIR spectra of MSs formed at temperature 300, 400, and 500 �C.
to the doubly connected bridge oxygen MoAOAMo stretching
modes corresponding to the asymmetric MoAO bond length rela-
tive to O [32]. The small red shift of the absorption band located
in the range of 600–630 cm�1 with increasing growth temperature
may be either to the presence of molybdenum species of lower oxi-
dation states or due to the thermal disorder in samples, and is as-
signed the vibration of Mo2O2 entity formed by edge shared MoO6

polyhedra building the orthorhombic a-MoO3 structure [33]. It can
also be noticed that as the substrate temperature increases during
final growth step the oxidation as well as the volatilization of
MoO3 start to increase as a result the thickness of MoO3 films get
enhanced in proportionality [34,35]. The intensity of all the IR-
absorption peaks gets enhanced with growth temperature owing
to the increment in the number density of bonds. The peak located
at 798 cm�1 in our case is due to the stretching mode of
MoAOAMo corresponding to the symmetric MoAO bond length
of both the side of O and the peak observed at 502 cm�1 is due
to the bending mode of MoAOAMo entity [32]. The observations
obtained from FTIR spectra are in consonance with the Raman
and XRD results.

3.6. PL studies

Room temperature PL emission of the MoO3 MSs processed at
300, 400, 500 �C substrate temperature is studied in the wave-
length range from 300 to 750 nm (with the excitation wave-
length/energy is 250 nm/4.97 eV more than the band gap energy)
can be seen in Fig. 8. The inset image shows the deconvoluted PL
spectra of MSs grown at 500 �C to clearly specify the emission
bands. The PL spectra presented broad peaks over the 380–
600 nm range with a strong indigo emission centered at 360–
460 nm (P1) in accordance with the report of Song et al. [36],
which is corresponding to the near band edge emission (see in
the deconvoluted inset of Fig. 8). The other luminescence bands
of MoO3 MSs obtained at 457, 488, 521, and 535 nm labelled as
P2, P3, P4, and P5 respectively may be assigned to the lattice
imperfections such as simple oxygen vacancy or some other com-
plex defect such as lower oxidation state (Mo5+) associated with
the transfer of charge from oxygen vacancies to Mo ion [37,38].
The PL bands lies at 457 and 488 nm can be attributed to the emis-
sion in Mo5+d2

yz—d2
xz transition while the less intense PL bands ob-

served at 521 and 535 nm are corresponding to the deep level



Fig. 8. PL spectra of MoO3 MSs at different growth temperatures (inset: Gaussian
de-convoluted PL spectrum of sample formed at 500 �C).
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Mo5+d2
z

2
—d2

xy transitions [39,40]. The existence of these defects in
all films is also demonstrated by the FTIR and Raman analysis.
The gradual increase in the PL intensity can be seen on increasing
the processing temperature from 300 to 500 �C. It is noticed that
the obtained PL intensity of MSs at 500 �C is �3 times higher than
300 �C. This enhancement in PL emission intensity with substrate
temperature can be associated to decrease in the non radiative de-
fects and the increase in the MoO3 crystallite size. The chemical
compositions in the MoO3 MSs fabricated at different temperatures
are non-stoichiometric and may ordinarily consist of excess oxy-
gen vacancies and Mo atoms. These defects can behave as nonradi-
ative canters and reduce the emitted radiation from MoO3 MSs. At
high growth temperature the density of such defects reduces with
an improvement in crystallinity and probably supports the estab-
lishment of point defects responsible for the radiative recombina-
tions. Rest of that, the high temperature during last growth step
facilitates the migration of grain boundaries and promotes the coa-
lescence of small crystallites consequently surface to volume ratio
decreases with the increase of crystallite size, and the larger grains
have smaller nonradiative relaxation rates over the surface states.
As a result, the of process non radiative relaxation occurring in the
surface states will remarkably increase the PL intensity [41–43].

4. Conclusion

In summary, uniformly distributed molybdenum oxide MoO3

MSs are synthesized on nickel coated glass substrate by the facile
PVD process, which include the plasma assisted sublimation and
thermal evaporation process in three independent steps. We have
studied the influence of substrate temperature during last growth
step on the structural, surface morphological, vibrational and opti-
cal properties of MoO3 MSs. SEM and TEM studies ascertain the
gradual formation of fine microspheres with different substrate
temperature. The XRD, Raman, and FTIR analysis are revealed that
MoO3 MSs grown at distinct temperatures have single orthorhom-
bic phase. The measured crystallite size of films obtained by De-
bye–Scherrer formula nearly matched with TEM observations
particularly at high growth temperature. The significantly en-
hanced crystallite size with the substrate temperature, assured
the improvement in degree of crystallinity. Raman and FTIR studies
divulge that the vibrational properties of MSs are depending on the
substrate temperature and coincide with XRD findings. The MoO3

MSs show room temperature PL emission in the UV–visible region.
The substrate temperature has strongly influenced the light
emission characteristics of MoO3 MSs. The ability to produce the
molybdenum oxide MSs in thin films with reproducible structural,
morphological and, optical characteristics should be useful for the
application of gas sensing, photo-chromic devices and highly effi-
cient lithium ion batteries.
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