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Abstract @

Thin films of MoO, were deposited on quartz glass, Silicon (100) and Indium Tin

Oxide (ITO) substrates by dc magnetron sputtering at two substrate temperatures Article History
of 300 K and 600 K and at sputtering pressures of 5 Pa and 10 Pa and at a fixed
sputtering power of 50 W. The deposited films were characterized by Grazing Received: 23 February 18

Incidence X-ray Diffraction (GIXRD), Raman and Optical Transmittance Spectra Accepted: 20 March 18
and Cyclic Voltametry (CV) studies. The GIXRD reveales that the crystallanity
of films starts at low temperature (300 K) and crystallizes in orthorhombic
phase. The crystallanity increases with increase of substrate temperature. The
Raman spectral studies reveals strong shift in the emission peak position for
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films deposited at 5 Pa and 300 K, and there is no significant peaks in case Electrochromism,
of films deposited at 10 Pa and 600 K. The optical transmittance of the films Photochromism,
is 78 % for films deposited at 5 Pa and 300 K and is maximum (95 %) when Metal Oxides.

deposited at 600 K. The transmittance is decreasing to 90 % with increase in
sputtering pressure. The absorption edge is shifting towards lower wavelength
with increase in substrate temperature due to increase in the reactivity of the
ionic species (molybdenum ions and oxygen ions) and shifting towards higher
wavelengths with sputtering pressures due to the scattering of atomic species
which decreases the reactivity between ionic species. The average diffusion
coefficient (D) of the films deposited at 5 Pa and 300 K is 7x10-'* cm?/sec and
decreasing with increase in substrate temperature of the deposited films. With
further increase in the sputtering pressure to 10 Pa and at low temperatures
a large increment in the D value was observed (8.2x10'2 cm?/sec) due to the
enhancement in the mobility of the Li* ions through the internal and intra grain
boundaries due to low grain size of MoO, (8 nm) of the film. The measured
thickness of the films by Taly stip profilometer is 3000 A.
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Introduction

Transition metal oxides are an important class
of solids with n-type conductivity and find many
applications in thin film form'®. Among transition
metal oxides MoO, exhibits an improvement
in its various physical and chemical property
as a nano material®'®. Among various physical
properties exhibited by MoO, electrochromism
and photochromism is an interesting physical
property which find many applications in making
display devices and smart windows®'2. Recent
studies also proved that MoO, is potential as an ion
conducting layer in fabrication of solar cells'®, and
as recombination barrier layers in dye sensitized
solar cells'. Electrochromism is a phenomenon
exhibited by a material in the form of changing colour
when the electric voltage is applied to it. In case of
MoQ, this is observed due to the reduction of Mo®*
to Mo®* by application of electric field. The same
MoQ, as thin film and especially as nanocrystalline
exhibit an improvement in electrochromic behaviour,
like enhancement in ionic conductivity, coloration
efficiency, optical density, fast response etc's. Nano
crystalline MoQ, thin films which were deposited at
two different substrate temperatures and sputtering
pressures and studied for their structural, optical
and electrochromic performance in the present
investigation.

Materials and Methods

Dc magnetron sputtering was used to deposit thin
films of MoQ, in a vacuum coating unit supplied by
VR Technologies, Bangaluru, India. A high purity
Mo target of thickness 3 mm was used to prepare
thin films at various sputtering pressures and
temperatures. The Ar and oxygen flow was controlled
by needle valve. The sputtering power to deposit
thin films were kept at 50 W. The XRD was recorded
for the films deposited on Si (100) substrates at a
glancing angle of 0.5° to determine their structure
by using Panalytical X ray diffractometer. Raman
spectra were recorded for the films deposited on
Si (100) substrates in the wave number region of
50 to 1000 cm™ by using FT-Raman spectrometer
(BRUKER RFS 27) with He-Ne laser of excitation
wavelength 6328 A, power 9 mW and focusing area
of 2 um. The optical transmittance spectra of the films
deposited on quartz glass substrates is recorded in
the wavelength range 300 — 1100 nm using UV-VIS
spectrophotometer. The thickness of the films is 3000

A which is measured by stylus profilometer (Veeco
DEKTAK 150). The cyclic voltammetric studies were
performed with scan rate of 10 mV / sec for the films
deposited on ITO substrates.

Results and Discussion

XRD Studies

The XRD of the films was studied to understand the
crystallization of the MoQ, thin films. Fig.1 shows
the XRD of the films deposited at two sputtering
pressures of 5 Pa and 10 Pa, and two substrate
temperatures of 300 K and 600 K. It is observed
that the 20 values of the films deposited at 5 Pa and
at 300 K is 22.78° and 25.53°. The peak at 22.78°
indicates the growth of weak hexagonal phase and
at 25.53° indicates the growth of strong orthorhombic
phase'®. The crystallographic orientations are (001)
and (040). The intensity of these crystallographic
peaks become strong when films deposited at 600
K due to the improvement in the crystallinity. Growth
of low intensity (042) crystallographic phases of
orthorhombic structure is also observed in case of
films deposited at this temperature.

With increasing sputtering pressure to 10 Pa, and
at 300 K the films again crystallizes in orthorhombic
phase with predominant (040) orientation. The
intensity of this orientation is increases when the
films are deposited at a substrate temperature of
600 K.

For all the films the 26 of the maximum of the
crystallographic peak is shifting towards lower
values. The shift is more in case of films deposited at
higher sputtering pressures and is due to increase in
inter planar spacing (d). The ‘d’ values are calculated
from the Bragg'’s expression,

nA = 2dsin©

where n is order of the spectrum,
A is wavelength of X-rays,

d is inter planar spacing,

© is angle of diffraction.

Laser Raman Spectral Studies

The Raman spectrum was used to analyze the
modes of vibrations of MoQO, thin films. Fig. 2
shows the Raman spectrum of the MoQ, thin films
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deposited at 5 Pa, 10 Pa and at 300 K and 600 K.
The characteristic Raman bands of the MoO, thin
films were observed between 82 and 995 cm™. The
MoO, must be considered as a layered materials in
which single layers are built up from two half layers
of moderately coupled chains of MoO, tetrahedra
running along the c- axis'. In the present investigation
the Raman bands were observed at 241 cm™ which
is due to the wagging mode O=Mo=0 of hexagonal
phase® and 974 cm is due to the stretching Mo®*
= O "®in case of films deposited at 5 Pa and 300 K.
The band at 974 cm™ is a characteristic of layered
structure of a-MoO, *. It is also observed that a shift
in band position when compared to the standard
values is due to the decrease in the frequency
of the vibrations of corresponding modes which
is due to the formation of nano crystallites®. The
wagging mode which is observed at 241 cm™" is not
observed for films deposited at high temperatures
and sputtering pressures. This may be due to the
increase in the inter planar spacing.

With increasing sputtering pressure to 10 Pa and
deposited at 300 K a single band is observed at 974
cm, which is a shift of 20 cm™' when compared to
the reported value. The observed band is due to the
stretching of Mo®* = O. Further increasing substrate
temperature to 600 K the spectrum is broad without
any featured Raman bands. In general the Raman
spectrum does not show any bands, if films were
amorphous and a broad spectrum can be observed,
if crystallites breaks into smaller crystallites. But
the results in the present investigation indicates
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Fig. 1: GIXRD of the MoO, thin films
deposited at two sputtering pressures
(5 Pa & 10 Pa) and substrate temperatures
(Ts =300 K & 600 K)

the films were not amorphous (from XRD) and the
observed results may be due to increase in the BET
(Brunauer-Emmett-Teller) surface area of the nano
crystallites?'.

Optical studies

The optical transmittance spectra of the films was
studied to understand the optical quality and type
of electron transition in the films. In the present
investigation the optical transmittance of the films
deposited at 5 Pa, 10 Pa and 300 K, 600 K is shown
in Fig. 3. The film transmittance when deposited at 5
Pa and 300 K is 81 % and increasing with increase
in substrate temperatures. The absorption edge is
shifts towards lower wavelengths with increasing
substrate temperature and shifting towards higher
wavelength with sputtering pressure. The reason
for increase in transmittance of films deposited at
higher temperature is due to high reactivity between
Mo and oxygen leading to stoichiometric film. More
over these stochiometric films also shows the shift
in absorption edge towards lower wave length due to
band gap widening which further results in increment
in the energy gap.'52223

The films optical energy gap is obtained from the
following relation,?

ohv = B(hv-Eg)n, (1)
where B is constant, Eg the optical band gap of the

material and n is an exponent, which determines the
type of electronic transition.

240 976

600

—— 10Pa, Ts =600K

608 T

—— 10 Pa, 300K

6003 T
5 Pa, 600 K|

Intensity ( arb. units)
f
'3
L

608 A [

!

—— 5Pa, 300

;
750 1500
Raman shift (cm™)

Fig. 2: Rama spectra of of the MoO, thin
films deposited at sputtering pressures of
5 Pa & 10 Pa and substrate temperatures
of 300 K & 600 K
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if, n = %2, transition is direct allowed,
n = 3/2, transition is direct forbidden
n = 2, transition indirect allowed
n = 3, indirect forbidden transition

Fig. 4 shows the plots of (ahv)2 versus hv. The optical
energy gap of the films is 3.7 eV and is increasing to
3.87 eV with increase in substrate temperature.

The transmittance is decreasing with increase
in sputtering pressure to 10 Pa. At the same
pressure with increasing substrate temperature the
transmittance is increasing due to enhancement in
the reactivity between the atomic species which are
depositing as film. A small shift in absorption edge
was observed with increasing substrate temperature.
But this shift is not much large when compared to
the films deposited at lower sputtering pressures
of 5 Pa. Because at higher pressure, even the
temperature is high due to small mean free path, the
reacting ionic species will scatter out leading to the
substoichiometric film?. The estimated energy gap
of the films is 3.7 eV and is increasing with increase
in substrate temperature.

Electrochromic Studies

The linear sweep cyclic voltametry (CV) studies
were performed on the sample to find the reduction
potentials and diffusion coefficient of lithium ion
in MoQ, films. The CV studies of the films were
performed in a three electrode cell. Platinum is
used as a counter electrode, Hg / Hg,Cl, used as
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Fig. 3: Optical transmittance spectra of the
MoO, thin films deposited at sputtering

pressures of 5 Pa & 10 Pa and substrate
temperatures of 300 K & 600 K

a reference (SCE) and MoO, films deposited on
Indium Tin Oxide (ITO) coated substrates is used
as working electrode.

The coloration and virgin states were observed due
to reduction of Mo® to Mo®* and oxidation of Mo5+
to Mo by de-insertion of Li* ions from the MoO3
films.

The reduction at working electrode can be written
as

MoOQ, + xLi* + xe" ----— Li MoO,

In the present investigation CV measurements were
performed on the films deposited at two substrate
temperatures of 300 K & 600 K and sputtering
pressure of 5 and 10 Pa.

CV measurements were performed on samples
in a glove bag (100 litres capacity) in Argon inert
atmosphere, for 1 M LiCIO, / Propylene Carbonate
(PC) solution.

The cyclic voltagrams of films deposited at 5 Pa and
at 300 K and 600 K were shown in Fig. 5 & Fig. 6.
The diffusion coefficient (D) of Li* ions in the films is
calculated from the Randall — Sevick equation,

D" = S oboans CMZ/SEC ===w==nnmmnev —(2)

Where,

ip = current in amps

n = number of electrons transferred in the redox
event

A = area of electrode in cm?

C, = concentration in mole /cm
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Fig. 4: Plots of (ahv)2 vs hv
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Fig. 5: Cyclic voltammograms (CV) of MoO,
thin film electrodes immersed in 1 M LiCIO, / P
C and deposited at a substrate temperature of

300 K and 5 Pa. The rate of Scan is 10 mV/s.
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Fig. 6: Cyclic voltammograms (CV) of MoO,
thin film electrodes immersed in 1 M LiCIO, / P
C and deposited at a substrate temperature of

600 K and 5 Pa. The rate of scan is 10 mV/s.

v = scan rate in volt / sec
T = temperature in K

The average diffusion coefficient (D) of the films
deposited at 5 Pa and 300 K is 7x10-14 cm?/sec and
decreasing with increase in substrate temperature
of the deposited films. This may be due to the
improvement in polycrystallinity of the films. With
further increase in the sputtering pressure to 10 Pa
and at low temperatures a large enhancement in the
D value was observed (8.2x10-'2 cm?/sec) due to the
enhancement in the mobility of the Li* ions through
the internal and intra grain boundaries?® due to low
grain size of MoQ, (8 nm) of the film.
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Fig. 7: Cyclic voltammograms (CV) of MoO,
thin film electrodes immersed in 1 M LiCIO, / P
C and deposited at a substrate temperature of

300 K and 10 Pa. The Scan rate is 10 mV/s.
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Fig. 8: Cyclic voltammograms (CV) of MoO,
thin film electrodes immersed in 1 M LiCIO, /
P C and deposited at a substrate temperature

of 600 K and sputtering pressure of 10 Pa. The
rate of Scan is 10 mV/s

The reduction potential of the films deposited at
5 Pa, 300 K is -1.25 V, and shifting towards lower
potentials in case of films deposited at higher
deposition temperatures. The reduction potentials
were further decreasing in case of films deposited
at higher sputtering pressures.

These results indicate that the crystallinity and
diffusion coefficient affects the oxidation and
reduction potentials. In case of films deposited at
high pressures and low temperatures the grain
size (L) is 8 nm, which is calculated from Sherrer’s
formula,
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Grain size (L) = k\A/BCOSO ----------- - (3)

where k = 1

A = wavelength of X-ray used,

B = full widhth of the crystallagraphci peak at half
maximum

0 = angle of diffraction.

It is observed that, if the diffusion coefficient of the
films is high, enhances the mobility of Li* ions to
reach maximum number of MoO, molecules causing
low reduction potentials?”28,

Conclusion

Thin film of Nano crystalline MoO, were deposited
by d.c. magnetron sputtering and studied for their
structure, optical and electrochromic properties.
The films crystallize in orthorhombic phase with
predominant (040) orientation. The crystallinity of the
films is strong when deposited at high temperatures
and low pressures. The nano crystallites of size 8
nm were obtained at high sputtering pressues of
10 Pa and low temperatures of 300K. The optical
properties reveals that the transmittance of the
films is high when deposited at high temperatures
and low pressures due to the high reactivity of the

ionic species. The cyclic voltammetric studies reveal
that the lower crystallites sizes will enchances the
diffusion coefficient of lithium ions in MoO, thin
films. The study reveales that the nano crystalline
MoO3 films of lowest crystallite shows improved
electrochromic performance.
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