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a b s t r a c t

Spray deposited Molybdenum trioxide (MoO3) thin film of thickness nearly 379 nm were irradiated with
200 MeV Ag15þ ion beam at different fluences (Ø) of 5 � 1011, 1 � 1012, 5 � 1012 and 1 � 1013 ions/cm2.
The X-ray diffraction (XRD) pattern of the pristine film confirms orthorhombic structure and the crys-
tallinity decreased after irradiation with the fluence of 5 � 1011 ions/cm2 due to irradiation induced
defects and became amorphous at higher fluence. In pristine film, Raman modes at 665, 820, 996 cm�1

belong to MoeO stretching, 286 cm�1 belong to MoeO bending mode and those below 200 cm�1 are
associated with lattice modes. Raman peak intensities decreased upon irradiation and vanished
completely for the ion fluence of 5 � 1012 ions/cm2. The percentage of optical transmittance of pristine
film was nearly 40%, while for irradiated films it decreased significantly. Red shift was observed for both
the direct and indirect band gaps. The pristine film surface had densely packed rod like structures with
relatively less porosity. Surface roughness decreased significantly after irradiation. The electrical trans-
port properties were also studied for both the pristine and irradiated films by Hall effect. The results are
discussed.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Molybdenum trioxide (MoO3) is a transition metal oxide
with excellent optical and electrical properties and is a high-
performance cathode material. The MoO3 has a variety of poly-
morphs with different structural configurations such as a-MoO3, b-
MoO3, ε-MoO3 and h-MoO3 [1]. MoO3 is also chemically, thermo-
dynamically stable material and is a potential candidate for diverse
range of applications in optical memories, gas sensors, lithium
athika), mkovendhan@gmail.
oseph), vrmuthu@gmail.com
Kumar), cvenkateswaran@
(K. Asokan), drsjohnson@

by Elsevier Korea LLC. This is an
batteries, solar cells and electrochromic devices [2e5]. Uranium-
molybdenum alloy with higher molybdenum content having
interesting properties is a potential candidate for fuel production in
nuclear reactors [6]. The Zr-alloy coatedMo-alloy claddingmeet the
thermal and mechanical requirements for normal operation of
nuclear reactors by controlling heat produced due to nuclear decay
and thereby reducing the damage of the reactor core [7]. In recent
years, many researchers are investigatingMoO3material because of
the fact that it possesses photochromic, gasochromic and electro-
chromic properties, which makes it as a suitable compound for
optoelectronic device fabrication.

The MoO3 thin film can be prepared by different methods
including sputtering [8,9], electron beam evaporation [10], solegel
[11,12], spray deposition [13e15], pulsed laser deposition [16,17]
and thermal evaporation [18,19]. Among these, spray pyrolysis is
an effective method used to deposit metal oxides in particular
MoO3 the thin film whose properties depend on spraying
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parameters that can be easily tuned during film deposition. The
instrumental set-up of spray pyrolysis technique is simple and cost
effective. S.A. Khalate et al., studied the effect of different substrate
temperatures on properties of spray deposited a-MoO3 [20]. Electro
synthesized a-MoO3 shows enhanced electrochromic property af-
ter annealing at a temperature of 450 �C [21]. Mahajan et al.
observed an increase in coloration efficiency of spray deposited
MoO3 thin film from 10% to 19% [5].

Improvement in the properties of existing materials could be
achieved using different deposition techniques or tuning their
properties to suit the needs of technological applications. The swift
heavy ion (SHI) irradiation is a useful tool to modify material
properties by introducing various type of defects like point defects,
cluster defects, phase transformation along the ion track due to
electronic excitation, depending on projectile ion and target ma-
terial [22]. In our past work we have investigated modifications in
properties of WO3 thin films because of swift heavy ion irradiation
[23]. Optical absorption of electron-beam evaporated MoO3 films
increased after irradiation with 2 MeV Nþ ion [24].

The property modification and band gap tuning of materials by
swift heavy ion beam irradiation may lead to better performance of
the material in various optoelectronic device applications [25e27].
To our knowledge, no reports are available onMoO3 films irradiated
with silver ion. Irradiation induced modifications in MoO3 may
significantly improve the properties for its effective usage in a va-
riety of applications. This motivated us to investigate the effect of
200 MeV Ag15þ ion beam irradiation on properties of spray
deposited MoO3 thin films with various ion fluences ranging from
5 � 1011 to 1 � 1013 ions/cm2.

2. Experimental procedure

2.1. Spray deposition

The stoichiometric amount of MoCl5 is dissolved in a 300 ml of
bidistilled water and 2 ml of hydrochloric acid is added to avoid
precipitation. The prepared precursor solution was then sprayed
onto ITO coated glass substrate maintained at 325 �C. The detailed
procedure of the spray pyrolysis instrumental setup for thin film
deposition is described elsewhere [28]. Pyrolytic decomposition
takes place on the surface of the heated substrate and MoO3 thin
film is formed by volmer weber growth mode. In general, the thin
Fig. 1. (a) Nuclear and electronic energy losses for various incident energies, (b) XRD pat
fluences.
film growth modes are classified as Frank-Vander Merwe growth
(layer by layer), Volmer-Weber growth (island mode), Stranski
Krastanov growth (layer and island mixed growth mode) [29].
Among these, the spray pyrolysis method always follows the
Volmer-Weber growth (island mode). Upon spraying the precursor
aerosol, tiny three-dimensional nuclei are formed randomly all
over the substrate without complete surface coverage. With sub-
sequent spraying and due to the substrate temperature, the islands
gradually coalesce with each other forming a continuous oxide film
by filling the entire surface of the substrate with high density of
grain boundaries between the crystallites [30]. The spray parame-
ters were optimized to ensure that the quality of obtained film was
good and attach/bond well onto the substrate.

2.2. Irradiation experiments

Spray deposited film of area 0.5 � 1 cm2 and thickness nearly
379 nm were then irradiated with 200 MeV Ag15þ ions at various
fluences of 5 � 1011, 1 � 1012, 5 � 1012 and 1 � 1013 ions/cm2. Swift
heavy ions were accelerated using particle accelerator to very high
energy (in MeV range), so that they have enough energy to pene-
trate into the solid material. We have used 15 UD Pelletron accel-
erator available at Inter university accelerator centre, (IUAC) New
Delhi for the material modification. Irradiation parameters for
these samples such as energy, fluence, incident angle, etc. were
estimated using Stopping Range of Ions in Matter (SRIM) program
prior to irradiation [31].

The Ag15þ ion beam transfers an energy of 2023 eV/Å by elec-
tronic energy loss due to inelastic collisions and 5.569 eV/Å by
nuclear energy loss through elastic collisions, as simulated from
SRIM (Fig. 1(a)). The calculated projected range of Ag15þ ion and Se/
Sn ratio values are 15.12 mm and 363 respectively in the MoO3 lat-
tice. This makes sure that the electronic energy loss is more
dominating throughwhich the Ag15þ ions deposit their energy onto
the MoO3 lattice and prevent ions getting implanted into the
material.

2.3. Characterization methods

Various characterization techniques were used to investigate
both the pristine and the irradiated samples. Structural analysis of
MoO3 thin films were carried out using X’pert High scorer,
terns of pristine and 200 MeV Ag15þ ion beam irradiated MoO3 thin films at various
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PANalytical X-ray diffractometer with CuKa radiation in powder
diffraction mode in Bragg-Brentano geometry. Raman spectra ob-
tained from Renishaw system in back scattering geometry at an
excitation wavelength of 514.5 nm with an argon ion laser source.
The optical transmittance properties were studied by UV-Vis dou-
ble beam spectrometer with JASCO type V-570 in normal incidence
mode. The AFM (SPI 3800 N) was utilized in non-contact mode to
investigate surface topography. To measure film thickness XP-1
surface profiler from Ambios Technology Inc. was used. Electrical
transport properties weremeasured at room temperature using the
Ecopia HMS 3000 Hall measurement system.
3. Results and discussions

3.1. X-ray diffraction (XRD) analysis

Fig. 1(b) shows the XRD patterns of pristine and irradiated MoO3
thin films at various fluences 5 � 1011, 1 � 1012, 5 � 1012 and
1 � 1013 ions/cm2. The observed pattern matches well with the
standard XRD pattern for orthorhombic structure (JCPDS No.:
76e1003) [32]. Bouzidi et al., synthesized MoO3 thin film with
orthorhombic structure above 250 �C [13]. MoO3 thin films pre-
pared by Boudaoud et al., using the spray pyrolysis method also
showed orthorhombic symmetry [33]. The XRD spectra of the
pristine film show high intense (020), (040), (060) peaks and a less
intense (021) peak. The absence of secondary phase and impurities
clearly reveals that the obtained sample is single phase with
polycrystalline nature. The texture coefficient [34] calculated using
the following equation show preferred growth along (020) and
(040) planes.

Texture coefficient TChkl ¼
Ihkl=I0hkl

1
N
PN

N¼1Ihkl=I0hkl

(1)

where, Ihkl is the intensity obtained for a particular (h k l) plane, I0hkl
is the standard intensity of the same (h k l) plane from the JCPDS
database, and N is the total number of XRD reflections observed in
the diffraction pattern. Higher value of TChkl represents greater
preferred growth along that plane.

Structural parameters such as crystallite size (D), dislocation
density (d), the number of crystallites per unit surface area (N) and
micro strain (ε) were estimated using the equations given below
[35],

D ¼ 0:9l
b cos q

(2)
Table 1
Structural parameters of the pristine and irradiated MoO3 thin films.

Fluence (ions/cm2) Plane Average crystallite size D (nm) Dislocation density

Pristine (020) 0.019
(040) 55.8 0.037
(060) 0.051

5 � 1011 (020) 0.052
(040) 36.6 0.080
(060) 0.103

1 � 1012 (020) 0.091
(040) 33.4 0.185
(060) 0.051
d ¼ 1
D2 (3)

N ¼ d
D2 (4)

ε ¼ b cos q
4

(5)

where d is film thickness, l is the wavelength of X-ray (1.5406 Å), q
is Bragg angle, and b is FWHM in radians. The corresponding values
for pristine and irradiated samples are reported in Table 1. From the
results it is clearly seen that the micro strain, dislocation density
and number of crystallites per unit area increased after ion irradi-
ation. The microstrain value increased due to reduced crystallinity
and increase in tensile stress [36]. Plastic deformation that takes
place during irradiation generates dislocations. Grain boundaries
restrict expansion of dislocations which in turn is related to grain
size. It is clear that grain size decreased significantly after irradia-
tion. As grain size reduces density of grain boundaries increase.
Hence, smaller grain size suggests higher density of smaller sized
dislocations [37]. Grain splitting occurring during irradiation was
the main reason for an increase in number of crystallites per unit
area, and it is explained briefly in the AFM section.

Williamson-Hall plot (Fig. 2(a)) was also plotted for the pristine
sample to confirm the crystallite size of deposited MoO3 film. By
linear fitting, the average values of crystallite size and micro strain
was found to be 74 nm and 0.00059 from y intercept and slope of
fitted line respectively [38]. Upon irradiation, intensity of the
diffraction peak begins to decrease while peak width increases. At
fluence 5 � 1011 and 1 � 1012 ions/cm2, persistence of weak XRD
peaks indicate partially amorphized MoO3 film. The reduced peak
intensity was a consequence of point defects induced by SHI irra-
diation [35]. It is observed that (040) peak is radiation resistant to
the ion beam at low fluence [39]. Partial amorphization of material
is attributed to the very high localized temperature created by Ag
ion in MoO3 [40,41]. When lattice temperature increases above
threshold value of electronic stopping, a cylindrical region around
ion track got damaged forming latent tracks of the modified ma-
terial. At lower fluence, the latent tracks by passage of ion beam
through lattice are separated from each other with some space
hence amorphization does not takes place at lower fluence. As
fluence increases, the latent tracks begin to overlap with each other
and above 1 � 1012 ions/cm2

fluence nearly all the tracks overlap
resulting in complete lattice damage leading to amorphization of
MoO3 thin film [42,43]. At higher fluence, above 1 � 1012 ions/cm2,
the XRD peaks vanished and the film became completely
amorphous.
d (x1016 m-2) Micro strain ε Number of particles unit area N (x107/nm�2)

0.0004 07.6
0.0006 14.9
0.0007 20.6

0.0007 21.3
0.0009 32.5
0.0011 41.9

0.0010 37.2
0.0014 75.1
0.0007 20.8



Fig. 2. (a) Williamson-Hall plot of pristine MoO3 thin film, (b) Raman spectra of pristine and irradiated MoO3 thin films at various fluences.
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3.2. Raman spectra

Raman spectroscopic investigation has been used to analyze the
local structural variations in MoO3 thin film. Fig. 2(b) shows the
modification induced in irradiated samples with irradiation fluence
of 5� 1011,1� 1012, 5� 1012 and 1� 1013 ions/cm2 compared to the
pristine film. The structure of a-MoO3 belongs to Pbnm space group
with standard lattice parameters: a ¼ 3.9628 Å, b ¼ 13.855 Å and
c ¼ 3.6964 Å (JCPDS No.: 76e1003). The MoO3 stoichiometry is
formed from the double layer of corner shared MoO6 octahedral
stacked along the (010) plane [44].

The Raman peaks around 1000-600 cm�1 belongs to MoeO
stretching vibrations [4]. The peak at 996 cm�1 arised from
M ¼ O short terminal bond of unshared oxygen which is the
characteristic peak of a-MoO3 [45]. The observed orthorhombic
structure corroborates well with XRD results. The sharp intense
peak at 820 cm�1 arise from the OeMo2 bridging bond of corner
shared oxygen [46]. The peak at 665 cm�1 (OeMo3) is from edge
shared oxygen [47]. Raman active modes at 337, 373, 286 cm�1

(400-200 cm�1) were assigned to the MoeO bending mode [48]. In
low frequency range 128 and 156 cm�1 Raman-active lattice mode
are also observed which are less significant [47,49].

It can be seen that intensity of Raman peaks decreased signifi-
cantly upon irradiationwith fluence 5� 1011 ions/cm2. The incident
silver ion created oxygen vacancies by displacement of oxygen
atoms from its lattice site to interstitial site [50]. Both the XRD and
Raman results show degradation in crystallinity which indicates
creation of point defects by irradiation. According to thermal spike
model, the material along the ion beam track get melted due to
high energy deposition and aids diffusion to take place. Generally,
Fig. 3. (a) Optical transmittance spectra and (b) variation of the direct bandgap, indirect ban
diffusion cause swelling, creeping in amorphous material and
phase separation in the case of alloys. However, in crystalline
metals and semiconductors, diffusive atom transport is usually
proceeded by creation of point defects that provides space for
movement of atoms. Observed degradation in crystallinity is
attributed to irradiation induced Frenkel defects that constitute
oxygen vacancy and an interstitial pair. Amount of defects
increased and thus peak intensity decreased with an increase in
fluence [51]. Literature also support creation of point defects by
irradiation in metal oxides mostly to be Frenkel defects [52].

For fluences 5� 1011 and 1� 1012 ions/cm2 only fewweak peaks
remained due to partial amorphization, which corroboratewith the
XRD results [35]. The sample irradiated with fluence 5 � 1012 ions/
cm2 undergo much more damage compared to other two lower
fluences 5 � 1011 and 1 � 1012 ions/cm2. Consequently, the Raman
modes vanished and the film became completely amorphous at
higher fluences.
3.3. Optical investigation

Transmittance spectra (Fig. 3(a)) shows modifications in optical
properties after irradiationwith different fluences. The pristine film
exhibits a high transparency in NIR rangewhile in the visible region
it was around 10%. Previous research findings reveal, transmittance
decreases and absorption edge shift towards the higher wavelength
with increase in substrate temperature [10,13]. Therefore, high
substrate temperature (325 �C) used during film deposition ac-
counts for this observed low transmittance in the pristine film. The
absorption edge is observed at 450 nm for pristine film and it
shifted towards higher wavelength after irradiation. This shift
dgap and phonon energy of pristine and irradiated MoO3 thin films at various fluences.



Fig. 4. (a) Estimation of the direct band gap and (b) indirect band gap of pristine and irradiated MoO3 thin films at various fluences.
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indicates the decrease in optical band gap after irradiation.
From Beer Lambert’s law [53],

I ¼ I0exp (-at) (6)

Where I is the incident intensity, I0 is the transmitted intensity.

The absorption coefficient (a) is given by

a ¼
�
1
d

�
ln
�
1
T

�
(7)

where T represents transmittance and d represents the film
thickness.

From transmittance spectra, we observed consistent fall in op-
tical transmittance with an increase in ion fluences [51]. This might
be due to the reduced crystallinity and decrease in crystallite size,
as observed in XRD pattern. Absorption coefficient increased with
higher fluence and as a result strong optical absorption by material
observed after irradiation [54]. Reasons behind the reduction in
transparency by SHI irradiation could be better understood in
following discussion. Many factors affect the optical transparency
of MoO3 film by the irradiation process. Irradiation induced dis-
tortions in theMoO6 octahedral symmetry could cause variations in
transmittance [55]. As fluence increases, more number of electrons
get excited and move from valence band to conduction band
thereby enhanced the light absorption [56,57]. From the XRD
spectra, one can observe the reduction in crystallinity with ion
fluence (Table 1) due to formation of defects and increased density
Table 2
Calculated optical band gaps and phonon energy of pristine and irradiated MoO3 thin fil

Fluence (ions/cm2) Direct band gap Eg (eV)

Pristine 3.67
5 � 1011 3.04
1 � 1012 2.85
5 � 1012 2.80
1 � 1013 2.78
of grain boundaries which act as scattering centers and reduce the
optical transparency of the irradiated samples [41].

3.3.1. Optical bandgap estimation
The direct band gap values (Eg) has been estimated (Fig. 4(a)) by

extrapolation of the best linear fit to the Tauc plot of (ahn)2 vs
photon hn to the energy axis at a ¼ 0. Expression for allowed direct
and indirect transitions [55,58] is,

ahn ¼ A(hv- Eg)n (8)

where, a-absorption coefficient, A - optical constants for indirect
and direct transitions, h - Planck’s constant, n - frequency, Eg-band
gap energy.

From Tauc plot of (ahn)1/2 vs hn (Fig. 4(b)), indirect band gap
values (Egind) were estimated by linear fitting. Phonon energies
were also estimated by solving two simultaneous equations from
absorption fit and emission fit for indirect transitions [59]. Optical
band gap values and the corresponding phonon energy values of
pristine and irradiated samples for various fluences are given in
Table 2. The direct band and the indirect band gap of pristine MoO3
film were found to be 3.67 and 2.38 eV respectively, which was
higher than those reported in previous works [10,13].

Upon irradiation, both direct band gap and indirect band gap
values systematically reduced in comparison with pristine one and
thus the red shift observed in both the cases. The optical band gap
values decreased (Fig. 3(b)) consistently with increased fluence and
phonon energy increased correspondingly [23,50,60]. The SHI
irradiation induced extra shallow levels into the forbidden band
ms.

Indirect band gap Egind (eV) Phonon energy Ep (meV)

2.38 50
0.79 75
0.43 70
0.40 85
0.36 88



Fig. 5. The 2D AFM images of (a) the pristine MoO3 thin film and those of irradiated with (b) 5 � 1011 ions/cm2, (c) 1 � 1013 ions/cm2.

Table 3
Average surface roughness and grain size of the pristine and irradiated MoO3 thin films from AFM measurements.

Fluence (ions/cm2) Average surface roughness (Rrms) (nm) Average grain size (nm)

Pristine 4.96 42
5 � 1011 2.82 34
1 � 1013 2.23 23

Table 4
Transport parameters of pristine and irradiated MoO3 thin films.

Fluence (ions/cm2) r (U cm) s (U cm)�1 Nb (/cm3) m (cm2/Vs)

Pristine 1.530 � 10�3 6.534 � 102 2.599 � 1019 1.570 � 102

1 � 1012 1.442 � 10�3 6.934 � 102 3.342 � 1019 1.295 � 102

5 � 1012 1.229 � 10�2 8.137 � 101 3.181 � 1018 1.597 � 102

1 � 1013 1.732 � 10�1 5.775 � 100 1.255 � 1017 2.874 � 102
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gap and density of localized states increased as a function of fluence
[61]. The conduction band consist of lone pair orbitals, whereas the
valence band is formed by the antibonding orbitals. 200 MeV silver
ions excite the lone pair electrons of the valence band to its higher
energy level. Vacancies created were instantly filled by the outer
bonding electrons which in turn generated more holes. This Auger
process, leading to a vacancy cascade induced electronic structure
modification [62] thereby improvement in probability of inter-band
transition. The observed reduction in the band gap value is ascribed
to this tailing effect of the valence band, due to irradiation [37,63].
The variation in direct bandgap, indirect bandgap and phonon
values at various ion fluences are clearly seen in Fig. 3(b).
3.4. Atomic force microscopy

The AFM measurement was carried out in non-contact mode to
analyze the surface topography. Fig. 5 shows the 2D surface
microstructure of the (a) pristine and irradiated films with fluence
(b) 5 � 1011 and (c) 1 � 1013 ions/cm2. The surface of the pristine
film was found to have densely packed rod like structures and
distribution was symmetric over the surface. Previously published
work suggest the MoO3 film usually exhibit nanorod like structure
[64e66]. The root means square surface roughness (Rrms) calcu-
lated using equation (8) and average grain size of the pristine and
irradiated films from the respective AFM images were estimated.

Rrms ¼ 1
N

"XN
i¼1

�
Zi � Z

�2#1
2

(9)

where N is the number of surface height data and Z is the mean
height distance [67].

Generally, the spray deposited films have a rough surface due to
island growth mode with spike like features. The SHI beam irra-
diation reduces the surface roughness significantly. It was observed
that the surface of irradiated samples was comparatively smoother
than that of the pristine one (Table 3) [68]. As swift heavy ion beam
penetrates the target material, roughening and smoothening effect
compete with each other on the surface of the materials [69].
Irradiation induced heat is transferred from electronic sub-system
to ionic sub-system. Heated up track caused a local melting of
surface material along the ion path [70]. Viscous flow of molten
material was the basic mechanism behind this occurrence of
smoothening reaction on the surface [71]. The Rrms decreased with
increase in fluence and minimum value is observed for maximum
fluence of 1 � 1013 ions/cm2 [51]. These analyses were in good
agreement with partial amorphization observed in XRD and Raman
results. The grain size of pristine film was 922 nm, whereas it was
714 nm and 288 nm for fluences 5 � 1011 and 1 � 1013 ions/cm2

respectively. These results suggested that a decrease in average
grain size upon irradiation, depend on ion fluence. The grain frag-
mentation takes place after irradiation, leading to such grain size
reduction.

An enormous heat transferredmomentarily to the lattice during
‘Ag’ ion passage which leaves ion track under localized high pres-
sure. Due to this high energy dissipated in a short interval of time, it
has created lattice vibrations and point defects. When fluence was
higher compared to threshold value, grain splitting come into play,
decreasing the grain size [72]. Further, with an increase in ion
fluence more zones were subjected to high pressure so that addi-
tional grain splitting occurs. Accordingly, more grain size reduction
observed at higher fluence than at lower fluence [36,73]. The AFM
micrographs revealed the fluence dependent surface modification
of MoO3 film. Similar effects were observed for other fluences also
which are not shown here.

3.5. Hall effect analysis

Table 4 summarize the Hall parameters like, resistivity, con-
ductivity, carrier concentration and mobility measured at room
temperature for MoO3 thin films before and after irradiation. Irra-
diating the pristine MoO3 film with Ag15þ ions of fluence 1 � 1013

ions/cm2 increases the resistivity to 1.732 � 10�1 from
1.530 � 10�3 U cm. The resistivity is expected to decrease after
irradiation due to decrease in bandgap, but the observed grain size



Fig. 6. (a) Variation of resistivity and conductivity and (b) Mobility and carrier concentration of the pristine and irradiated MoO3 thin films at various fluences.
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reduction primarily dominated this effect. Therefore, we could say
that resistivity has increased by grain boundary scattering [74].

In general, grain boundaries are defects that scatter charge
carriers, thereby increasing the resistivity. If grain size was bigger
than the mean free path of charge carriers, influence of grain
boundaries on resistivity would be negligible. This effect becomes
more pronounced once the grain size reaches the carrier’s mean
free path values; further reducing the grain size would result in a
considerable increase in resistivity [75]. The scattering of charge
carriers becomes dominant due to higher density of grain bound-
aries. The dependence of electrical resistance on the grain size was
already well established by Mayadas-Shatskes model [51,76].
Therefore, smaller grains result in higher density of defects that
increased the resistivity. When grain size is comparable to the
carrier mean free path, the transported charge carriers undergo
scattering by the grain boundaries which possesses significant
amount of defects. As a result, the amount of charge carriers
participating in conduction process is reduced leading to decrease
in conductivity.

The variation of resistivity and conductivity with ion fluence is
depicted in Fig. 6(a). The value of resistivity was found to increase
with increasing fluence and the highest value was observed for
maximum fluence [51,77]. In general, stoichiometric MoO3 behaves
as an insulator. In our case, the deposited film is sub-stoichiometric
(MoO3-x) with oxygen vacancies and extra molybdenum atoms
which serve as donors that influence the electrical properties. The
semiconducting type also depend on the position of Fermi level, if
the Fermi level is near the valence band it may lead to p-type. It is
also reported that the electrical conductivity in MoO3-x generally
depends on occupancy of d-level [44]. Oxygen vacancies are also
reported to create additional 4d levels forming below the Fermi
level, which may favour hole transport [78]. In addition, at higher
fluence, localized recrystallization [79,80] might have resulted
leading to compensation of defects and free carriers which appar-
ently leads to a reduced carrier concentration behaviour as seen in
the plot of mobility and carrier concentration as a function of ion
fluence in Fig. 6(b).
4. Conclusion

In summary, we have investigated the influence of 200 MeV
Ag15þ swift heavy ion beam irradiation on MoO3 thin films in the
fluence range from 5 � 1011 to 1 � 1013 ions/cm2. The structural
analysis by XRD and Raman techniques showed that both pristine
and irradiated films to have orthorhombic structure. The increase in
irradiation induced defects, reduced the crystallinity up to 1 � 1012

ions/cm2 and films are amorphized at higher fluences. The optical
transmittance reduced systematically as a function of ion fluence
which is correlated to variation in grain size and defect creation. A
significant variation in optical property achieved using irradiation
suggests that one can tune it appropriately as per application re-
quirements. Direct and the indirect band gap estimated from
transmittance data showed red shift. It is observed that bandgap
reduced drastically due to the formation of extra defect levels. Ion
beam irradiation thus turns MoO3 into a versatile compound by
band gap tuning suitable for various applications. The AFM analysis
indicates a morphological evolution at various fluences and surface
smoothening of the irradiated films. Grain fragmentation eventu-
ally leads to the reduced grain size with the increase in ion fluence.
The Hall effect study demonstrates a decrease in carrier concen-
tration and increase in resistivity due to enhanced grain boundary
scattering after irradiation. This study shows that the SHI irradia-
tion causes remarkable change in the properties of MoO3 thin films
and induced modifications that are fluence dependent.
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