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a b s t r a c t

In this communication, we have investigated the substrate effect on the growth of MoO3 nanostructured
thin films prepared by plasma assisted sublimation process (PASP). Three different substrates viz. ITO
glass, Ni/Si [100], and Ni/glass are used in deposition process. The surface analysis endorsed that Ni/Si
and Ni/glass substrates are most favorable for the uniform growth of vertically aligned MoO3 nanoplates
(NPs) and nanoflakes (NFs) of well controlled features with very high aspect ratio (height/thickness)
430, whereas nanostructure formed on ITO/glass substrate is improper (in terms of features and
alignment). The X-ray diffractograms divulge that MoO3 films deposited on all substrates exhibit pure
orthorhombic phase with preferential crystallographic orientation along [110] direction particularly in
case of Ni/Si and Ni/glass substrates. Atomic force microscopic analysis reveals that the average
substrates roughness enhanced in presence of pre-deposited layer and monitor the growth of
nanostructures. High resolution transmission electron microscopic analysis with selected area diffraction
pattern confirmed that both the MoO3 NPs and NFs are single crystalline in nature. The Raman and IR
spectrum of all films further endorse the presence of single orthorhombic phase in accordance with the
XRD results and also confirm the effect of nanosize on the vibrational properties.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The remarkable research interest has been focused on quasi-
one dimensional materials due to their unique electrical, optical,
and mechanical properties, and as a result, they have promising
applications in nanodevices. The impression of dimensionality and
geometry on nanomaterials has been extensively studied to meet
the demand of miniaturization and better performance for various
applications. Particularly, nanostructured metal oxide with
reduced dimensions and high surface area are increasing attrac-
tion owing to their excellent optical, electrical, magnetic, and ionic
transport properties, fabrication of such crystalline metal oxide is
very popular during the past decade [1]. Molybdenum trioxide
(MoO3) as one of the well-known n-type semiconductor is
attractive due to its multifaceted structural and functional proper-
ties. It is attractive because of its various potential applications in
many fields, such as photochromic devices, [2] electrochromic
devices, [3] gas sensors, [4] catalysts, [5] generating enhanced
electric field emission, [6] and in Liþ ion batteries [7]. Generally,

MoO3 is existed mainly in three different crystalline polymorphs,
orthorhombic (α-MoO3), monoclinic (β-MoO3), and hexagonal
(h-MoO3). Among them α-MoO3 is a thermodynamically stable
phase with layered structure and most studied one. The structure
of bulk .α-MoO3 has been theoretically demonstrated as posses-
sing a crystallographic anisotropic structure in many reports. Its
anisotropy is mainly the reflection of distorted MoO6 octahedra
shearing corners in the direction of [100] (a-axis) and the zigzag
edges in the direction of [001] (c-axis) to form a single layer. Two
single layers stacked together by Vander Waals force along the
b-axis to construct bilayer. This peculiar structural behavior makes
MoO3 one of the pronounced candidates to form the nanostruc-
tures with very high surface to volume ratio [8]. For nanostruc-
tures particularly in case of nanoplates and nanoflakes, their single
crystalline nature and sufficiently large aspect ratio make them
ideal candidates for probing size and dimensionality .dependent
physical and chemical phenomenon as well as in nanodevices
applications. For these applications, aspect and surface to volume
ratio are found to be most crucial factors that affect the efficient
parameters, especially when the dimensions of material are
reduced to the order of nanoscale. Depending on the process,
MoO3 have synthesized in the different nano- or micro-scale
surface morphologies that includes wires, rods, belts, flakes, and
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plates. The number of different techniques have been reported for
the deposition of MoO3 nanostructured thin films including
pulse electron beam deposition, [6] thermal evaporation, [9] flame
synthesis, [10] r.f magnetron sputtering, [11] and sol–gel [12].
Liu et al. [8] have achieved the α-MoO3 nanorods on Si substrate
[010] by pulse electron beam deposition. Cai et al. [10] reported
the morphologically-controlled flame synthesis of flower like
α-MoO3 nanobelts arrays on silicon substrates. Zhou et al. [13]
proposed the well aligned MoO3 nanowires synthesized by
thermal evaporation process followed by oxidation and used
silicon [100] as a substrate. RF magnetron method was used by
Rao et al. to yield the MoO3 films and study their optical and
infrared properties [11]. Hsu et al. attempted to grow nanocrystal-
line MoO3 thin films on ITO coated glass using sol–gel spin coating
method [14]. Yan et al. [15] presented the growth of α-MoO3

nanoflakes (NFs) on Au/Si substrate at temperature 450 1C by a
modified hot plate method. But in this case, the number density
(number of NFs per unit area) is relatively small. Khademi
et al. [16] also have been yielded MoO3 nanostars with improved
number/coverage density using thermal evaporation at extremely
high growth temperature nearly 1300 1C. Comini et al. [17] have
grown nanorods on alumina substrate via. IR-irradiation heating a
Mo foil directly in air. In addition to the listed above, many
research groups have exploited several synthesis routes either
individual or followed by some post deposition treatments to form
the variety of nanostructures on different kinds of substrates.
Even though these routes are effective from the growth point of
view, but have some limitations. .Many of them required tem-
plates/surfactants and very high order of vacuum as well as
temperature, whereas the chemical routes are relatively more
complex, produce more or less contaminations and toxic gases
as well.

In this work, we report plasma assisted sublimation process
(PASP) accompanied with the joule heating of Mo-strip is
exploited to grow the MoO3 nanostructures on different kind of
substrates and discussed the influence of substrate nature on the
growth of nanostructures briefly. There are various advantages of
PASP over the other reported deposition routes. In this deposition
process, oxygen plasma is exploited as a growth monitoring
parameter. The uniqueness of PASP is that the oxidation of Mo
metal is taking place in-situ the oxide volatilization at relatively
lesser temperature in oxygen plasma than normal oxygen ambient.
The plasma ambience is not only facilitates oxidation at much
lower temperature but also distribute the MoO3 molecules on
large area of substrates in a homogeneous fashion, attributed to
controlled and uniform growth with very high coverage density.
Three different substrates viz. ITO/glass, Ni/Si [100], and Ni/glass
substrates are used in the deposition process under the exactly
same processing parameters. The comparative studies concerning
morphological, structural, and optical properties of nanostructures
grown on the variety of substrates are investigated systematically.
According to the AFM observations, the degree of average surface
roughness of substrates is enhanced in presence of pre-deposited
layers and greatly influenced the number of nanostructural units
like (nanoplates/nanoflakes) per unit area. The SEM analysis shows
that nickel coated silicon and glass substrates are most appropriate
for the vertically aligned growth of MoO3 2D nanostructures (i.e.
NPs and NFs) with very high aspect ratio. All MoO3 films on
different substrates are polycrystalline in nature and having pure
orthorhombic crystalline phase. Both the NPs and NFs grown on
the Ni coated silicon and Ni coated glass, respectively are prefer-
entially oriented along the [110] crystallographic direction whilst
in case of ITO/glass the structures grown randomly in all the
possible crystal directions. The vibrational study of all samples are
carried out by using Raman and infra-red (IR) spectroscopy, which
further assured the existence of single orthorhombic phase and

endorse the nanosize effect on the vibrational properties as well.
All the observed results are well in consonance with each other.

2. Experimental

Molybdenum oxide nanostructured thin films are deposited on
three substrates: ITO/glass, Ni/Si [100], and Ni/bare glass substrates
the by a remarkably effective approach called PASP. First the nickel
film of thickness more than 100 nm is deposited on Si [100] and
glass substrates by thermally evaporating (99:99% Aldrich) pure
nickel powder at the base vacuum of 7:5� 10�6 Torr. Then,
substrates are mounted individually in the center of Mo-strip (act
as a sublimation source) and gradually increasing the sublimation
source temperature up to 500 1C from rate �70 1C/min by suitably
adjusting the current passed through the Mo-strip. The substrate as
well as source temperature is measured using thermocouple
arrangement. The observed temperature gradient between glass
substrate and Mo-strip was almost 50 1C, whereas negligible for
silicon substrate. The ratio of substrate area ð20� 15Þ mm2 to that
of Mo-strip ð8� 3Þ cm2 is maintained nearly 1=8 for all substrates
in order to obtain uniform deposition. The heated Mo-strip along
with substrate was placed in oxygen plasma. The plasma para-
meters viz. plasma voltage, electrode separation and oxygen partial
pressure are maintained at their optimum values 2500 V, 7.5 cm,
and 7:5� 10�2 Torr, respectively during growth. The film deposi-
tions on all substrates are executed for 1=2 h after that samples are
allowed to cool naturally at room temperature. The MoO3 films
deposited on ITO/glass, Ni/Si [100], and Ni/bare glass substrates are
abbreviated as S1, S2, and S3, respectively. The average surface
roughness of all substrates is measured by atomic force microscope
of model (Nanoscope IIIa) operating in tapping mode. The surface
microstructures of deposited nanostructured thin films on the
considered substrates are studied with scanning electron micro-
scope ZEISS-EVO series scanning electron microscope model EVO-
50. Structural analysis of samples are carried out by using Philips
X-Ray diffractometer using Cu-Kα radiation ðλ� 1:54 ÅÞ with glan-
cing angle kept constant at 11. Vibrational study of MoO3 films was
carried out by micro-Raman spectroscopy of Renishaw-inVia
(excited with a Arþ line at 514.5 nm) and Perkin Elmer (Spectrum
BX2) FTIR in the spectral range from 200–1050 cm�1 and 400–
2000 cm�1, respectively. Transmission electron microscopy (TEM)
studies of samples are carried out by Philips Model CM12 operated
at 120 kV with the selected area electron diffraction (SAED)
analysis. Further to study the crystalline properties in more accu-
racy, HRTEM characterization of samples is performed at compara-
tively higher magnifications of samples S2 and S3 individually. All
measurements are performed at room temperature.

3. Results and discussions

3.1. XRD studies

In order to determine the overall phase composition and purity
of MoO3 thin films as well as the crystalline behavior of Ni film,
X-ray diffractograms (XRD) are recorded. Fig. 1 depicts the XRD of
MoO3 films deposited on S1–S3, whereas Fig. 2 shows the XRD of
annealed ITO/Ni films at 500 1C in vacuum of the order of
7:5� 10�5 Torr on all the assumed substrates before MoO3 deposi-
tion. Fig. 1 shows very sharp diffraction peaks in the diffractograms
of samples S1–S3 are endorsed the polycrystalline nature of films
and evident the existence of nanostructures as well. All the
observed diffraction peaks arewell indexed and confirm the forma-
tion of orthorhombic crystal .structures of MoO3 thin films with
the lattice constants of a¼ 3:964 Å b¼ 13:842 Å and c¼ 3:692 Å,
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these are precisely consistent to the standard values as reported in
the JCPDS file (35-609). In case of sample S1 the intensity of the
diffraction peaks obtained from most of crystal planes are signifi-
cant in terms of intensity. It divulges the randomness in the
alignment of grown nanostructures, means no specific preferential
growth is taking place in S1. Whereas, the recorded diffraction
pattern of MoO3 thin films particularly in case of S2 and S3 samples
shows the substantial increase in the peak intensity corresponding
to [110] crystal plane positioned at an angular position 23.4 1 in
compare of other peaks, which strongly evident that nanostructures
are growing preferentially along the [110] direction in conjunction

of better degree of crystallinity. The estimated mean crystallite size
of samples S1, S2, and S3 is found to be 25.5, 33.7, and 40.6 nm,
respectively corresponding to the diffraction plane having max-
imum intensity by using the Debye–Scherrer formula [9]. The
relatively larger crystallite size in case of S2 and S3 relative to S1
again assured the betterment in degree of crystallinity and also
surmised the dependence of crystallinity and alignment on the
employed substrates for deposition. The improved crystallinity as
well as alignment in S2 and S3 may be owing to the different
average roughness of substrates with Ni/ITO coating and the
considerable difference in the thermal expansion coefficients

Fig. 1. X-ray diffractograms of MoO3 nanostructured thin films deposited on: S1–S3.

Fig. 2. X-ray diffractrograms of annealed Ni films at 500 1C on (a) ITO/glass, (b) Si [100], and (c) bare glass.
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between pre-deposited film (Ni/ITO) and the substrates (Si/glass).
The presence of less intense XRD peaks corresponding to [420]
and [112] planes in case of S2 and S3 evidenced the crystalline
nature of nickel films because of microcracking on Ni film at 500 1C
(see in Fig. 2b and c). The additional peak appeared in Fig. 2(b) is
corresponding to the Si substrate itself. It is to be noted that ITO did
not show any peak, indicating its amorphous nature (see in Fig. 2a).
The temperature gradient between the upper and lower substrate
surfaces is also guiding the incoming MoO3 molecules to make the
growth alignment better in presence of oxygen plasma.

3.2. AFM studies

To investigate the effect of substrate surface roughness on the
growth of MoO3 nanostructures, AFM measurements are per-
formed on all substrates with Ni/ITO films before growth. Fig. 3
shows two dimensional AFM surface images (scale of 10� 10 μm2)
of all substrate surfaces. According to AFM analysis, three distinct
surface roughnesses are observed and demonstrated in Table 1.
The results are confirmed that S2 and S3 have minimum and
maximum surface roughnesses, whereas the surface roughness of
S1 substrate lies in the intermediate of both. The comparative
studies between the observed substrates roughness with Ni or ITO
films and the reported average roughness of simple glass and Si
substrates divulge that the average roughness of substrates gets
enhanced with pre-deposited layer. It is believed that high surface
roughness may develop additional micro-strain on pre-deposited
layers, when substrate keeping particularly at source temperature
500 1C in oxygen plasma and also affect the number density of
micro-cracks existing on pre-deposited films. Roozbehi et al. [18]
have been reported that the substrate surface roughness is very
crucial and greatly influences the growth of nanostructures. It is
conceived that high substrate roughness enhance micro-cracking
on pre-deposited layers. The influence of substrate roughness on
the features and alignment of grown MoO3 nanostructures is
confirmed by the further characterizations shown in the proceed-
ing sections.

3.3. SEM studies

Fig. 4 shows the SEMmicrographs of MoO3 thin films fabricated
on different substrates in oxygen plasma at strip temperature

500 1C revealed the formation of various nanostructures and their
dependence on the nature of substrates, whereas Fig. 5 demon-
strates the clear view of microcracking taking place on pre-
deposited ITO/Ni film on Si and Glass substrates at 500 1C
individually. Firstly, the MoO3 film deposited on ITO/glass sub-
strate (S1) depicts the formation of MoO3 NPs of random align-
ment but distributed nearly in uniform fashion on entire substrate,
can be seen in Fig. 4(S1). These NPs are aligned either in vertical
direction or inclined at certain angle relative to substrate without
any restriction. Since it has already reported that the developed
microcracks on pre-deposited layers is explicitly owing to the
significant difference in TECs of substrate and pre-deposited layer,
which furnish heterogeneous nucleation sites in order to grow
vertically aligned nanostructures uniformly [19]. The analysis
reveals that almost same thermal expansion coefficient of ITO ð9�
10�6=KÞ film and glass ð8:5� 10�6=KÞ substrate attributed less
strain on ITO film as a result quite less cracking is formed on ITO
film, consequently the grown MoO3 nanostructure could not attain
well defined features as well as alignment. The surface morphol-
ogy in sample S2 endorses the formation of uniformly distributed
NPs on large area scale (see Fig. 4 in S2) assuring that the growth is
taking place in uniform fashion on the entire substrate of ð20�
15Þ mm2 area. The film consists of 60 nm thick NPs (see in inset of
S2 in Fig. 4) and most of them are aligned perpendicular to the
substrate. The mean height and width of these NPs are observed to
be 1.5 mm and 1 mm, respectively. The cross sectional view of S2 in
Fig. 4(S2-C) depicts that NPs having very high aspect (height/
thickness) ratio more than 25. Moreover, the recorded SEM
micrograph of sample S3 in Fig. 4(S3) shows the formation of
MoO3 NFs on Ni/glass substrate with enhanced number density
(number of NFs per unit area) under the same processing para-
meters in oxygen plasma. Most of the MoO3 NFs of thickness
70 nm have the same growth alignment as in case of Ni/Si

Fig. 3. AFM micrographs of substrates surfaces S1–S3.

Table 1
AFM, average surface roughness of all substrates.

Substrates Average surface roughness (nm)

S1 16.4
S2 1.39
S3 35.8
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substrate. The average height and width of nanoflakes are found to
be 2.5 mm and 1 mm, respectively. It is worth noting that the aspect
ratio of deposited NFs is 435 relatively more than NPs grown on

Ni/Si substrate (see in S3-C of Fig. 4). It is observed that some
flakes are growing parallelly but very close to each other may be
due to the Van der Waals interactions. The NFs those are not

Fig. 4. SEM micrographs of MoO3 thin films of: S1, S2, and S3 with the corresponding cross-sectional view S1-C, S2-C, and S3-C.

Fig. 5. SEM micrographs of Ni films deposited on (a) ITO/glass, (b) Si [100], and (c) glass substrate.
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parallel also inclining to fuse into each other as the gap among
them reduces owing to the continuous growth. It is also pointed
out that after the NFs conflated together the growth rate along the
line of contact get continued as a result multipods like morphol-
ogy crop out and evidently visualized in the inset of Fig. 4(S3) as
well. No restriction could impose either on the number of fused
flakes or the angle at which they get attached with others. Table 2
summaries all the dimensional details like average dimensions,
aspect ratio, and the crystallite size of all MoO3 nanostructures
grown on different substrates. The possible reason of well aligned
and uniform growth in case of both the samples S2 and S3 is the
significant gap among the values of thermal expansion coefficients
of pre-deposited Ni film ð13� 10�6=KÞ and Si ð2:7� 10�6=KÞ and
glass ð8:5� 10�6=KÞ substrates. Because of this difference Ni film
and the used substrates are not elongated in the same proportion
relatively at the growth temperature 500 1C, result in a strain is
develop on Ni film, which produces micro strain/cracking on its
surface in oxygen plasma as can be seen in Fig. 5 [20]. In sample S2
the difference in the thermal expansion coefficients of Ni and Si is
relatively large, which produce more strain/microcracking on Ni
surface (see in Fig. 5b). Besides that, there are three additional
factors crystalline nature of Si, high thermal conductivity, and
small roughness of Si facilitates to control the feature and align-
ments of grown nanostructure. According to AFM analysis the
surface roughness in S2 is quite small, may not influencing the
micro-cracking on Ni film. Therefore the growth in S2 is comple-
tely deal by the other factors mentioned above. The experimental
outcomes evident that the temperature gradient between the
upper and lower surfaces of Ni/Si substrate is trivial because of
relatively high thermal conductivity of silicon, which compels the
upper surface temperature (where growth is taking place) of
sample S2 is relatively higher than others (i.e. S1 and S3). This
increased temperature furnish additional thermal energy to
migrate the incoming MoO3 molecules on S2 to attain proper
nucleation sites, consequently the well featured and vertically
aligned NPs are formed on S2. The dimensions of NPs are utterly
uniform having no sharp corners. Moreover, the distribution of
thermal energy in S2 is relatively uniform on the entire substrate
due to its crystalline nature. Hence in sample S2, both the high
thermal conductivity and the crystalline nature of silicon substrate
are simultaneously monitoring the growth of MoO3 NPs on the
entire substrate. But in case of sample S3 uniformly distributed
MoO3 NFs are formed on entire substrate with increased number
density than S2. It is reported earlier [19] that microstrain/cracking
on pre-deposited films in oxygen plasma at source temperature
500 1C offer the proper seeding for the growth of vertically aligned
2D nanostructures like NPs and NFs. It is known that surface
roughness profoundly influences strain developed on Ni film. The
relatively larger surface roughness in sample S3 might increase the
degree of microcracking significantly at temperature 500 1C (see in
Fig. 5c). This additional cracking on Ni layer is rendered more
nucleation sites on nickel layer, greatly responsible to the
enhancement in the number density of NFs in case of S3 and also
agreed with the XRD findings. The value of average surface
roughness in Ni/glass is comparable to the diffusion length, so
the arriving MoO3 molecules are not able to migrate properly on
substrate due to the high energy barriers for migration and

attached with the nearest nucleation site on Ni film, which favors
the betterment in the number density of NFs [18]. It is worth
noting that although the difference in the thermal expansion
coefficients of Ni and amorphous glass is smaller than Ni and
silicon. But still the occurrence of vertically aligned NFs with
enhanced number density in S3 affirmed the dominant role of
surface roughness on the growth of MoO3 nanostructures as
described above. During growth in S2 and S3 the arriving MoO3

molecules on substrate are setting on these sharp edges of cracks in
the form of long chains during the onset of growth. Once a strong
foundation is formed the continuously impinging MoO3 flux incorpo-
rates along the edges of microcracks/strains and strongly recommends
the preferential growth along vertical direction. It is to be noticed that
the temperature gradient between top and base region will gradually
increase with the height of the NPs/NFs, preferably favors the vertically
aligned growth as well. The larger number density of NFs and NPs in
sample S2 and S3 is also favorable for better alignment of nanos-
tructures because the dominance of crowding effect [6].

3.4. TEM, HRTEM, and SEAD studies

Sample S2 and S3 are now chosen for further characterization
by transmission electron microscopy (TEM) due to the existence of
vertically well aligned nanostructures. For TEM measurements,
samples are merely dispersed in ethanol along with ultrasonic
bath and then scraping the NPs/NFs off from the substrate
independently and collected these on carbon coated Cu grids.
The low magnified bright field TEM micrographs of S2 and S3 are
confirming that both the plates and flakes are well formed and
possessing very large surface area because of two wide open faces
can be seen in Fig. 6(a) and (b). This makes both MoO3 NPs and NFs
specific for various technological applications such as Liþ ion
secondary batteries, display devices, and gas sensor devices from
the improved efficiency point of view. Further characterizations of
S2 and S3 are performed by high resolution electron microscopy
(HRTEM) with selected area electron diffraction (SAED) pattern
can be seen in Fig. 6(c) and (d), revealed that both NPs and NFs are
composed of single crystalline orthorhombic α-MoO3 with top/
bottom surface of (010) crystal plane and the growth lying
preferentially along the [110] direction. The SAED patterns of
individual flake and plate is accompanied with [010] zone axis
diffraction revealed in inset of Fig. 6(c) and (d) evidently exhibit
diffraction spots, which assigned according to the orthorhombic
phase of MoO3 and strongly evident that the single crystalline
plates as well as flakes are growing preferentially along the [110]
crystallographic direction. The individually recorded fringe pattern
in S2 and S3 from the encircled region with the spacing of 0.381
and 0.378 nm corresponding to (110) planes can easily be detected
and very close with the calculated spacing from XRD patterns
depicted in Fig. 6(c) and (d). Several NFs and NPs are investigated
and same results are found.

3.5. Raman analysis

Raman spectroscopy is utilized in order to examine the possible
vibrations and symmetry of molybdenum and oxygen atoms in all
samples. All the observed Raman peaks positioned at 238, 284,

Table 2
Dimensional details of MoO3 nanostructures grown on various substrates under the same processing parameters.

Type of substrates Type of nanostructure Average height (nm) Average
length (nm)

Average
thickness (nm)

Aspect ratio
(height/thickness)

Crystallite size (nm)

S1 NPs with improper features – – – – 35.5
S2 Well aligned nanoplates (NPs) 2000 900 60 430 38.3
S3 Vertically aligned nanoflakes (NFs) 2500 1000 70 435 40.6
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331, 372, 660, 812, and 988 cm�1 in all samples are further assured
that the grown NPs/NFs having only single orthorhombic phase of
molybdenum oxide, no peak corresponding to other phase is
found [21]. The recorded Raman spectra of samples S1–S3 have
sharp peaks with enhanced intensities can be seen systematically
in Fig. 7. The relatively higher intensity of peaks in samples S2 and
S3 than S1 is the direct consequence of their better degree of
crystallinity and in the consonance with XRD outcomes as well. It is
reported that the crystalline structure of α-MoO3 is seldom and can
viewed as a corner-sharing chains of MoO6 octahedra, having

one oxygen is unshared, two oxygen atoms are common to two
octahedra and three oxygen atoms have partially-shared edges and
attach with three independent octahedral units [22]. All these
remarkable vibrational peaks mentioned above are evident to the
existence of various kinds of Mo–O stretching and bending modes.
All the observed Raman peaks are closely resembles the single
crystal Raman spectrum as reported by Py and Maschke [23] with
the characteristics Raman peaks. The analysis reveal that Raman
peaks in all samples display a shift of 4–10 cm�1 towards lower
wavenumber. This red shifting may be owing to the reduced size of

Fig. 7. Micro-Raman spectra of samples S1–S3.

Fig. 6. (a) Bright field TEM images of MoO3 thin films: (a) S2 and (b) S3 captured at low magnification (c and d) HRTEM image of an individual MoO3 plate in S2 and flake on
S3 recorded from encircled regions with their SAED patterns.
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NPs/NFs. The sharp intense peak assigned at 988 cm�1 corresponds
the terminal oxygen (Mo¼O) stretching mode, which is the con-
sequence of an unshared oxygen and responsible for the layered
structure of α-MoO3 [24]. The bridging oxygen atoms particularly
along the c-axis are most loosely bounded resulting in the creation
of oxygen/anion vacancies are most probable along the same axis,
thus a displacement of Mo-atom towards the terminal oxygen in
the b-direction can be anticipated with the loss of bridging oxygen,
therefore reducing the bond strength of oxygen atom along the
a-axis [25]. The intense Raman peaks at 812 cm�1 is attributed to
the mode of stretching of doubly connected oxygen in Mo–O–Mo
unit, as a results of corner-shared oxygen common in two octahe-
dral units. The peak around 660 cm�1 is assigned to the triply
coordinated oxygen (Mo3–O) stretching mode which results from
edge-shared oxygen in common with three octahedra [26]. The low
intense Raman peaks positioned along low wavenumber side at
238, 284, 331, and 372 cm�1 might be representing to Mo–O2

scissoring and O¼Mo¼O wagging modes, respectively [27].

3.6. FTIR analysis

The infrared reflectance spectra of MoO3 thin films S1–S3 are
recorded for the wavenumber scale 400–2000 cm�1 further to
study the vibrational properties of MoO3 thin films, shown in
Fig. 8. It is revealed from IR spectra that majority of the molecular
vibrational frequencies are present in the considered range of
wavenumber. The MoO3 films show seven dominant absorption
peaks at 1650, 1460, 998, 909, 798, 493, and 460 cm�1. These
observed absorption peaks are attributed to different modes of
vibrations. Our study is based on the fact that the MoO3 is
accompanied by distorted MoO6 octahedra for which stretching
and bending IR-active modes are consistently observed in the
450–1000 cm�1 region [11]. The relatively more intensity of
absorption peaks in samples S2 and S3 endorses the enhancement
the dimensions of grown structures owing to the increase in
degree of crystallinity as elaborated earlier by Raman and XRD
pattern. The existence of stretching mode of oxygen in Mo2–O unit
is clearly specified by the absorption peak located at 909 cm�1

whereas the intense peak at 998 cm�1 is corresponding to the
stretching mode of Mo¼O bonding unit and also supports of being
its basic characteristic of layered structure particularly in α-MoO3

[28]. The peak located at 798 cm�1 is due to the stretching mode
of Mo–O–Mo congruent to the symmetric Mo–O bond length of
both the side of oxygen atom. Peak present at 493 cm�1 is due to
the bending mode of Mo2–O entity, shifted slightly towards lower
wavenumber in sample S3, may be due to the dominance of the
Vander wall interaction among NFs situating in close proximity to
each other (can be seen in Fig. 5S3) [29]. The observations

obtained from FTIR spectra are completely in agreement with
the Raman and XRD results. Two additional intense peaks located
at 1605 and 1460 cm�1 are corresponding to the bending mode of
Mo–OH bond in all films owing to the hydroxylation of film when
taking these out of vacuum chamber, assigned the presence of
adsorbed free water molecules [29].

4. Conclusions

In summary, we demonstrated the influence of substrate effect
on the growth of MoO3 nanostructures fabricated by plasma
assisted sublimation process (PASP). Three different substrates
viz. ITO/glass, Ni/Si [100], and Ni/glass are used in this work. The
AFM results reveal that the degree of substrate roughness is
greatly affect the growth of nanostructures on substrates. The
structural and morphological results endorse that the Ni/glass
substrate are relatively more favorable for the uniform growth of
MoO3 NFs with the highest aspect ratio (height/thickness)435 on
large area scale, whereas vertically aligned MoO3 NPs are grown on
Ni/Si [100] substrate with slightly lesser aspect ratio (�30) than
NFs. But in case of ITO coated glass NPs are formed with improper
features. The grown nanostructures on various substrates are
polycrystalline in nature having pure orthorhombic phase, no
impurity is observed. HRTEM analysis with SAED assured that
both the MoO3 NPs and NFs are single crystalline in nature and
growing preferentially along the [100] direction. The vibrational
study of all films are carried out by micro-Raman and infra-red (IR)
spectroscopy, assured that the size and growth of nanostructures
greatly influenced the vibrational properties of material. These
novel nanostructures fabricated by plasma assisted sublimation
process (PASP) might offer great opportunities for both the
fundamental research and technological applications.
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