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INTRODUCTION

Inrecent years, oxide semiconductor thin films have become
an interesting topic in the field of material research particularly
transition metal-oxides which play a vital role in many technolo-
gical applications [1,2]. Metal oxide-based nanomaterials with
notable electrical, mechanical and optical properties kindled
the interest in many researches and finds a potential place in
nano devices. Among them, molybdenum trioxide (MoOs) has
gained major attention because of its unique layered structure.
It became a noteworthy progressive material with high electrical
conductivity and optical transmittance in the visible region
and also it possesses relative chemical stability and high refra-
ctive index. MoQO;s is a wide band gap (2.39-3.0 eV) transition
metal oxide semiconductor with three different crystal structures
[3,4]. They are orthorhombic phase (a-MoQ;), which is thermo-
dynamically stable and the others are metastable namely mono-
clinic phase (3-MoOs) and hexagonal phase (h-MoO;) [5]. These
3 phases differ in their physical and chemical properties. MoO;
has a probable application in solar cells, gas sensors, diodes,
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In this study, molybdenum trioxide (MoOs) thin films were coated with various Mo concentrations 1, 2, 3 and 4 wt.% referred as L1, L2, |
L3 and L4 respectively on to the silica substrate calcined at 450 °C by a facile, rapid cost-effective and a custom-made jet nebulizer spray |
pyrolysis (JNSP) technique. The concentration impact on the structural, morphological and compositional parameters were examined by
XRD, FESEM, EDX, FTIR and Raman studies. The XRD peaks confirmed the presence of the orthorhombic phase of MoOs |
(0-MoO:s) in the prepared films. FESEM images depicted their nanorod structured morphology. EDX spectra confirm the presence of |
elements such as oxygen (O) and molybdenum (Mo). Molecular fingerprint of the samples were diagnosed by probing their molecular |
vibrations through the Raman Spectroscopy. Vibrational frequencies of the bonds in the samples was investigated by FTIR. The I-V |
measurements were analyzed in light and dark conditions for the n-MoOs/p-Si junction diode. |
|
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batteries, pseudocapacitors, biomedical researches [6], wave-
guides [7] and solid catalyst [8].

Properties of MoO; thin films depend very strongly upon
the deposition techniques and their parameters. MoOs thin films
can be synthesized using various physical and chemical deposi-
tion techniques such as physical vapour deposition, chemical
vapour deposition, electron deposition, SILAR, sputtering, sol-
gel, spray pyrolysis, thermal oxidation, nebulizer spray pyrolysis
[9,10], etc. Despite various methods, spray pyrolysis is the
most suitable and economically reliable method [11]. The other
methods demand less time, energy and money at a larger scale,
which makes them difficult to be scaled up.

Particularly jet nebulizer spray pyrolysis (JNSP) is a new
non-vacuum method which allows large scale deposition of
high-quality films in single-step heating at a low cost. Addition-
ally, this technique offers a great advantage, namely, the material
can be deposited at a relatively low temperature with low
precursor material and also with various nanostructures. The
low cost portable pocket-sized nebulizer affords reliable MoO;
film coatings on a wide range of desired host surfaces. It is
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feasible in producing a pinhole-free, uniform coating through
controlling aerosol droplet distribution [12,13]. The preparative
parameters such as the concentration of the starting solution,
substrate temperature, deposition rate and time were optimized
for better coatings.

Beside this, limited information is available on the struc-
tural, optical and electrical properties of MoOs thin films. In
this work, the fabrication of pure MoOj thin films with variable
Mo concentrations (1, 2, 3 and 4 wt.%) namely L1, L2, L3
and L4 on to the silica substrate is demonstrated by an inno-
vative, facile rapid and cost-effective, custom-made JNSP
technique. Later the synthesized films were subjected to the
various characterization techniques, such as X-ray diffraction
(XRD), field emission scanning electron microscopy (FESEM),
energy dispersive X-ray (EDX), atomic force microscopy (AFM),
ultraviolet-visible-near infrared (UV-Vis-NIR) spectroscopy,
Fourier transform infrared (FTIR) and Raman spectroscopy.
In order to determine the effect of various molybdenum concen-
trations on the structural, morphological, optical properties of
pure MoOs thin films.

EXPERIMENTAL

Film deposition: To prepare pure MoOs; thin films,
ammonium molybdate tetrahydrate [(NH4)sM070,4-4H,O] was
used as a precursor material and dissolved in 20 mL of double-
distilled water and stirred about 1 h in the magnetic stirrer to
make 0.1 M starting solution. This aqueous ammonium moly-
bdate tetrahydrate was used as a coating solution and the films
were deposited on the silica substrate calcined at 450 °C. The
aerosols generated from the nebulizer undergoes successive
pyrolysis due to the temperature gradient between the substrate
(450 °C) and the nozzle gun and finally, MoO; is decomposed
on the substrate. The reaction describing the formation of MoO;
from the precursor solution (aqueous ammonium molybdate
tetrahydrate) is given below:

(NH,)sM0;02-4H,0 —— 7MoOsx(s) + 6NH;(g) + 7TH,0(g)

Here, Mo concentration was changed from 1, 2, 3 and 4 in
wt%. Fig. 1 shows the scheme of jet nebulizer spray pyrolysis
(JNSP) technique unit.

RESULTS AND DISCUSSION

X-ray diffraction (XRD): The structural analysis of the
fabricated samples was carried out by XRD and the obtained
XRD peak profiles are depicted in Fig. 2. The diffraction peaks
of all 4 samples have higher intensities at planes (kkl) values
of (110), (120) and (021). The slight variations in their corres-
ponding 26 values indicates the anisotropic growth of nanorods
in the deposited films. The intensities of these major peaks
vary with various concentrations. These prominent peaks con-
firmed the presence of orthorhombic phase of MoOj; (0.-MoOs)
in the prepared samples with respect to JCPDS file no. 89-5108.

The average crystallite size of the synthesized samples at
the preferred orientation was calculated by using Scherrer’s
formula:
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Fig. 1. Scheme of jet nebulizer spray pyrolysis (JNSP) technique unit

8000
h EEEE Y AJUL.M;- )\ B\ P 4
7000
60004
S 5000
g |
2 4000
%]
c -
[0}
£ 3000 | “] ,‘ L il
2000 g L1
- E8 oSons o 2
E =Tto2 & & —_—
10007 SIS S8 2
0+
T T T T T v T T T T T T T T
10 20 30 40 50 60 70 80
26 (°)

Fig. 2. XRD patterns of the L1, L2, L3 and L4 thin films

where, D = average crystallite size, k = constant (depends on
the shape of the crystallite, miller indices and Bragg determined
its value as 0.9), A = wavelength of the incident radiation, B =
broadening of the diffraction line (FWHM) and 6 = Bragg’s
diffraction angle.

Crystallite size and lattice strain are two main para-
meters which affects the peak widths, intensities and the shift
of 20 peak positions [14]. Here, the crystallite size obtained
by Scherrer’s formula (~ 14-32 nm) and the calculated micro-
strain (eqn. 3) were plotted against different MoO; mole-
fractions (Fig. 3).
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Fig. 3. Average crystallite size and micro-strain for different mole fractions
of MoOs
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Dislocation densities (&) and microstrains (€) were
calculated using the below relations:

1
5=§ 2)
A B

€= -
Dsin® tan© 3)

The determined interplanar spacing (duwa), grain size, FWHM,
dislocation density (8), micro strain (€) and lattice constants
(a b c) values are listed in Table-1.

Variations in the lattice constants for various concentra-
tions is due to the development of some strains upon increasing
the concentrations. Dislocation density decreases with an
increment in the grain size shown in Fig. 4. Interplanar spacing
increases with the increase in concentration, since the bigger
size of ions brings the expansion in the lattice which may
generate the deformations in the lattice. Microstrains obtained
from the eqn. 3 ranges from ~ 0.11 to 0.24 lin” m™, respectively.
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Fig. 4. Variations in lattice constants a, b and ¢ with the mole fraction

FESEM studies: The surface morphology of the prepared
samples is studied using FESEM. The FESEM images of MoO;
at various concentrations taken at 2 um are shown in Fig. 5.
Rod-like nanostructures are clearly observed. The size of the
micro-rods (~ 4-0.8 um) decreases gradually as the concen-
tration of MoQ; increases. This can be inferred from the length
of the microrods observed. The microrods are uniformly distri-
buted without any holes or cracks having a smooth surface.
The images depict a clearly disturbed surface with randomly
oriented islets-like structures [15]. The aggregation of the
micro-rods is due to physical attraction, nucleation growth of
crystallites in nanometric length variation and change in particle
size.

EDX studies: The EDX spectrum confirms the presence
of oxygen (O) and molybdenum (Mo) [16]. The atomic percen-
tage of oxygen decreases with the increase in concentration
whereas the atomic percentage of molybdenum increases with
the increase in concentration (Table-2). The elemental analysis
confirms the absence of impurities in the prepared samples as
shown in Fig. 6.

FTIR studies: The molecular vibrations of the groups
present in the sample is analyzed using FT-IR spectra. Fig. 7
shows the FT-IR spectrum of prepared MoOs thin films. The
prominent peaks are observed at 563, 864, 995 and 1126 cm’!
[17]. The vibrating mode at 563 cm™ is due to the stretching
mode of triply coordinated oxygen v(O-Mos). The peaks around
864 cm' is due to the stretching mode of doubly coordinated
oxygen (VO-Mo,) and the peak at 995 cm'is attributed to the
stretching mode of terminal oxygen v(O=Mo). The peak at 1126
cm’ is due to the bending mode of Mo-OH bonds 8(Mo-OH)
[18,19]. Thus, the formation of MoQO; thin films is confirmed
using FT-IR spectra.

Raman studies: Fig. 8 shows the Raman spectra of MoOs
samples. Raman spectroscopy gives the structural information

TABLE-1
ESTIMATED STRUCTURAL PARAMETERS OF MoO; THIN FILMS

I(\r/lri)o(l); 20 ) bkl d-spacing FWOHM Glr)ain size (EE:E;?;%& Micr?-.stiain_fs) Lattice constants (A)
fraction) (nm) © (D) (nm) lines/m?) g ™ a b c
2347 110 37858 0.3559 2381 0.001763 0.152042
1% 25.79 120 34505 03097 27.48 0.001323 0.131721 395 1382 3.68
27.43 021 32485 02725 31.34 0.001017 0.133092
23.43 110 37962 03483 24.32 0.001689 0.148813
2% 2575 120 34580 03070 2772 0.001301 0.130590 396 1386  3.68
27.31 021 32547 02693 3171 0.000994 0.114165
23.23 110 38174 0.3489 24.28 0.001696 0.149104
3% 25.67 120 34764 03088 27.55 0.001317 0.131390 399 1374 368
27.21 021 32702 02807 30.04 0.001080 0.119032
2347 110 37937 04739 17.88 0.003127 0.202470
4% 25.78 120 34505 04780 17.80 0.003153 0.203303 396 1381 368
27.33 021 32544 05709 14.95 0.004468 0.242023
TABLE-2
ELEMENTAL COMPOSITION OF MoO, THIN FILMS
Eloment Ll 2 3 L4
emen Weight (%) Atomic (%) | Weight (%)  Atomic (%) | Weight (%)  Atomic (%) | Weight (%)  Atomic (%)
OK 46.78 8533 47.57 84.47 45.67 82.60 38.49 78.96
MoL 53.22 14.67 52.43 15.52 54.33 17.40 61.51 21.04
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Fig. 5. FE-SEM images of MoOs thin films
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Fig. 6. EDX spectrum of MoOs thin films
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Fig. 7. FT-IR spectra of MoOj thin films
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Fig. 8. Raman spectra of MoOs thin films

mainly on the vibrational properties of the synthesized samples.
The obtained Raman peaks located at 356, 398, 684, 836 and
1014 ¢cm™ correspond to orthorhombic o-MoQO; phase belon-
ging to the space group Pbnm. In this space group, MoOs unit
cell contains 4 molybdenum atoms and 12 oxygen atoms [20].
This property is expressed in terms of displacement of atoms
by 48 eigen modes in the centre of the Brillouin zone [21]. In
general, the irreducible representation can be given by a linear
combination of active modes A,, B,, By, B3g, Ay, By, By and
B;, using the formula:

I'=8A, + 8B, + 4By, + 4B3, + 4A, + 3B, + 7By, + 7B,

The intensity of the positive peak reveals a good crystalli-
zation of prepared films. The vibrational analysis of Raman
spectra reveals that the band in 900-500 and 500-200 cm
regions are mainly due to Mo-O stretching and bending modes
respectively. The nature of 0-MoOs is confirmed by the peaks
at 1014, 836 and 684 cm™'. The Raman peaks at 1014 cm ' belongs
to Mo-O-MO stretching vibrations of terminal unshared oxygen.
The sharp intense peak at 836 cm™ arises from the O-Mo, doubly
connected bridging bond of corner shared oxygen [22,23]. The
peak at 684 cm™ of triply coordinated bridge-oxygen (O-Mos)
is from edge shared oxygen. Raman active modes having low

intensity at 398, 356 cm™ assigned to the Mo-O bending mode
can be attributed to O-Mo-O scissoring and O=Mo=0 wagging
modes. These results support the formation of a-MoOs thin
films using spray pyrolysis method.

Photoluminescence studies: The photoluminescence
(PL) spectral plot is shown in Fig. 9. The optical properties of
MoO; were investigated from the photoluminescence studies.
The main emission peak of o-MoO; was found to be centered
at 305, 308, 310, 314 nm for 1% and 2%, 3% and 4% molar
concentration of MoOs, respectively. It is observed that the
PL curve seems to be similar in all conditions except the band
edge absorption rates. From the curve, it is obvious that the
peak relative intensity possess higher values with increase in
molar concentration.
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Fig. 9. Photoluminescence spectra of MoOjs thin films

It is reported that PL intensity of o.-MoOsrods is relatively
weaker, the lower recombination rate of photogenerated electron-
hole pairs [24]. It is also clearly evident that the location of
PL band and PL intensity changes with the nature of the substrate
used [25,26].

I-V characteristics of n-MoQOa/p-Si: The 4 wt.% Mo
concentration MoO; prepared sample at 450 °C was used to
fabricate p-n heterojunction diode on p-type Si wafer using
JNPS techniques. Fig. 10a gives the structural arrangement of
pure n-MoOs/p-Si structure diode. The I-V current voltage
characteristics curve is plotted by taking the measurement
of forward and reverse current values for pure n-MoO;/p-Si
structure SBDS were done by applying voltage from -2 V

Ag

AN
\. —

n-MoO,

p-Si
Back contact Ag
Fig. 10(a). The device structure of MoOs
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to +2 B (in steps of 0.4 V) and from Fig. 10b, it is clearly )

understood that the device exhibits asymmetric and nonlinear D = Eln AA*T 7
behaviour. B q I, @

Fig. 10c depicts the semi-logarithmic float of current
density (InJ) versus voltage (V for pure MoOs/p-Si diode) the
parameters where analyzed, under illumination source of a
halogen lamp and in darkness condition. It was observed that
diode exhibits the rectification behaviour, under dark condition.

The rectification ratio (RR) can be estimated by finding
the ratio of forward current density (Jr) to the reverse current
density (Jr), at a certain applied voltage (V), which can be
expressed as RR = (J/Jr)". The thermionic emission current
voltage dependence of the junction of the given voltage can
also be considered which can be found out by using eqn. 4:

_ avo_ T
I—I{exp(nKTj 1}(V23Kqu )

where V is the applied bias voltage (expressed in volts), I is
the measured current, I is the saturation current and absolute
value of electronic charge (in C) is q, K, and T are Boltzmann’s
constant and absolute temperature respectively, n is the ideality
factor (n =1, for ideal condition and n > 1, if transport mecha-
nism was not governed exclusively by a thermionic emission
process). The saturation current I; can be calculated by using
eqn. 5:

V]
I, = AA*T? exp| —1—B
s P( KT j (5)
where A”is the theoretical Richardson constant, A is the diode
area @y is the zero bias barrier height. The ideality factor n
can be calculated from the slope straight line region during
the forward bias I-V plot that can be expressed by eqn. 6:

q dv
n = T D (©)
KT d(InI)
where Ipcan be extrapolation of forward bias in I-V curve at V
= 0, the @5 can be calculated by using eqn. 7:

a 4o
ZIORTO

(b) | Light ON
Light OFF

1.5x107 =

1.0x107 =

Current (PA)

5.0x10° =

1
Bias voltage (Volts)

-5.0x10"° -
-1.0x10™ -
-15x107 =

2.0x10™ =

where I,, q, v, n, KB, T and A" is the reverse leakage current
density, electron charge, applied voltage, ideality factory,
Boltzman constant, temperature in K and effective Richardson
constant for p type silicon wafer, respectively.

The ideality factor can also be calculated from the slope
of the intercept of the semi lograthmic forward biased J-V
plot, the ideality factor (n and barrier height ¢B) values for
MoO; were calculated and the values are given in Table-3 for
the dark and light illumination condition [27]. The value of
the ideality factor and barrier height found to increase in values
for the same condition as shown in Table-1. It is found that the
ideality factor and the barrier height increase with increase in
temperature for pure MoOs/p-Si diode structure.

TABLE-3
ELECTRICAL PARAMETERS OF THE MoO; DIODE
Sample Ideality factor Barrier height Saturated
P (n) (Dg) current (I,,)
MoO; 1.4855 0.40972 5.41 x 10°

The n and @y values were found to be 1.485 and 0.409
respectively, in dark and under illumination conditions for the
diodes.

Conclusion

In conclusion, successful deposition of molybdenum
trioxide (MoQ;) thin films with various Mo concentrations 1,
2,3 and 4 wt.% on to the silica substrate calcined at 450 °C by
a facile, rapid, cost effective and a custom-made jet nebulizer
spray pyrolysis (JNSP) technique is reported. The concentra-
tion impact on the structural, morphological and compositional
parameters of the fabricated films were examined. The structural
analysis by XRD confirms the presence of orthorhombic phase
of MoO:; in the prepared sample with preferential orientation
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Fig. 10. I-V curve of (b) n-MoO;/p-Si, I-V curve of (c) current density (J)-voltage (V) plots of n-MoQs/p-Si diodes
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at (110), (120) and (021) planes. Crystallite sizes were decreasing
from 32-15 nm whereas the microstrains increased between
~0.11 and 0.24 lin”® m™ while increasing the Mo concentrations.
Morphologies of the fabricated samples resembling nano-
structured rods were observed in the FESEM images. The wide
spread distribution of a crack free homogeneous surface reveals
the good adhesion of the deposited films on to the silica subs-
trates. The various vibration levels residing in the samples were
detected through FTIR (vibration levels in the infrared regions)
and Raman studies (molecular vibration levels). As a whole
this work revealed that different Mo concentrations plays a
vital role in determining the structural, morphological and
compositional parameters of the coated films. The ideality
factor (1.4855) and barrier height (0.40972 eV) was obtained
for 4 wt.% of Mo concentration of the prepared sample.
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