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Abstract In this work, we present the substrate temper-
ature induced change in the structural, optical, vibrational
and luminescence properties of mixed NiO:WO; (95:5)
thin films deposited on glass substrates by rf magnetron
sputtering technique. X-ray diffraction analysis revealed
the onset of crystallization of the films occurred at 300 °C.
The average optical transmittance of the films varied
between 91 and 97 % in the visible region. The refractive
index and extinction coefficient of films are found to
decrease with increasing substrate temperature. It was
observed that the dispersion data obeyed the single oscil-
lator of the Wemple-DiDomenico model, from which the
dielectric constants, ratio between free carrier density and
free carrier effective mass, plasma frequency, oscillator
energy, oscillator strength, and dispersion energy parame-
ters of NiO:WOj; films were calculated and reported for the
first time due to variation in substrate temperature during
deposition by rf magnetron sputtering. The micro-Raman
result shows two broad peaks corresponding to one-phonon
LO mode at 570 cm™' and two-phonon LO mode at
1,100 cm ™! due to the vibrations of Ni—O bonds and the
peak found at 870 cm ™! belongs to the W—O mode. Room
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temperature photoluminescence (RTPL) study exhibits two
characteristic emission peaks at 3.32 eV (374 nm) and
2.93 eV (423 nm), which corresponding to the transition of
3d® Ni*" ions. We have made an attempt to discuss and
correlate these results with the light of possible mecha-
nisms underlying the phenomena.

1 Introduction

Many of transition metal oxide thin films exhibit an elec-
trochromic (EC) effect as they change their optical trans-
mittance upon charge insertion or extraction. Among the
transition metal oxides, nickel oxide (NiO) and tungsten
oxide (WO;) are extensively studied electrochromic
materials. Nickel oxide thin films are considered as an
important candidate due to their technological applications
as an antiferromagnetic layer, p-type transparent conduct-
ing film, as an active electrode in electrochromic devices,
functional sensing layer for developing chemical sensors,
etc. [1]. On the other hand, tungsten oxide has been used as
an outstanding electrochromic material for smart-window
applications, anti-glare rear view mirrors for automobiles
and gas sensors owing to its excellent optical and electro-
chromic properties [2].

Now-a-days, research efforts have been focused to find a
new optical and EC material with improved optical and
electro-optical characteristics, which find applications in
integrated optics such as optical modulation, optical
information display, and optical data storage [3]. It may be
mentioned that the mixed oxide thin films possess better
electrochromic properties than pure oxides because of
greater optical response. Binary nickel-tungsten oxides,
either made of tungsten mixed nickel oxide [4, 5] or nickel
mixed tungsten oxide [6] thin films have been found to
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yield better electrochromic properties than those of the
pure oxides. Lee et al. [7] reported that the lithium ion
insertion and the current density of NiO:WO; films are
greater than NiO.

Different techniques are employed to grow metal oxide
thin films, viz. thermal evaporation, [8] electron beam
evaporation, [9] spray pyrolysis, [10] reactive pulsed laser
ablation technique, [11] and sputtering [12]. Among these
techniques, radio frequency (rf) sputtering is the major
industrial process due to its high deposition rate, high
volume, and large area uniformity. In the present work, we
have prepared NiO:WO; (95:5) films by rf magnetron
sputtering technique. To the best of our knowledge, no
detailed report has been devised on the optical parameters
of NiO:WOj; thin films due to the variation of substrate
temperatures while film preparation. Therefore, such a
study would be important to develop interesting techno-
logical optical devices such as special optical communi-
cation and spectral dispersion devices. Hence, our present
work provides detailed information about various optical
parameters such as absorption coefficient, optical band gap,
optical dispersion energies, high frequency dielectric con-
stant, average values of oscillator strength, plasma fre-
quency, non-linear optical susceptibility, etc. of NiO:WO;3
thin film. In addition, the results of room temperature
photoluminescence (RTPL), micro-Raman and X-ray dif-
fraction studies are discussed in detail.

2 Experimental details

Mixed NiO:WO;5 (95:5) thin films were prepared on pre-
cleaned glass substrate by rf magnetron sputtering
(HINDHIVAC; Planar Magnetron RF/DC Sputtering Unit
Model-12”  MSPT) using NiO:WO3 (95:5) target
(99.99 % purity) of 5 cm diameter. Depositions were
carried out under the chamber pressure of 5 x 1073
mbar. The distance between target and substrate was
~6 cm. The films were deposited at constant (100 W) rf
power with various substrate temperatures (T, = 100,
200 and 300 °C) for about 30 min duration. The thick-
ness of the film was measured by Stylus profilometer
(Mitutoyo, SJ-301). The structural property of NiO:WOj;
thin film was studied by X-ray diffraction (XRD) using
Cu-K, (A =0.154 nm) radiation source (X’ pert Pro
PANalytical) over a 26 scan range of 10-80°. The effect
of sustrate temperature on the optical properties of
NiO:WO; films were studied using UV-Vis-NIR spec-
trophotometer (JASCO; V-670) in the wavelength range
of 300-2,500 nm. Micro-Raman studies were done using
STR Raman spectrocsopy. Room temperature photolu-
minescence (RTPL) study was performed using Varian
Cary Eclipse fluorescence spectrophotometer.
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Fig. 1 XRD patterns of NiO:WO; thin films deposited at various
substrate temperatures

3 Results and discussion
3.1 Structural studies

Thickness of NiO:WOQOj5 thin films coated at 100, 200 and
300 °C are found to as 0.85, 0.80, 0.75 um. The rf sputter
deposited NiO:WOj thin films (on glass substrates) have
been subjected to X-ray diffraction to analyze their struc-
tural behavior. Figure 1 shows the X-ray diffraction pat-
terns of NiO:WO; thin films deposited on microscopic
glass substrates at different substrate temperatures. It is
observed that the films deposited up to the substrate tem-
perature of 200 °C are amorphous in nature (Fig. la, b),
this is because of incomplete formation of ordered
NiO:WOj; species on the substrate surface due to the low
thermal energy at lower substrate temperature (T,,). When
the film is deposited at higher substrate temperature
(Tgup = 300 c¢), the onset of crystallization occurred in the
film and it is evident from the diffraction peaks observed at
42.5° and 62.2° (Fig. 1c). The observed d spacings are
matched well with monoclinic NiO:WO3 (JCPDS Card No.
72-0480).

3.2 Optical studies

The substrate temperature induced change in optical
absorption and transmission spectra of NiO:WOj; films
recorded in the wavelength range of 300-2,500 nm are
shown in Figs. 2 and 3, respectively. From the absorption
spectra (Fig. 2), it can be seen that the sharp absorption
edge in the ultraviolet (UV) region. This absorption edge in
the UV region is due to band-to-band absorption, which
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Fig. 2 Absorbance spectra of NiO:WO3 thin films
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Fig. 3 Transmittance spectra of NiO:WOj5 thin films

involves transition of an electron from the valence band to
the conduction band. In addition, decrease in absorption
with increasing Ty, may be attributed to the decrease in
the electronic transitions. Also, the absorption edge
becomes sharper with increasing Ty, which may be due to
the decrease in scattering loss for thinner film [13]. Further,
the slight shift in absorption edge towards lower wave-
length (blue shift) region revealed the systematic increase
in barrier width. It was reported that the absorption of NiO
and/or WOj3 in the wavelength longer than 400 nm is
associated with an excess of oxygen (defects) in the lattice
[14, 15]. In the present work, the steeper increase in optical
transmission at UV region may be due to the reduction in
defect density [16]. It is observed from Fig. 3 that the
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Fig. 4 Tauc plot of NiO:WOj thin films

increase in transmittance with increasing substrate tem-
perature may be due to the decreased defect density and the
decrease in optical scattering of the film. The average
transmittance of the film varies between 91 and 97 %.

The optical band gap of the films is determined by
applying the Tauc model [17],

ohv = A(hv—Eg)" (1)

where A is energy independent constant, E, is the band gap
corresponding to a particular transition occuring in the film,
v is transition frequency and the exponent n characterizes
the nature of the band transition. For crystalline semicon-
ductors, n = 1/2, 2, 3/2, 3 values corresponding to the
allowed direct, allowed indirect, forbidden direct, and
forbidden indirect transitions, respectively. Since NiO is a
direct band gap system, the relationship between (chv)” and
hv is expected to show the linear behavior as shown in
Fig. 4. The E, value was obtained by extrapolating the
linear portion to the photon energy axis. It is found that the
optical energy band gap increases with substrate tempera-
ture (2.78-2.93 eV). Generally, in doped semiconductors,
the Fermi level lies between the conduction and valence
bands. According to the Moss-Burstein shift in semicon-
ductor [18, 19], the electrons in the conduction band gets
more populated which pushes the Fermi level to higher in
energy. For a degenerate semiconducting material, elec-
tronic transition is possible only above the Fermi level.
Since all the states below the Fermi level are occupied
states, it needs higher energy for electronic transition.
Hence, we observe an increase in the apparent band gap
with the addition of WOj into the NiO matrix. The increase
in E, values with T, may also be due to removal of excess
oxygen in the prepared film [15].
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Fig. 5 Variation of skin depth with photonic energy of NiO:WO;3
thin films at different substrate temperatures

The inverse of the absorption coefficient 6 = 2/o0 = c/wk
is known as the skin depth (). The intensity I = I/e >,
and hence 0, is a measure of the distance of penetration of
the optical beam into the medium before the beam is dis-
sipated. In practice, ¢ has a very small value (in the order of
pm), indicating that an optical beam incident on material
penetrates only a short distance into the surface. It is seen
from Fig. 5 that the skin depth increases with increasing
Tsub- The absorption coefficient near the band edge shows an
exponential dependence on photon energy and this depen-
dence is given as follows [20],

o = o,exp (ZV) (2)

where o, is a constant and E,, is the width of the band tail of
the localized states at the optical band gap. The Urbach
energy, E,, can be determined from the plot of /n(x) versus
hv (graph not shown here) and the values are listed in
Table 2. In general, the Urbach edge is determined by the
degree of disorder (e.g. charged impurities) and/or struc-
tural defects (e.g. broken or dangling bonds, vacancies,
non-bridging atoms, or chain ends) in the semiconductor
material [21]. Hence, decrease in E, values with increasing
substrate temperature (Table 2) revealed the reduced
defects in coated film. Also, it is known that the optical
band gap is reversely related to the disorder in the film.
Thus, decrease in E,, values can be correlated with increase
in E, values.

Refractive index (n) is an important factor in optical
communication and in designing spectral dispersion,
optical and optoelectronic devices. The refractive index
dispersion data below the interband absorption edge are

@ Springer

2.4 4 (a) 100°C
(b) 200°C
2.2 1 (c) 300°C

2.0 4

1.6 1

1.4

1.2 1

1.0

L} L] L] )
500 1000 1500 2000 2500
Wavelength (nm)

Fig. 6 Variation of refractive index with wavelength of NiO:WO;
thin films at different substrate temperatures

much important for technological applications of the
optical materials, since, the dispersion energy is related
to the optical conductivity and optical transition
strengths. Generally, various approaches (like Cauchy,
Sellmeier, Lorentz, Swanapoel, etc.) have been used to
calculate the refractive index of thin films employing the
transmittance data [22]. In addition, Al-Ghamdi et al.
[23, 24] have reported a simple method to evaluate the n
and k of NiO thin films using the optical data. The
refractive index, n and the extinction coefficient, k of
NiO:WO; films were calculated using the following
relations [23, 24]

ol
k= (4)

where R is the reflectance of the film and / is the wave-
length of the incident beam. Figure 6 shows the substrate
temperature induced change in refractive index, n of
NiO:WOj; thin film as a function of wavelength. The
refractive index of NiO:WOj; thin film decreases with
increasing substrate temperature indicating the decrease in
densification (or packing density) of the film. Whereas,
Fig. 7 shows the variation in extinction coefficient, k as a
function of wavelength and substrate temperature. The
decrease in k value with increasing substrate temperature
may be due to the decrease in surface roughness of the film,
which decreases the scattering losses thereby increasing the
transmitting ability. This inference is in agreement with the
transmittance data.
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Fig. 7 Variation of extinction coefficient with wavelength of
NiO:WOs; thin films at different substrate temperatures

Generally, for a semiconducting material the refractive
index (typically for iw < Eg) decreases with increasing
energy band gap or vice versa. Several expressions have
been devised to relate n and E,. Based on Moss [25] atomic
model, n and E, can be related by the expression
n4Eg ~ K, where K is a constant (K =~ 100 eV).
According to Hervé—Vandamme relationship [26], the n
and E, can be expressed as

R B>2 5)

where A and B are constants (A =3.6eV and
B = 3.4 eV). Our result agrees well with the above said
expressions (i.e. the refractive index values deceased with
increasing band gap). This is evident from the increase in
E, (Fig. 4) and decrease in refractive index (Fig. 6) as a
function of increasing substrate temperature.

The refractive index plays an important role in deter-
mining packing density of the film. The packing density
can be detected from the Bragg and Pippard model [27],
which was later modified by Macleod [28] as given below:

» [0 =p)nd+ (1 4 p)nnl]
o (1 +p)n2+ (1 —p)n?

(6)

where n is the refractive index of the prepared film, n; is the
substrate refractive index and n, is the void refractive index
(equal to the one for air) and p is packing density. Figure 8
represents the plot of packing density as a function of
wavelength and substrate temperature. From the figure it
can be seen that the packing density of the film decreases
with increasing substrate temperature which may be due to
decrease in refractive index value.
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Fig. 8 Plot of packing density versus wavelength of NiO:WO; thin
films
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Fig. 9 Plot of real part of dielectric constant versus wavelength of
NiO:WOs; thin films

We have also evaluated the real and imaginary parts of
the complex dielectric constant, ¢; and &, of NiO:WOj; thin
films using the following equations [29],

& = n2 — kz (7)
& = 2nk (8)

The respective changes in ¢; and ¢, values as a function of
wavelength are shown in Figs. 9 and 10. It is noticed that
the real and imaginary parts of dielectric constants increase
with decreasing substrate temperature indicating the
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Fig. 10 Plot of imaginary part of dielectric constant versus wave-
length of NiO:WO; thin films

enhancement in optical response (i.e. decrement in the
dissipative rate of the wave).

When photons falls on a semiconducting material it
excites electron from the valence band to conduction band,
these electrons take part in conductivity process (optical
conductivity), called photonic effect. The variation in
optical conductivity (o,,) as a function of photon energy
(hv) is shown in Fig. 11 and it can be determined using the
following relation: [30]

Oop =4 — )

where c is the velocity of light. It is clear from Fig. 11 that
the optical conductivity decreases with increasing substrate
temperature, which may be due to the nickel vacancies in
the films. The real part of dielectric constant in higher
wavelength region can be written as follows [31]

& =& — (ez—N) 2 (10)

4nctegm*
and
N &0\ 2
m ( e? )w” (1)

where, ¢; is the lattice dielectric constant, e is the electronic
charge, c is the velocity of light, ¢, is free space dielectric
constant (8.854 x 107'2 F/m), N/m* is the ratio between
free carrier density and free carrier effective mass and w,, is
the plasma resonance frequency of all valence electrons
involved in the optical transitions. The nature of the dis-
persion of n” as a function of wavelength 4 for different
substrate temperatures is shown in Fig. 12. The respective
intercept and slope values evaluated from Fig. 12 gives ¢,
and N/m* and they are presented in Table 1. It is observed
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Fig. 11 Variation of optical conductivity with photonic energy of
NiO:WOs; thin films at different substrate temperatures
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Fig. 12 Plot of n* versus A? of NiO:WOj5 thin films

that both ¢, and N/m* values decreased with increasing
substrate temperature due to the reduction in free carrier
density. The plasma resonance frequency (w,) evaluated
using Eq. (11), decreases with increasing substrate tem-
perature (Table 1). This may be due to the decrease in free
carrier concentration, which agrees well with optical and
N/m* results.

The refractive index n can also be analyzed to determine
the oscillator strength S, for NiO:WOj; thin films. The
refractive index is represented by a single Sellmeier
oscillator at low energies [32]:
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Table 1 Optical dielectric Substrate &L &, no I Se x 102 N/m" x 10 @, (s7) x 10°
parameters of NiO:WO; films temperature (°C) (em3g ™)
100 2.15 2.14 1.46 473 5.14 1.34 6.23
200 1.78 1.76 1.32 392 5.07 1.32 6.20
300 1.48 1.61 1.26 378 3.35 1.20 5.80
3.0 3.0
(a) 100°C (a) 100°C
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Fig. 13 Plot of (n*> — 1)~! versus A™2 of NiO:WO; thin films

ey (3)

Equation (12) can also takes the form:

(n* —1) :% (13)

2

Furthermore, the average oscillator strength S, can be
deduced from the following equation:

_ (-1
EF

(14)

Here n, is the static refractive index; /, is the average
interband oscillator wavelength which provides informa-
tion about the structure and density of the material. High
frequency dielectric constant (¢,,) can be evaluated by
plotting (n*> — 1)~" versus A2 as shown in Fig. 13 with
respect to substrate temperature. The intersection with
(n* — 1)~" axis gives high frequency dielectric constant
(¢0) and it is presented in Table 1. The value of ny was
also evaluated from this graph (Fig. 13) which varies from
1.46 to 1.26 (Table 1), indicating the reduction in density
of the film with raise in substrate temperature, which is in

Fig. 14 Plot of n* — 17! versus (hv)2 of NiO:WO3 thin films

agreement with the decrease in refractive index. The cal-
culated values of, ng, €., 4, and S, are shown in Table 1. It
is found that the ¢, decreases with increasing substrate
temperature as in the case of ¢;. The values of €., and ¢,
are matched with each other and the very small difference
between them may be due to the lattice vibrations and
bounded carriers in an empty lattice which are in the
transparent region [33, 34].

The dispersion energy is important for communica-
tion and spectral analysis device design. Wemple and
DiDomenico (WD) [34] have developed a refractive
index dispersion model below the optical band gap
using the single oscillator approximation. This model
plays an important role in analyzing the behavior of
refractive index of the film. Two important parameters,
the oscillator energy E, denoting the average excitation
energy for electronic transitions and the dispersion
energy E, which represents the strength of interband
optical transitions, can be evaluated from the following
relation

E,E
I
()

(15)
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Table 2 Dispersion energy Substrate E,(eV) Eq@eV) E (V) Eg(eV) E,(eV) EJ/E, M., M (EV)”
parameters of NiO:WO; films temperature (°C)
100 4.042 8.07 0.344 2.78 1.09 1.45 1.99 0.122
200 4.252 5.01 0.214 2.86 0.90 1.48 1.17  0.065
300 4410 4.92 0.170 2.93 0.67 1.50 .11 0.057
B 10
45 (a) 100°C .
a5 (b) 200°C (a) 10000
(c) 300°C g4 20 E
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3.0 =
n
= 25 9 (b)
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£ 20 =
e
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Fig. 15 Plot of (n*> — 1) versus (hv) "2 of NiO:WOs5 thin films

The parameter E, is related to the nearest neighbor cation
co-ordination, anion valence, ionicity, and the effective
number of dispersion electrons. A plot of (n* — 1)~' versus
(hv)? is shown in Fig. 14. The values of E; and E, are
obtained from the intercepts, and slopes of the curves,
respectively and the values are presented in Table 2. The
values of E, was found to increase with increasing Ty,
which could be attributed to the decrease in number of
scattering center and also due to the increase in band gap
energy. Whereas, the E, values decrease with increasing
Tgw Which could be attributed to the decrease in co-ordi-
nation number of the atoms due to the addition of tungsten
oxide and also due to decrease in average transition strength
[35]. As mentioned above, the oscillator energy, E,, is
related to the optical band gap (E,) by Ey ~ 1.5E,, as sug-
gested by WD model [34]. It is evident from Table 2 that the
average ratio of E,/E, ~ 1.5, which shows an agreement
with this relation.

Another interesting optical parameter known as the
lattice energy (E;), which gives information about the
strength of the bonds, can be evaluated using the following
relation [36]

nw_1= (ﬂ) _E_12 (16)
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Fig. 16 Variation of nonlinear optical susceptibility with photonic
energy of NiO:WOj; thin films as a function of substrate temperature

where E is the lattice energy. At longer wavelength, where
E} > E?, Eq. (16) takes the form as

E, E?
n2—1:<E—z>—E—'Z (17)

Slope of the graph between (n* = 1) and (hv) 2

(Fig. 15) gives —E?. The calculated E; values are sum-
marized in Table 2, and are found to decrease with
increasing substrate temperature indicating the decrement
in strength of the bonds. The moments M_; and M_; of the
optical transitions were evaluated using the following
relations [33]

M_

2 1

o M_3 ( )
M3

E}= —:; (19)

The evaluated values of M_; vary from 1.99 to 1.11
(dimensionless) and M_; lies between 0.122 and
0.057(eV) "2 (Table 2).

The third order optical nonlinear susceptibility x> gives
the information about the strength of the chemical bonds
between the molecules and was calculated using the fol-
lowing relation [23, 24, 37]:
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(20)

where A is a constant, A = 1.7 x 101 esu and x(l)

is the

linear optical susceptibility. From Fig. 16 it can be seen
that ¥ decreases with increasing Ty, which revealed the
decreased strength of the chemical bonds between the
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molecules of NiO:WO; thin films. This hypothesis is
consistent with the result of lattice energy (Ej).

3.3 Vibrational studies

Figure 17 a(i) shows the room temperature Raman spectra
of mixed NiO:WOj films deposited at different substrate
temperatures. In order to have better insight on the quan-
titative information of Raman lines with substrate tem-
perature, we have fitted the Raman data of individual
sample using Gaussian fit, as shown in Fig. 17a(ii-iv),
along with the measured data. The Raman spectra show
two broad peaks corresponding to one-phonon longitudinal
optic (LO) mode at 570 cm ™" and two-phonon LO mode at
1,100 cm ™" due to the vibrations of Ni—O bonds. In gen-
eral, NiO:WO;3; or NiWO, has a Raman signal around
850-950 cm™' and this peak can easily be detected in thin
films [38]. Hence, the observed Raman band found at
870 cm ™! belongs to W-O vibrational mode. However, the
relative intensity (peak height) of the Raman lines increa-
ses with increasing substrate temperature. This may be due
to decreased lattice disorder in the film. In addition, the
Raman peak widths are found to decrease (Fig. 17b) with
increasing substrate temperature, since the phonon lifetime
increases whenever there is a decrease in the defect density
in the lattice [39]. Besides, increase in the peak area
(Fig. 17b) of different Raman lines can be correlated with
an increase in the optical band gap [39]. Further, the broad
Raman peaks indicate the amorphous nature of NiO:WO;
films, which is in line with X-ray diffraction result.

3.4 Photoluminescence studies

Photoluminescence (PL) is an effective non-destructive
technique, which can be used to study the optical, elec-
tronic structure, and photochemical properties of a semi-
conductor. Literature survey shows that very sparse reports
are existing on the PL study of mixed NiO:WOj thin films.
Figure 18 shows the room temperature photoluminescence
(RTPL) spectra of NiO:WOj; thin films deposited at dif-
ferent substrate temperatures. The two characteristic RTPL
emission peaks (for Ty, = 100 °C) appear at 3.32 eV
(374 nm) and 2.93 eV (423 nm) when excited at a wave-
length of 270 nm. It was reported that the radiative
recombination of carriers in NiO bulk consists of two
photoemission maxima, one at 3.2 eV and a larger one at
2.8 eV [40]. The origin of the main UV emission peak at
374 nm may be attributed to the electronic transition of 3d®
NiZ* ions [41]. Adler and Feinleib reported that the series
of peaks below 4 eV corresponding to the intraionic 3d%-
3d® transitions of Ni*™ [42]. Hence, the visible emission
peak at 423 nm also belongs to the transition of 3d® Ni*™
ions. The RTPL intensity, provides information about the

@ Springer
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Fig. 18 Room temperature photoluminescence spectra of NiO:WOj3
thin films

quality of surfaces and interfaces, is found to increase with
substrate temperature which may be due to the following
reasons. The raise in intensity may be due to the increase in
Ni** jons. It may be mentioned that the oxygen vacancies
act as an electron capturer, causes decrement in the
recombination process by which the PL intensity decreases
[43, 44]. Hence, the raise in PL intensity may also be due to
decreased oxygen vacancies (defects) which agree well
with optical absorption, Urbach energy and Raman results.
In addition, the added tungsten metal acts as an electron
capturer and the film reaches to near stoichiometric ratio
(by which enhances recombination process) with increas-
ing Ty, therefore it takes part in enhancing the PL
intensity [43]. The blue shift in PL peaks with increasing
Tsup may be due to the change in energy band gap values.
Moreover, this blue shift in PL peaks reveals the possibility
of using NiO:WOj; films for tunable infra-red detectors
[45].

4 Conclusion

The effect of substrate temperature on various properties of
rf magnetron sputtered NiO: WO; thin films were studied
in detail. X-ray diffraction study reveals the amorphous
nature of film at low temperature and the onset of crys-
tallization at 300 °C. Transmittance of the films is found to
increase with increasing Ty, owing to the decreased oxy-
gen vacancies. The energy band gap values are found to
increase with substrate temperature. We have also dis-
cussed in detail about the various optical parameters such
as n, k, ¢; and ¢, E,, E,, E,;, lattice dielectric constant &,
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high frequency dielectric constant ¢.,, the average values
of oscillator strength S,,, wavelength of single oscillator 4,
plasma frequency w, and non-linear optical susceptibility
¥*. Raman study shows two broad peaks corresponding to
one-phonon LO mode at 570 cm™' and two-phonon LO
mode at 1,100 cm ™! due to the vibrations of Ni—O bonds
and the peak found at 870 cm ™' belongs to the W—O mode.
The photoluminescence study shows two characteristic
emission peaks at 3.32 eV (374 nm) and 2.93 eV (423 nm)
due to the transition of 3d® Ni*" ions.
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