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MoOs; nanostructures have been grown in thin film form on five different substrates by RF magnetron
sputtering and subsequent annealing; non-aligned nanorods, aligned nanorods, bundled nanowires,
vertical nanorods and nanoslabs are formed respectively on the glass, quartz, wafer, alumina and sapphire
substrates. The nanostructures formed on these substrates are characterized by AFM, SEM, GIXRD, XPS,
micro-Raman, diffuse reflectance and photoluminescence spectroscopy. A detailed growth model for
morphology alteration w. r. t. substrates has been discussed by considering various aspects such as
surface roughness, lattice parameters and thermal expansion coefficient of both substrates and MoO;. The
present study brought out a strategy for the choice of substrates to materialize different types MoO;
nanostructures for future thin film applications. The gas sensing tests point towards using these MoO;
nanostructures as principal detection elements in gas sensors.

1. Introduction

Low dimensional metal oxide nanomaterials have
stimulated great interest for basic scientific research due to their
unique electrical, optical and mechanical properties as well as
potential technological applications in nanodevices.**Among the
metal oxides, molybdenum oxide (MoOj) comprises a vital
position as it can form variety of morphologies such as nano -
wires,® -rods,® -tubes,” -belts,® -fibers,® -ribbons,’® -platelets,** -
particles,'? -flowers,' -whiskers,'* -slabs,® -spheres,® —stars,” —
flakes,® 1 -sheets®® etc. due to its peculiar layered crystal
structure that favours anisotropic growth. A substantial number of
investigations have been focused in recent times on MoOj;
nanostructures due to their potential applications as
electrochemical energy storage devices,® excellent field
emitters,”” gas sensors,®! reversible lithium-ion batteries? and
catalysts.”® Because of the favourable electrical properties,
molybdenum oxide crystal films can be used as solar cells and
heated reflective films.2* Moreover, it displays electro-, photo-
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gaso-chromic coloration effects and dielectric properties®, which

s are useful for application in electro-chromic devices,?® photo-

chromic devices,? optical switching coatings,”® panel displays®
and smart windows.*

Most of the studies on the synthesis of molybdenum oxide
nanostructures are focussed on electro-depositionl, thermal
evaporation,® ' wet-chemical methods such as hydrothermal or
solvothermal synthesis,®*% *2 chemical vapour deposition,* °
sonochemical,** direct heating of molybdenum foil in air,*"
aqueous solution process,>* laser assisted evaporation,®
ultrasonic spry pyrolysis® etc. It is very significant to grow
MoOj; nanostructures in thin film form for several applications
such as gas sensors, field emission devices, batteries and electro-
chromic devices'”? etc. RF magnetron sputtering in excessive
argon atmosphere and controlled subsequent calcination in
atmospheric air is recognized as a method for the preparation of
MoO; nanostructures on glass substrates by our previous
studies.®"* The fabrication of MoOj; nanostructures in thin film
form on a substrate base is highly influenced by deposition
method, nature of the substrates, deposition temperature, growth
time, deposition pressure, vacuum quality, calcination
temperature etc. A crucial challenge in this field is the choice of
substrate since the nature of the substrate can alter the
morphology and spectroscopic properties of the nanostructures
due to thermal mismatch (owing to the difference in thermal
expansion coefficients) and lattice mismatch between the
substrates and MoO3,% ** % therefore, a thorough understanding
of the effects of substrates on the morphological, structural and
optical properties of MoO3; nanostructures is a prerequisite for the
realization of nano-MoO; based applications.
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In this paper, RF Magnetron sputtering and controlled
subsequent annealing is employed to fabricate MoO;
nanostructures with special attention paid to the effects of the
nature of substrates on the structure, morphology and optical
properties of MoOs nanostructures. Moreover, the feasibility of
using the as-prepared nanostructures for gas sensing applications
is also investigated.

2. Experimental

The deposition of MoO; nanostructures on five different
substrates is performed by the RF magnetron sputtering system.
Pressed MoO; powder (Merck, purity 99.99%) is used as target.
The substrates used are amorphous soda lime glass, amorphous
fused quartz, silicon wafer (100, n-type) and Al,Os in two forms:
polycrystalline alumina (rough) and single-crystalline (0001)
sapphire (polished). The base pressure in the chamber is
maintained ~ 3x10® mbar before sputtering and the deposition is
carried out at high background argon pressure (0.07 - 0.1 mbar).
The other sputtering parameters are optimized as substrate-target
distance - 5 cm, R F power - 150 W operating at 13.56 MHz,
deposition time - 30 minutes. The as-grown films are then
annealed in air for 1 hour at 673 K by maintaining the raise and
drop of temperature at a rate of 10 K/min and 5 K/min,
respectively using a programmed furnace. The thickness of the
films is determined by Tencor P-1 Long Scan Profiler and it
varies in the range of 272-401 nm (Table 1).

The surface morphology of the nanostructured films are
studied by atomic force microscopy (AFM-Digital Instruments
Nanoscope E, with SisN, 100um cantilever, 0.58 N/m force
constant) measurements in contact mode and scanning electron
microscopy (SEM-Carl Zeiss DSM 942). The crystalline structure
and crystallographic orientation of the MoO3; nanostructures on
different substrates are investigated by grazing-incidence X-ray
diffraction (GIXRD) measurements using a Siemens D5000
diffractometer (operating at 40 kV and 25 mA) employing Cu Ka
radiation with a wavelength of 0.15406 nm in the range of 20
=10-45. Micro-Raman spectra of the films are recorded using a
Horibo Jobin Yvon LABRAM-HR 800 Spectrometer of spectral
resolution ~ 1 cm* equipped with an Ar* ion laser at an
excitation wavelength, 488 nm. Diffuse reflectance UV-Vis
spectra in the range of 200-500 nm is recorded by a JASCO V-
550 UV-Vis spectrophotometer equipped with a diffuse
reflectance attachment, using BaSO, as reference. Horiba Jobin
Yvon Spectroflourometer (Flurolog I11) equipped with Xenon
lamp of 450 W and R928P photo-multiplier tube in photon
counting mode as detector is used to record photoluminescence
spectra. The cut-on and cut-off optical filters are used to remove
the distortions caused by the second-order peaks or Rayleigh
bands. All the spectra are recorded using an excitation
wavelength of 250 nm. For the X-ray Photoelectron Spectroscopy
(XPS) measurements, a hemispherical VG Scienta R4000
analyzer was used. An Al Ka non-monochromatized radiation
(hv=1486.71 eV) was employed as X-ray source. Survey spectra
were recorded with a pass energy of 200 eV and high resolution
spectra of the Mo3d, O1s, C1s core level regions was recorded
with a pass energy of 100 eV. The peaks were fitted using a
combination of Guassian and Lorentzian curves and Marquardt-
Levenberg optimization algorithm.
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3. Results and Discussion

3.1. Morphological study and growth model

The Typical AFM images of MoO; nanostructures formed
on five different substrates are shown in Fig 1. It is obvious from
the figure that nature of substrate has a drastic influence on the
morphology, dimension and orientation of the nanostructures.
The films on the glass and quartz substrates exhibit uniformly
distributed nanorods with smooth edges and well defined grain
boundaries. On glass substrate, the nanorods are distributed
without specific orientation, whereas, the nanorods on quartz
substrate follow a specific orientation. The approximate length
and diameter of the nanorods on glass and quartz substrates are
determined to be ~ 600+25 x 100+15 nm and ~ 510£20 x 80+10
nm, respectively. The areal density of the MoO; nanorods on
these substrates is ~ 10° cm™. However, longer nanowires of
length ~ 1+ 0.05 um and diameter ~ 40+10 nm are formed on Si-
wafer.

'
MoO4/Sa

Fig. 1 AFM images illustrating the formation of MoO3 nanostructures
on five different substrates.
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On Si-wafer, the long nanowires are arranged in bundles and
each bundle follows a specific orientation (Fig 1). On alumina
substrate, nanorods of length ~ 220+£15 nm and diameter ~ 56+5
nm are grown perpendicular to the substrate surface. The

s nanostructures formed on sapphire look like stacked nanoslabs
which are uniformly distributed over the substrate. The nanoslabs
are straight and have rectangular flat tips with four sharp corners
at the upper ends and the facets are rectangular with round edges.
The length, width and thickness of nanoslabs are ~ 2+0.1 pm,

10 290+15 nm and 8010 nm respectively. The nanoslabs show hubs
at the middle which seems that two nanoslabs of length ~ 1+0.06
um are connected together at that point. However, these
nanostructures on all substrates except quartz are not well
oriented; instead, they grow at certain tilted angles and it is due to

15 the formation of tetrapod like junctions in nanorods. Defects in
MoO; nuclei can increase the chance of forming tetrapod like
junctions, resulting in tilted nanorods.*® The SEM studies (Fig 2)
of the MoOs films on different substrates ascertain the presence
of nanostructures having similar morphology, dimension, crystal

20 Oorientation and growth direction, as observed from the AFM
micrographs.

30

35
L ]

Mo! Jiagnhire

Fig. 2 SEM images of the various MoOs nanostructures formed on five
different substrates.

The MoOj3; nanostructures are believed to be formed by two
40 processes (1) sputtering—redeposition at high argon ambience
during RF magnetron sputtering and (2) enhanced rearrangement
during controlled subsequent calcination at 673 K. The elaborated
discussion on the mechanism of formation of MoO; nanorods can
be found elsewhere.**® However, the effect of substrates has
s driven a significant role in the structure, morphology and
orientation of MoO; nanostructures. In order to study the
crystalline structure and crystallographic growth orientation of
the MoO; nanostructures on different substrates, grazing-
incidence X-ray diffraction (GIXRD) measurements are
s0 performed.

The GIXRD patterns of the MoO3; nanostructures grown on
various substrates are displayed in Fig. 3. All diffraction peaks
are consistent with orthorhombic a-MoQOj3 with space group Pbnm
and unit cell parameters a = 13.86 A, b = 3.70 A and ¢ = 3.96 A,

ss which can be indexed to standard spectrum given in JCPDS: 00-
005-508. The orthorhombic a-MoO; has a layered atomic
structure comprising of double layers of MoOg octahedra held
together by two different bonds - covalent bonds in the ‘a’ and
‘c’-axes, i.e., (h00) and (00I) directions and van der Waals bond

e in the ‘b’-axis, i.e., (0k0) direction. The nature of the Mo—O bond
changes considerably with the equilibrium bond distance, and
varies from strongly covalent for the shortest bond to
predominantly ionic for the longest bonds in the MoOg
octahedron. Consequently, o-MoO; can form a variety of

es elongated morphologies (rods, wires, belts, tubes etc.) owing to

this unusual crystal structure that favours anisotropic growth.?
32,41, 42
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Fig. 3 GIXRD patterns of the MoO3 nanostructures grown on various
80 substrates. The shaded peaks on the alumina substrate belong to Al,Os.

The nanostructures on all substrates exhibit three well
marked peaks (020), (040) and (060) indexed to orthorhombic a-
MoO; indicating the anisotropic growth of nanorods in (0k0)
direction. Moreover this preferential orientation shall give lower

g5 interfacial energy and much higher nucleation rate resulting in the
adsorption and accommodation of the atoms in that particular
direction (0k0). In addition to (0kO) peaks, the nanostructures
except on glass substrate show many other diffraction peaks,
indicating the poor b-axis orientation of these nanostructures.

90 However, the thick vertical nanorods on alumina and nanoslabs
on sapphire exhibit prominent peak at (021), indicating their
preferential growth orientation along (021) which is similar to
those reported for the relatively large MoOj3; nanostructures like
MoO; nanobelts.® “® The MoO; nanoslabs/belts are grown

95 generally as single crystalline having a principal growth direction
along <001> and the sideways growth along <100>. The <010>
planes and <100> planes enclose the nanobelt facets along the
longitudinal direction, and the <001> planes enclose the tips. The
nanoslabs with a large width-to-thickness ratio are formed due to

100 the large difference in close-packing rate (growth rate) between
the <010> plane and the <100> plane in the orthorhombic MoO3;
structure. 843

This journal is © The Royal Society of Chemistry [year]
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During film deposition and post-deposition treatments, there
is always a possibility of the development of strain/stress, which
affects the mechanical properties of the films such as stability of
the microstructure, adhesion between the film and substrate and

s opto-electronic properties of the deposited films.* This internal
stress, strain, lattice distortion or defects can broaden the XRD
peaks so that the mean grain size estimated using the Debye
Scherrer formula can be smaller than the actual value.*® “°
Therefore in this paper, Williamson-Hall (W-H) method is

10 employed to calculate the particle size and lattice strain. The
effect of crystallite size and strain on the full widths at half
maximum (FWHM) of the XRD peaks can be studied using W-H
plot*’

_ka
b’ ()

where D’ is the actual particle size, k is the correction shape

factor which can be taken as unity and n is the residual strain. A

plot of Bcosé versus sind (W-H plot) for the films is shown in

Fig 4. The lattice strain in the films can be calculated from the

slope of the plot and the actual particle size in the film can be

2 estimated from the y-intercept of the plot. The calculated
parameters are tabulated in Table 1.
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Fig. 4 Williamson-Hall plot for MoO; nanostructures grown on
various substrates.

From the strain analysis it can be inferred that the shape and
orientation of the nanostructures are depended on the strain
formed in the films during crystal growth. The nanostructures
formed on all the substrates except quartz exhibit tensile strain,
on quartz, the well-aligned nanorods show compressive strain.
The lesser strained nanorods on glass substrate are not well
aligned whereas the nanorods are orientated on quartz substrate
which may be due to the compressive strain formed in the film.
The very less strained film on alumina show perpendicular
growth of nanorods and the film on sapphire with higher strain
exhibit nanoslabs. The formation of long nanowires on Si-wafer
can be due to high tensile strain formed owing to the large lattice
mismatch of MoO; nanorods to Si-wafer compared to other
substrates.
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The stress/strain induced nucleation caused by the thermal
expansion coefficient mismatch and lattice mismatch between the
MoO; film layer and the substrates may also be responsible for
the diverse morphologies and orientations of the nanostructures.
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Thermal mismatch between MoO; film and the substrates can be
accounted from the shift of the centre of diffraction peaks
compared to the standard JCPDS card [Ref. Code: 00-005-508].
The thermal expansion coefficient of the MoOj; crystal (4.2x107
C™Y is higher than that of all the substrates (10-107 C), which
in turn cause the substrates to give a tensile stress to the film
layer® as the substrate cools down from 400 °C to room
temperature after the calcination process. This may be the reason
for the uneven growth morphology of nanostructures on different
substrates. The formation of well aligned nanorods on the quartz
substrate can be attributed to the low value of thermal expansion
coefficient (5.9x107 C™) compared to glass (4.6x10° C) which
induces high tensile stress to align the nanorods. The high tensile
stress formed due to high value of thermal expansion coefficient
of Si wafer (2.6x10°® C) may be the reason for the formation of
elongated nanowires. The values of expansion coefficients of
alumina (8.1x10° C™) and sapphire (7.59x10° C?) are
comparable which may contribute equivalent strains, results in
the formation of thick nanostructures on these substrates. Since
the shape of nanorods got modified during the controlled
annealing process, the presence of a temperature gradient
between the film and the substrate may favour the growth of low
dimensional nanostructures during the growth process.*?

The large shift of 26 values of the XRD peaks to lower
angles in crystalline substrates compared to the amorphous
substrates is most probably due to the MoOj; lattice expansion
caused by the lattice mismatch between the MoOj; and crystalline
substrates. The amorphous nature of glass and quartz allows to
exclude the effect of strain generated from the lattice mismatch
which can act as a driving force for the generation of defects. The
lattice mismatch between MoOj; and the crystalline substrates (Si-
wafer, alumina and sapphire) may be the reason for the change in
morphology of the nanostructures on these substrates compared
to those formed on amorphous glass and quartz. The unstrained
lattice parameters of orthorhombic MoO; have been reported to
be a = 0.3963, b = 1.386 nm and ¢ = 0.3696 nm. The a-axis
lengths of Si-wafer, alumina and sapphire are 0.543 and 0.476
and 0.4785 nm respectively. The lattice mismatch is defined as*°

I - ‘:(asfaf )/af J x100% (2)

where a; and a; are the unstrained lattice (intrinsic)
parameters of the substrate and film respectively. The lattice
mismatch of crystalline MoO; oriented along the c-axis with Si
Si-wafer, alumina and sapphire is 77.02%, 20.11% and 20.06%,
respectively. This lattice mismatch can develop residual stresses
in the crystal as well as at the substrate interface. In order to
reduce the strain developed due to high lattice mismatch, the
nanocrystals have to rotate an angle through a better lattice
matching direction. Chang et al.>® reported that the MoO,
nanocrystals grown on Si-wafer rotate ‘a’-axis 27° away from the
Si [100] in order to reduce the mismatch by 2.2 %. The formation
of longer nanowire bundles aligned in different directions on Si-
wafer substrate may be due to the high lattice mismatch. Since
the values of lattice mismatch of alumina and sapphire to MoO;
are similar, the extreme difference in surface roughnesses can be
accounted for the variation in growth orientations of nanocrystals
in these substrates.

4 | Journal Name, [year], [vol], 00-00

This journal is © The Royal Society of Chemistry [year]

Page 4 of 13



Page 5 of 13

Nanoscale

Table 1 The morphological, structural and optical parameters mf the MoO; nanostructures formed on different substrates.

Thermal Surface Thin film Thin film Particle Strain Band
Substrates conductivity roughness of thickness roughness size gap
of substrates substrates (nm) (nm) (nm) V)
(W/mK) (nm)
Glass 1.2 ~17 385 25 38 0.1661 3.87
s Quartz 14 ~8 367 26 28 -0.1399 3.72
Si-wafer 125 ~1 272 51 30 0.3214 3.66
Alumina 30 ~60 401 8 31 0.0410 3.75 o
sapphire 40 ~3 344 22 32 0.4347 3.63

Compared to the other substrates, high surface roughness
and structure defects due to polycrystalline nature of alumina
1 may favour the columnar growth of nanorods. The surface
roughness and defects in the substrate surface can influence the
shape and orientation of nanostructures as it governs the chemical
adsorption, subsequent adhesion, nucleation and growth.’ 2
Higher surface roughness of alumina substrates can offer higher
15 surface area to the MoOj layer, especially at the convex areas of
the surface. The alumina substrate with highest value of
roughness has the lowest calculated value of strain from XRD
analysis. This implies that the surface roughness plays a more
critical role than the strain for the perpendicular growth of MoO;
20 nanorods. Park et. al. have reported the influence of high surface
roughness on the vertical growth of ZnO nanorods.*® Moreover,
the poor b-axis orientation observed for the Si-wafer, alumina and
sapphire substrates is due to the large lattice mismatch. So the
choice of an appropriate substrate is crucial to obtain highly b-
25 axis oriented MoQ; thin films.

From Table 1, it can be seen that the surface roughness of
the substrates have profound influence on the film thickness and
orientation of the nanostructures formed. The very low thickness
of the films over Si-wafer may be due to poor adhesion of MoO;

30 over the smooth surface (low roughness), which may contribute
to the high tensile strain formed in the film. Interestingly, the
substrate with highest surface roughness abides the films with
lower rms roughness. The very low surface roughness may affect
the film density and hence the thickness. Lower film thickness

35 values appeared to be associated with smoother film surfaces.
The adhesion energy between the film and the substrate atoms is
provided by the vander Waal (physiosorption) forces, chemical
interactions (chemisorptions) and exchange of charge across the
film-substrate interface.**

" The role of thermal conductivity (k) of the substrates on the
formation of nanostructures also has to be considered as the ‘k’
values are highly diverse in magnitude. The thermal conductivity
values of the substrates obtained from data sheet are given in
Table 1. The substrates having higher k facilitate the growth of

s long nanowires (on Si-wafer) and nanoslabs (on sapphire),
however, the lower k substrates show short nanorods (on glass
and quartz), implying that the mobility of particles and crystalline
growth of the nanostructures are highly reliant on the k of the
substrates. Moreover, the film on Si-wafer (maximum k) shows
lowest film thickness and maximum film surface roughness. An
et.al.® demonstrated that thermal conduction effects of the
substrates can dictate the growth of the nanostructures, especially
the 1D columnar structure growth as observed in the case of
alumina substrate.

o
=}

3.2. X-ray Photoelectron Spectroscopy (XPS) Studies

X-ray photoelectron spectroscopy (XPS) is employed to
identify the stoichiometry of the nanostructures formed on
es different substrates. XP spectra for all MoOs/substrate comb-
inations have been recorded. Fig 5 shows the XP survey (a) and
core level (b) spectra of the MoO; crystals on alumina substrate.
The XP Mo 3d core level spectrum is a simple spin-doublet with
the Mo 3ds;, and Mo 3ds, binding energies at 235.53 eV and
70 232.39 eV, respectively, corresponding to those of formal
hexavalent molybdenum (Mo®") ions. ** % The XP O1s spectrum
(Fig 5b) shows a most intense component at 530.33 eV assigned
to the O% ions of the oxide layer. The variation of peak position
of Mo 3d and O1s core levels w.r.t. substrates are given in Table
75 2. The surface stoichiometry of the oxide films were calculated
from the peak areas of Mo 3d and O1s spectra and are given in
Table 2, which confirms the formation of MoO; and indicates the
presence of O vacancies associated with the Mo®* defects.>®
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Fig. 5 XP spectra of MoO; nanostructures on alumina substrate,
(a) survey spectrum (b) O1s and Mo3d core level region.
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Table 2 Relative proportions of the components Mo and O and binding
energy positions of the XP O1s, Mo3d Peaks.

Concentration Peak Position

Sample (%) Ratio (eV)
Mo o OMo o015 Mosdy, Mo3dy,
MoO3/Glass 26.3 73.7 2.80 530.19 235.27 232.13
MoO3/Quarz 255 745 2.92 530.25 235.57 232.41
MoOs/Si-Wafer 25.6 74.4 291 530.41 235.64 232.51
MoOs/Alumina 259 74.1 2.86 530.33 235.53 232.39
MoO3/Sapphire 26.3 73.7 2.80 530.29 235.57 232.41

o

25

30

40

3.3. Micro-Raman Analysis

In order to investigate the vibrations of Mo and O atoms in
the nanocrystals on different substrates, micro-Raman
measurement is performed at room temperature. Typical micro-
Raman spectrum of the MoO; nanostructures on different
substrates is shown in Fig 6. The Raman intensity of the nanorods
formed on the glass and quartz substrates is very high compared
to those of nanostructures on the other substrates indicating the
improved crystallinity of the nanorods on these substrates. The
position of the Raman bands depends on the nature of the
substrates and the peak shifts are related to changes in the force
constants of the bonds (bond lengths) due to strain induced
according to the nature of the substrates, ie., positive and negative
peak shifts correspond to larger and smaller force constants,
respectively.>” The expected Raman modes for orthorhombic
MoO; and its comparison to the modes of nanostructures along
with the corresponding symmetry and vibration assignments are
given in Table 3. The observed Raman bands are assigned
according to the single crystal study of Py et al.%® %° All the
nanostructures show sharp and strong bands at ~ 996, 820 and
666 cm™, and several week bands corresponds to characteristic
nature of orthorhombic a-MoOs phase® which is consistent with
the XRD analysis.

T _ & o
O T TR = 0
2 & 885 § g = 1
z A
E A A ~
g MoO _/Alumina
a HSi
r=
g
>
=
[7}
{ =4
[
-
£
c
£
= MoO_/ Quartz
14
MoO /Glass
AL A
T v T v T v T T v T r
150 300 450 600 750 900 1050

Raman Shift (cm'1)

Fig. 6 Micro-Raman patterns of the molybdenum oxide nanostructures
on different substrates. Given assignments of the band positions are
belonging to MoOs/sapphire, however, the variation of band positions
with respect to the substrates are tabulated in Table 2.

Vibrational analysis by micro-Raman spectra reveals that the
bands around the 1000-600 and 600—400 and below 200 cm™ are
due to stretching, deformation and lattice modes respectively. The
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presence of these bands shows the distorted nature of octahedra in
the nanorods and can be assigned to the Mo®"=0 stretching mode
of terminal oxygen atoms, which are created from breaking of
Mo,-O) bonds at the corner-shared oxygen. The sharp peak at
996 cm is assigned to the anti-symmetric stretching mode of
terminal oxygen (Mo®" = Oq)) along the ‘a’ and ‘b’ axis which
results from an unshared oxygen and it is responsible for the
layered structure of a-Mo0O3. The narrow shape of this band is
attributed to the unshared terminal oxygen, O(l).el The highest
intensity of the Raman band at 996 cm™ by the nanorods on glass
substrate compared to the nanostructures on other substrates may
be due to enhanced polarizability of the electron cloud of the
asymmetric stretching bond.

The nanorods on glass substrate exhibit two very low
intense vibration bands at 902 cm™ and 953 cm™ which are
characteristic of the monoclinic p-MoO; phase. % Both the
results indicate broken symmetry of octahedra introduced by the
oxygen defects. The strong broad peak at ~ 820 cm™ is assigned
to the doubly coordinated oxygen (Mo,-O)) symmetric
stretching mode which results from corner-shared oxygen which
is common to two MoOg octahedra. A possible cause of
broadening of this intense band is due to the different degree of
crystallisation of the samples and the lower oxygen/metal ratios.
In the present case, the thermal treatments are performed in air
and the non- stoichiometry is expected to be negligible. The
higher the concentration of oxygen vacancies the shorter the
lifetime of the excited state should be and could, therefore, lead
to a broadening of the Raman bands.®® Moreover, in the case of
nanostructures, the phonon momentum selection rule q = 0,
specific to the Raman scattering in ordered systems is no longer
valid as the phonons are confined in space and all the phonons
over the Brillouin zone will contribute to the first order Raman
spectra.

The weight of the off-centre phonons increases as the crystal
size decreases and the phonon dispersion causes an asymmetrical
broadening and the shift of the Raman peaks.®* The peak at 671
cm is assigned to the triply coordinated oxygen (Mog - O)
stretching mode which results from edge-shared oxygens in
common to three MoOg octahedra.%® The band centred at ~ 471
cm? corresponds to the Mo-O stretching and bending mode of
MoOg octahedra. Raman bands observed in the 400-200 cm™
range (378, 338, 290, 246, 219, and 198 cm‘l) correspond to
various bending modes of the orthorhombic MoO; crystal which
are tabulated in Table 3. In addition, the band at ~ 159 cm™ is
assigned to the lattice mode and two weak bands at 218 and 245
cm’* represent the bending mode of Mo,-O(y.

3.4. Diffuse Reflectance Studies

Diffuse reflectance spectroscopy (DRS) has been employed
to determine the dispersion and band gap properties of the
nanostructures on different substrates, by considering the spectral
dependence of the diffuse reflectance data.’® ¢ DR UV-Vis
spectra recorded in the range of 200-500 nm is as shown in Fig
7a. It can be seen that the nature of the substrate has a significant
effect on the optical light absorption/dispersion properties of the
nanostructures. The high reflectance from the layer on alumina
may be due to the opaque nature of the base alumina substrate
and high thickness of the film. The spectral shape dependency
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Table 3 Comparison of reported Raman bands with observed bands for nanostructures and their vibrational assignments. “**

Raman bands (cm™)

0-MoO; Non-oriented Oriented nanowires Vertically Nanoslabs on Assignments
reported® nanorods on nanorods on on Si-wafer oriented sapphire
glass quartz nanorods on
alumina
995 996 996 994 995 995 vas M0=0(y, Stretch
953 Mo® = Oy, stretch
819 820 820 818 819 819 vs M0-O(3)-M Stretch
666 668 665 663 666 665 vs M0-O() -Mo Stretch
473 473 469 4711 471 vas O -Mo-Oyy Stretch & bend
379 378 376 377 378 379 S O(z) -MO-O(z) Scissor
338 337 337 337 337 337 3 O-Mo-O3 bend
291 290 291 291 289 291 8 Oy=Mo=0(y) Wagging
246 246 245 243 244 245 7 0=M0=0y twist
217 220 218 215 218 Rotational rigid MoO,4 chain mode, R¢
198 197 197 183 197 196 T Op=M0=0y twist
158 156 159 159 156 157 Transitional rigid MoO, chain mode, T,
129 127 129 129 126 129 Transitional rigid MoO,4 chain mode, T,
116 115 115 114 115 Transitional rigid MoO,4 chain mode, T,
of the nanostructures indicates the molecular defect structures h R R A 3)
. - . . - Vv — .
present in the films. The molecular migration and the formation — | = A(hv— Eg)
. . . 2t R—Ryn
of different Mo species over various substrates have already been

s revealed by DRS study.®®
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Fig. 7 (a) Diffuse reflectance spectra of MoO; nanostructures on

25

(b) Tauc plots showing possible fits to obtain the band gap.

different substrates, inset: magnified view of the low intense curves and

The DRS curves of all substrates show absorption edge at
the same spectral range, however, slightly varies according to the
band gap energy. The band gap values are calculated using the

20 formula,®: ¢

where A is a constant which is different for different
transitions, Rpax and Ry, are the maximum and minimum
s reflectance in reflection spectra and R is the reflectance for any
intermediate energy photons recorded by the spectrophotometer.
As in case of absorption spectra, a graph is plotted between
[0 (Rersx R /R~ Resin )2 (as ordinate) and hv (as abscissa), a
straight line is obtained. The extrapolation of straight line to
w0 [n(Reax ~Remin /R—Rein )12 = 0 axis gives the value of the direct
band gap. The calculated band gap values (Table 1) of the films
prepared on glass and quartz substrates are consistent with those
values obtained from the optical absorption data by the Tauc plot
method.®® The variation of band gap values with respect to the
«s Substrate material designate the presence of defect structures in
the band structure contributing the overall band gap. The band
gap values show no linear dependence on the thickness, strain
and roughness of the films. However, it is noticed that the film
having highest particle size shows the highest band gap energy
so and can be attributed to the band bending effect at the grain
boundaries as depicted in®®. Also, the most strained film formed
on sapphire substrate exhibit the lowest band gap energy, which

is in accordance with the literature observation.” Srikant et.a

|71

accounted the band gap narrowing of ZnO films on sapphire
ss Substrate based on the strain-induced deformation of potentials of

Zn0.

3.5. Photoluminescence Studies

The room-temperature PL spectra (recorded at 250 nm) of

MoO; nanostructures grown on various substrates under same
0 growth conditions are shown in Fig 8. The excitation energy (250
nm / 4.97 eV) used is higher than the band gap energy (3.19-3.62
eV), so it is easy for an electron in the valence band to be directly
excited to the conduction band; moreover, it is likely to be
excited to the localised levels within the forbidden gap. It is
es found that the geometry of the nanostructures and nature of the
substrates drastically affect the PL peak position and PL intensity.
The morphology dependent PL behaviour may be due to the
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variation in the confinement of carriers in small volume of
different shaped nanostructures.” The positions of the PL bands
and PL intensity vary according to the nature of the substrates.

—~1.0x1 07_ MoO/Glass
.‘2 MoO_/Quartz
= 3
28.0x10°- MoO /Si-Wafer
[
S MoO,/Alumina
% 6.0x10° MoO, /Sapphire
8
£ 4.0x10°4
=
o 6
2.0x10" 1 ©
0.0/ ' i) K
300 450 600 750 900

15

Wavelength (nm)

Fig. 8 PL spectra of MoO; nanostructures on different substrates
excited at 250 nm.

The nanowires on the Si-wafer exhibit strong PL emission
whereas the non-oriented tiny nanorods on the glass show the
weak PL intensity. The stronger PL intensity exhibited by the
nanowires on Si-wafer compared to those of the nanocrystals on
other substrates are due to various factors such as high surface to
volume ratio, large lattice mismatch and high surface roughness
of the film. The bundled nanowires can offer large absorption
cross section to the incident light due to high surface area, it
eventually helps to enhance carrier confinement (nanorods
increases the localization depth of the radially confined carriers)
and strain-relaxation effects and hence shows better PL emission.
High difference in the lattice mismatch induces elastic strain in
the interfacial layer during the initial stage of growth and might
affect their optical properties. The enhancement of PL intensity
with increase in porosity and roughness may be accounted by the
increase in surface area, which allows for strong absorption of
incoming ultraviolet light. Whereas a smooth film results in
specular reflection, a rough film may allow the excitation beam to
be reflected onto another portion of the film surface, resulting in
more efficient use of the excitation energy and hence superior PL
intensity.”® The films with low surface roughness show
moderately low PL intensity, likely due to a combination of
reflection of the incident light and total internal reflection. The
high PL intensity of oriented nanorods on quartz compared to
those of the nanostructures on glass, alumina and sapphire may
be due to the oriented nature of the nanorods, which in turn gives
the effect of nanowires. The lesser PL intensity exhibited by the
nanorods on glass substrate may be due to its tilted orientation,
which may reduce the orbital overlapping between nanorods and
hence reduces radiative recombinations.

The PL spectra of all the samples show strong emission
between 300-600 and a weak intense emission band in 600-800.
Since the calculated value of band gap energy of MoO;
nanostructures is between 3.63eV (342 nm) and 3.77 eV (329
nm), the other PL bands might be attributed to radiative decay of
self-trapped exciton or linked to lattice imperfections such as
simple oxygen vacancy or more complex defect centres, the
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clustering of oxygen vacancies or the lower valence Mo®* ion
associated with an oxygen vacancy as neighbour.*: > 7 The
oxygen vacancies are speculated to play a significant role for the
PL emission from MoQj3 nanostructures. XPS studies revealed the
presence of oxygen vacancies in the nanostructures formed on all
substrates. An oxygen vacancy can distort MoOg octahedra by
displacing Mo atom in the direction of the terminal oxygens. This
lattice perturbation determines the energetic position of the defect
states with respect to the valence band and the conduction band.
In the distorted octahedra of orthorhombic MoOg, the central Mo
ion’s d levels get split into discrete energy levels, because of the
crystal field effect. Upon excitation, the transition between these
levels gives rise to excitonic emission bands. So the transitions at
the visible region may be attributed, in the crystal field model, to
the Mo®* d—d band transition of a heavily distorted polyhedron
(Mo-O0) in an octahedral crystal field.” " The detailed discussion
on the splitting of electronic energy levels is given elsewhere.”
The bands in the emission spectrum between 390 nm (3.18 eV)
and 430 nm (2.89 eV) can be attributed to the hexa-coordinated
[MoOg]®* d.: —d. transitions. The bands 468 nm (2.65 eV) and
558 nm (2.22 V) can be attributed to the Mo®* penta-coordinated
[MoO¢]** 9y: =9x and deep level Mo® IVCT (Inter Valance
Charge Transfer) transitions respectively. The bands between 668
nm (1.89 eV) and 696 nm (1.78 eV) may arise due to penta-
coordinated [MoOs]>* 9y — 9y transitions. The intensity of this
IVCT band is strongly dependent on the degree of oxidation, i.e.,
both fivefold-coordinated Mo®* and six fold-coordinated Mo®* are
required. An IVCT transition involves optical transfer of an
electron from one cation to another.” & PL studies, hence, shed
light into the electronic structure and vacancy defects present in
the MoQj; nanostructures.

3.6. Gas Sensing Studies

MoO; has been recognized as an effective material for gas
sensing applications.2®® The feasibility of using the
nanostructures prepared on alumina substrates as gas sensitive
material has been investigated with five different gases. Sensing
element (Fig. 9b) comprising sensor chip and nanostructured
MoO; sensitive layer (Fig. 9a, schematic) is developed as
described in 8 ®. The sensor is operated at 300 °C under the
analyte exposure sequence over time given in Fig. 10 and more
details concerning the measurement set up can be found in® .

100

105

Fig. 9 (a) Schematic of the sensor chip with - (i) gas sensitive M0O;
layer, (ii) Au IDE (60 fingers, having IDE-spacing: 60 um and finger
length: 4.825 mm), (iii) alumina substrate (7 mm x 7 mm) and (iv)
thin film Pt-heater structure on reverse side. (b) Final sensing element
with TO-8 header.

The responses of the MoO; layer towards five different
gases and the variation of sensitivity for different concentrations
at different humid conditions are illustrated in Fig. 10 and 11.
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Fig.10 Gas exposure sequence over time and corresponding sensor response to various gases at different concentrations under non-humid and

humid (75 % r.H. at 21°C) ambiences. Operating temperature is 300 °C.

The sensor responses in terms of conductance change are very
appealing with respect to the gases exposed at various operating
conditions (Fig. 10). At the stepwise changes of the
concentration, H, and propene responses display good
reversibility at both non-humid and humid conditions. For
ethanol and hydrogen, the sensor shows more stable performance
at humid ambience than at non-humid situation, however, for CO
the humid ambience resulted in high sensitivity with poor
stability. Moreover, the sensor signal features seem to be re-
producible at repeated gas exposure sequence of the same analyte
concentration at non-humid conditions. For H, (also for methane),
the sensing response at non-humid and humid conditions is
comparable (Fig. 10 & 11), indicating that the presence of even
high humid ambience does not affect the sensing performance.
However, the presence of humid atmosphere has a dramatic
influence on the sensor performance to CO and ethanol; the
sensitivity enhances enormously for CO and diminishes
drastically for ethanol (Fig. 10 & 11). For propene, the presence
of humidity diminishes the sensitivity but not drastically as seen
in the case of ethanol. Out of the gases, ethanol shows highest
response at non humid conditions, however, at humid conditions
CO has the highest sensitivity (Fig 11). The high response of the
layer towards CO in the presence of humidity involves the
competitive reactions between CO and H,O with the sensing
layer occurring simultaneously on the surface.®* The increase in
conductance on exposure of CO in the presence of water indicates
that the reduction process of the layers is also activated by the co-
adsorption of CO with water.® The reduction of sensor signal to
ethanol and propene at humid atmosphere can be attributed to the
available oxide sites precluding nature of hydroxyl groups and
induced desorption of adsorbed analyte species by water, both
reduces the catalytic oxidation of analytes over MoO3 8%
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The gas detection mechanism of MoO; is not well
established as there are only a few studies reported on the same.
In general, the sensitivity action of semiconducting oxides
towards reducing gases is concerned with the reaction of
chemisorbed and/or lattice oxygen in the outermost surface
layers. It is reported that the gas detection by MoO; mainly
directs by the lattice oxygen rather than chemisorbed oxygen,
which is different from other metal oxides- SnO, or ZnO etc.% &
% The lattice oxygen from MoOj layer catalytically oxidizes the
analyte gas and simultaneously reduces which determines the
change in conductivity. If the catalytic oxidation of the reducing
gas by lattice oxygen from the surface layer proceeds fast
enough, the prevailing equilibrium is effectively perturbed and a
new non-equilibrium state can be established that is characterized
by a kinetically determined decrease in the concentration of
negatively ionized surface layer oxygen species. As a
consequence, mobile charge is formed in the oxide layer which
can give rise to modifications in the electrical resistance of the
material.® 8 Hence, this type of catalytic activity can lead to gas
sensing process. The possible reactions taking place at the surface
of MoO; for the gases under investigation are given by the

following relations. %
2M06++02_+H2—>2M05++H20 4)
2Mo8+ +02~ +CO —2Mo5+ +CO, ®)
8Mo® + +402—+CH4»8M05+ +CO, +2H,0 Q)
4M0®+ 4202~ 4 CoHg —>4M0®+ +C4H 4,0+ H,0 0
(8)

2Mob+ +02—+02H50H —>2MoS+ +CH 4CHO + H ,0
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where, O% represents an unstable oxygen atom in an oxygen

site at the surface. Mo® and Mo®" represent respectively the

valance states of Mo atom in MoO; before and after exposure of

gas. The adsorbed gas species and the desorbing by-products of

s the catalytic reactions are given in the right and left side of the
gas reaction representations, respectively.

Hence, the gas detection process involves the reaction of the
semiconducting bulk of MoO; by consuming near-surface
oxygen, this would lead to the partial oxidation of analyte gas and

10 the formation of near-surface oxygen vacancies. A typical oxygen
vacancy formation resulted in releasing electrons as given in *

)

02— %%02 +V02+ +2e~

That is, as a semiconductor becomes partially reduced by the
removal of lattice oxygen, the conductance increases because the
15 number of electron carriers increases in the catalyst.* 8%

Il Hydrogen
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B [ Methane
2 B Propene

I Ethanol

Relative Humidity (%)

Lo%

2 0

50 60 70 80 90 100 110 120
G )

gas  air

10 20 30 40
Sensitivity (G

Fig. 11 Variation of sensor response for 1000 ppm of different gases at
non-humid and humid (75 % r.H. at 21°C) ambiences.

The MoO; nanostructured thin film layer on alumina

substrate in the present work shows significantly comparable or

30 even superior sensing performance to the works previously
reported for various metal oxide systems.%2

4. Concluding remarks

The influence of substrate material on the morphological,
structural and optical properties of MoO; nanostructures is
35 Systematically investigated by growing layers on five different
substrates; glass, quartz, Si-wafer, alumina and sapphire. The
surface roughness, lattice parameters and thermal expansion
coefficient of the substrates have profound influence on the
morphology and various properties of the MoOj3 nanostructures.
40 The morphology, dimension and orientation of the nanostructures
are drastically altered by the nature of substrates. Non-aligned
nanorods, aligned nanorods, bundled nanowires, vertical
nanorods and nanoslabs are formed respectively on the glass,
quartz, Si-wafer, alumina and sapphire substrates. All the
45 nanostructures formed on different substrates are crystallized
with orthorhombic a-MoOj; layered structure, however, XPS
study revealed the presence of oxygen vacancies in the films.
Lattice strain calculation reveals that the nanostructures formed
on all substrates except quartz exhibit tensile strain, the

so compressive strain formed on quartz may be responsible for the
well-aligned nanorods. The vibrational analysis of the
nanostructures is carried out by micro-Raman analysis. Diffuse
reflectance spectroscopy (DRS) has been employed to determine
the energy band gap of the nanostructures on different substrates

ss by considering the spectral dependence of the diffuse reflectance
data. The substrate dependent PL emission exhibited by the films
is also discussed in detail. The gas sensing characterization
results towards five different gases are presented along with
possible sensing mechanisms.
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