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This paper aims to synthesize tungsten-doped indium oxide thin film and to study its properties. Films
with different tungsten dopant concentrations were deposited using the technique of spray pyrolysis.
Raman spectroscopy and X-ray diffraction were used to investigate the structural features. It confirms
the polycrystalline cubic structure of W-doped indium oxide. The morphological change observed with
doping supports the preferred plane orientation change. Optical properties were studied using
UV-visible spectroscopy. The photoluminescence spectra showed both near-band emission (NBE) and
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violet-blue emission. The suitability of the material for gamma sensing applications was confirmed by
thermoluminescence (TL) spectroscopy. The binding energy obtained from the core XPS spectra of W
DOI: 10.1039/d4ma00949e corresponds to a 6+ oxidation state. The electrical resistivity decreased with tungsten doping and it is

attributed to the increase in donor electrons. Indium oxide doped with 2 at% W has good structural,
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1. Introduction

Transparent conducting oxides (TCOs) have garnered significant
attention from researchers in recent times because of their excep-
tional capabilities and extensive use in optoelectronic applications,
including resistive memory devices, touch panels, photovoltaics,
light-emitting diodes, and flat panel displays." Among different
TCOs, indium oxide (InO) has drawn a lot of interest recently in
the field of semiconductors because of its potential qualities. In,0;
is a wide bandgap semiconductor with good electrical conductivity,
better stability and high transparency.” InO thin films are of great
interest in various applications, including gas sensors, photovol-
taics, transparent conductive electrodes, and gamma sensors.?
Because of its great sensitivity, affordability, and ability to be
miniaturized, thin films of metal oxides are advantageous in
gamma sensors and can be employed in wearable and portable
dosimeters.* The material’s response to gamma radiation involves
changes in its electrical and optical characteristics, which can be
measured to estimate radiation dose.

In metal oxides, doping is the intentional incorporation of
impurities, usually in trace amounts, to change the material’s
characteristics. Metal oxide thin films can be doped to improve
their performance for a variety of uses. Doping metal oxide thin
films can increase their sensitivity to ionising radiation, parti-
cularly gamma rays, in the context of gamma dosimetry.” InO
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optical, and electrical characteristics that make it suitable for use in sensor applications.

can be doped with a broad range of elements to satisfy the
requirements of numerous application domains. According to
reports, doping indium oxide with molybdenum enhanced its
electrical properties and transparency. The significant valence
disparity between dopant ions and substituting indium ions is
thought to be the cause of the reported improvement.® In line
with this idea of doping high valence difference ions into In,O;,
we synthesised tungsten-doped indium oxide (IWO) films using
spray pyrolysis. The requirements of the application and the
desired material qualities determine the dopant and doping
concentration to be used. Doping with transition metal ions like
tungsten can add localised energy levels to the metal oxide’s
bandgap, increasing its gamma radiation sensitivity. Doping can
be accomplished in several ways when preparing metal oxide
films, including co-deposition, ion implantation, and post-
deposition annealing in an environment that contains dopants.

Numerous deposition techniques, such as spin coating,
magnetron sputtering, pulsed laser deposition (PLD) and spray
pyrolysis, are used to create InO thin films.>”® Spray pyrolysis
is regarded as a good approach among the methods used to
create InO films because of its inherent simplicity in usage and
is economical.” The most common method used to create
tungsten-doped InO films documented in the literature is
sputtering. We report on the synthesis and characterisation of
tungsten-doped InO thin film in this communication. W-doped
InO films have been made using a solution-based method,
which offers greater control over the dopant concentration in
the film than does the vacuum-based method."
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Few studies have been reported on tungsten-doped indium oxide
but no studies were done on it for low-dose gamma sensing
applications."'® This work mainly focuses on optimizing the tung-
sten doping concentration in indium oxide thin film for low-dose
gamma sensor applications. Also, this study examined and described
how the tungsten doping content affected the structural, optical,
electrical and spectroscopic characteristics of IWO films. Further-
more, there has been no research done so far on the thermolumi-
nescent properties of indium oxide doped with tungsten.

2. Experimental details

Nanostructured IWO with dopant concentration varied from
2-10 at% were synthesized using the low-cost spray pyrolysis
method on a glass substrate. The glass substrates (dimensions:
2.5 cm X 2.5 cm) were prepared by sequential cleaning: first in a
water bath with ultrasonication, followed by treatments with HCI,
isopropyl alcohol (IPA), and acetone. The doped films were
deposited onto the microscopic glass substrates at an optimized
substrate temperature of 450 °C with 0.1 M precursor solution. For
the precursor solution, indium chloride tetrahydrate (InCls-4H,0)
was dissolved in 10 ml of distilled water and stirred at room
temperature on a magnetic stirrer for 30 minutes. Concurrently, a
solution of ammonium tungsten oxide hydrate (the dopant source)
was prepared in deionized water and also stirred for 30 minutes.
Two solutions of the required amounts were mixed and followed
by an additional 15 minutes of stirring to ensure homogeneity. The
prepared solution was sprayed onto the preheated glass substrate
using a spray pyrolysis unit. Deposition parameters were kept
constant as reported in our previous study.'* The thin film’s X-ray
diffraction spectra were examined using a Rigaku Miniflex-600
X-ray diffractogram using a radiation source of Cu Ko. Surface
morphology with composition was studied using a Carl Zeiss
03-81 Sigma FESEM with EDS. LAB RAM HR Horiba France was
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used to obtain micro Raman spectra using a 532 nm laser. The
SHIMADZU UV 1900 spectrophotometer was used to measure the
synthesised film’s optical response. Using a 325 nm excitation
wavelength, the Jasco FP-8300 fluorescence spectrometer was used
to capture the photoluminescence spectra of the films at room
temperature. Using an Al Ko X-ray source, a PHI 5000 Versa Probe
III was used to conduct XPS investigations. The TL measurements
were done within a temperature range of 30 °C to 300 °C with a
heating rate of 2.7 °C s~ " using a PC-controlled TL reader. Using a
Keithley 2450 source meter and the Van der Paw technique, Hall
measurements were performed.

3. Results and discussion

3.1. Structural properties

The information on the structure and crystallographic phase
under the influence of W doping on InO thin film is studied
through an X-ray diffractogram. Fig. 1(a) represents the XRD
spectra of pure and tungsten-doped indium oxide thin film with
a dopant concentration variation from 2 at% to 10 at%. The
polycrystallinity of the deposited films with diffraction peaks
along the (222), (400), (440) and (622) planes corresponding to
pure cubic indium oxide (ICDD: 76-0152) was confirmed using
the spectra. It also confirms the absence of undesired phase or
impurity peaks indicating the purity of the deposited films.
The diffraction intensities of the InO thin film significantly
changed with the incorporation of W and this is due to electron
density variation due to the W atom and ionic radius."> When
the dopant concentration increased from 2 to 6 at%, the
intensity ratio of the (400) peaks and (222) peaks of the
deposited film increased and beyond that, it started decreasing.
The strongest peak corresponds to the (400) plane up to 8 at%
of W doping and gradually it started switching to the (222)
plane with an increase in dopant concentration. At 10 at% of W,
the peak intensity of both planes became more or less the same
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Fig. 1 XRD spectra of undoped and W-doped In,Os films of different dopant concentrations.
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indicating a preferential orientation change of from (400) to
(222). ie, the preferred orientation of the deposited material
changes with dopant concentration. We have already reported a
similar orientation change in the InO thin film, which was doped
with zinc.'* S. Parthiban et al. reported a shift in preferential
orientation from the (222) plane to the (400) plane with Mo doping
in the InO thin film.® Cation incorporation as well as deposition
conditions have a great influence on the preferential orientation
change. The report of Agashe et al. on sprayed SnO, states that even
the excessive inclusion of the host cation can also change preferred
growth. The report also points out that the substitutional dopant
incorporation even at regular as well as interstitial sites has no
influence on the preferential orientation. Whereas the occupancy of
the dopant at previously unoccupied additional interstitial sites can
change the preferred growth.'* The higher intensity of the preferred
plane of 2 at% doped InO thin film corresponds to the better
crystalline quality.”® The diffraction peaks become weaker and
broader with an increment in the dopant concentration and this
can be due to the paucity of arrangements arising from higher
doping levels and also ionic radii differences between the host and
dopant. Peak intensity decrement and peak width increment
signify crystallinity degradation which could be assigned to the
doping-induced lattice disorder and strain.'® Md. A. Sayeed et al.
attributed the peak intensity reduction and peak shift to the grain
size reduction after the introduction of the dopant.'

The tungsten atom incorporation in the InO lattice can
introduce a change in lattice constant or even defect generation,
which results in a diffraction peak shift, as illustrated in
Fig. 1(b)."® Both the (400) and (222) planes exhibit an anomalous
shift in IWO thin film. IWO films with tungsten possessing a
lower ionic radius than indium are expected to show a higher
angle shift. Whereas we noticed a slight shift of the diffraction
peaks of the doped film towards lower angles compared to
pristine InO. A lower angle shift with an increase in dopant
concentration indicates lattice expansion due to W doping. This
shift accounts for the slight increase in the unit cell parameter
(a) from 10.11 A for InO to 10.19 A for IWO. The high carrier
concentration in the conduction band originating from the
cationic substitution of tungsten could be correlated to the cell
parameter enhancement.'” Arife Gencer Imer et al. attributed the
increase of lattice parameter in the Al-doped CdO thin film to the
migrating dopant atoms in the grain boundaries.'®

The average crystallite size has been evaluated using both
the Scherrer equation and the size strain plot (SSP). The size
strain plot of the tungsten doped indium oxide thin film with
different dopant concentrations is shown in Fig. 2. The compi-
lation of the estimated structural parameters including the
average crystallite size is presented in Table 1.

The crystallite size reduced with the incorporation of dopant
in the InO film and it exhibits a decreasing trend with a rise in
concentration of dopant. It decreased from 29.70 nm to
14.55 nm with an increment in W concentration from 0 at%
to 10 at%. Relatively smaller crystallite size indicates the lower
surface roughness of the film after doping.'® The diminution in
the crystallinity after doping can be ascribed to the created
oxygen vacancies or oxygen interstitials.*’

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The dislocation density increased with doping concen-
tration, which is attributable to the ionic radii difference of
indium and tungsten ions. The 6 at% doped indium oxide
seemed to be less strained and can be ascribed to the successful
replacement of tungsten in the host matrix.>! The strain value
is calculated using the relation reported elsewhere'' and the
obtained values are tabulated in Table 1. The micro strain,
which has a direct impact on hardness, film strength, elasticity,
etc. was found to increase with the increase in W content. This
implies the increased lattice mismatch with tungsten doping.
The microstrain is capable of creating dislocations in the
film."* The difference in the ionic radii of the host and dopant
could be the reason for the induced stress.*”

3.2. Morphological studies

Scanning electron micrographs are used to examine the surface
morphology of W-doped InO thin films. The thin film morphology
is dependent on the synthesis technique and fabrication condi-
tions. Moreover, the surface morphology has a direct influence on
the optical and electrical properties of the material.> The dopant
and its concentration also have a role in determining the mor-
phology. Fig. 3 represents the surface morphology of the depos-
ited films with different dopant concentrations. Up to 6 at% of
doping we have observed hexagonal grains that can be connected
to the polycrystallinity of the sample.*?

A combination of both pyramidal and hexagonal shapes of
uneven size can be observed for the 8 at% doping. This can be an
indication of the transition of preferred orientation from (400) to
(222). The non-uniformity of the film can be attributed to this
difference in particle size. The coexistence of grains with different
shapes has been previously reported by S. Parthiban et al. for Mo-
doped InO thin film.® The change of grain shape at 10 at% may be
the consequence of the shift in the orientation preference from
(400) to (222) plane with an increase in doping level. This result is
in line with the XRD data. The grain size decreased drastically for
the 10 at% doped sample and such variation in grain size with
doping concentration has also been previously reported.” The
grain size shrinkage observed at a doping level of 10 at% can also
be ascribed to the change in the preferred orientation.>*

The composition of the W-doped InO films was investigated
using energy-dispersive X-ray (EDAX) analysis. Fig. 4 represents
the EDAX spectrum and elemental mapping of the InO thin film
doped with 2 at% of tungsten. EDAX spectra reveal the presence of
In, O and W in the deposited films. The peaks of O, In and W
found in the EDAX spectra arise from K, L and M shells,
respectively. Traces of other elements like Si, Na, etc were observed
which is attributed to the substrate.>** Cl peaks observed in
EDAX spectra can be from initial precursor solutions. The stoi-
chiometry of W-doped indium oxide demands around 60% oxy-
gen, and the lower oxygen content found in the EDAX data
confirms the presence of oxygen vacancies. The W incorporation
into the indium oxide lattice is confirmed from the EDAX spectra.

3.3. Raman analysis

The oxygen vacancy defect growth can be probed using Raman
spectroscopy. The local chemical structure of the InO thin film

Mater. Adv,, 2025, 6, 433-447 | 435
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Fig. 2 SSP plot of W-doped In,O5 films of different dopant concentrations (2 at%, 4 at%, 6 at%, 8 at%, 10 at%).

was investigated using micro-Raman spectroscopy. The room

temperature Raman spectra of the tungsten doped InO thin

film are shown in Fig. 5. The Raman spectrum consists of five
well-indexed peaks observed around 108, 131, 305, 364 and

436
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495 cm ™t

and it matches well with the previously reported

values of pure cubic InO.>° The deconvoluted Raman peak
positions are summarized in Table 2. Even though the cubic
InO structure is predicted to exhibit 22 Raman active modes,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Estimated structural parameters of W doped In,Oz obtained from XRD spectra

Crystallite size (nm)

Sample  Dopant concentration (at%) Preferred orientation —Scherrer formula SSP a(A) Strain x 107§ x 10"° lines m 2
IWO_0 0 (400) 36.30 + 0.80 29.70 £+ 0.50 10.11 0.98 + 0.01 1.13 + 0.04"°
IWO_2 2 (400) 24.88 + 0.23 17.98 £ 0.003 10.16 1.39 + 0.04 3.09 + 0.001
IWO_4 4 (400) 22.41 + 0.18 16.08 £ 0.002 10.15 1.55 + 0.04 3.87 + 0.0009
IWO_6 6 (400) 25.60 + 0.18 14.19 £ 0.001 10.17 1.35 + 0.03 4.97 £ 0.0007
IWO_8 8 (400) 22.24 + 0.17 14.02 £ 0.001 10.18 1.56 + 0.03 5.09 + 0.0007
IWO_10 10 (222) 14.83 £+ 0.12 14.55 £ 0.001 10.19 2.34 + 0.06 4.72 £ 0.0006

only 5 Raman modes were observed in the present study.>® The
absence of any other additional Raman modes indicates the phase
purity of the sample and this result is consistent with the XRD data.

The In-O vibrations present in InOg octahedrons are repre-
sented by the 130 cm ™" peak. The peak at 495 cm™ " can be related
to the stretching vibration of octahedrons, whereas 306 cm ™"
denotes its bending vibration. A new peak emerged at 364 cm~
in the spectra due to tungsten incorporation indicating the stretch-
ing vibration of In-O-In.>* Almost all peaks observed for pure InO
were also observed for tungsten-doped InO. With increasing dopant
concentration, the intensity of the Raman peak seems to be
decreasing and the width increased. The intensity decrement with
W doping can be considered due to the incorporation of dopant
into the host lattice. The decrease in peak intensity with an increase
in dopant concentration up to 8 at% can be correlated to the
crystallite variation and the intensity increment for the higher dose
is attributed to the higher oxygen vacancies.”® The In-O-In vibra-
tions are mainly influenced by oxygen vacancies and hence such
defects are capable of changing the intensity and peak shifting.*®

1
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zE1ss|

A shift in frequency was also observed. These observations
indicate the difference in local symmetry of InO nanoparticles
from the bulk, even though both share the same crystal
structure.>” After doping with 2% it can be observed that the
peak shifts to higher frequencies. The blue shift of the Raman
modes observed is attributed to the vacancies, interstitials and
grain boundaries. Oxygen vacancies, in particular, lead to a
reduction in bond strength, creating stress in the material and
a shift in the vibrational frequencies of certain Raman-active
modes. The blue shift due to oxygen vacancies was reported by
F. Saeed et al.*® Generally, the red shift or blue shift observed in
the Raman spectra characterizes the tensile or compressive
stress present in the film.>**° With an increase in dopant
concentration, the Raman spectra show a red shift. The sub-
stitution of In** with a higher-valent ion like W®" introduces
charge imbalances and structural distortions within the lattice.
These distortions can affect the In-O bonds in the surrounding
lattice, potentially reducing their effective binding energy.
Weaker binding energy leads to less stiffness in the lattice,
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Fig. 3 Micrographs of W-doped In,Os for W concentrations of (a) 2 at%, (b) 4 at%, (c) 6 at%, (d) 8 at% and (e) 10 at%.
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Fig. 4 Typical EDAX spectrum of 2 at% W-doped In,Oz and elemental mapping of In, W and O.

which allows the vibrational modes to shift to lower frequen-
cies. Singhal et al. attributed the redshift after doping to the
weaker binding energy of the In-O bond as a result of dopant
substitution.”” Krishanu Dey et al. also attributed the redshift
to the presence of dopant cations in the film.>

3.4. Optical Properties

The level of doping is a major factor that the optical properties
of a material depend upon. Optical measurements were carried
out using UV-visible spectroscopy to study the doping effect on
the optical properties of the InO thin film.

The obtained transmittance spectra are shown in Fig. 6. At
500 nm, the transmittance decreased with W content except for
the 2 at% doped sample and it decreased from 75% for
undoped to 58% for the 10 at% doped film. The decreased
transmittance after doping can be attributed to the enhanced
photon scattering at the crystal defects generated by tungsten
doping and photon absorption by the free charge carriers."”
It can be observed from Table 1 that the crystallite size is
maximum for 2 at% doping. It also exhibits improved stoichio-
metry with less oxygen vacancy defects, which is evident in PL
analysis. Therefore, the higher transmittance of the 2 at%
doped film is attributed to its optimal stoichiometry and
improved crystallinity relative to films with higher doping
concentrations.'® The increased transparency of the 2 at% film
compared to the undoped film can be attributed to its larger
bandgap. A larger bandgap shifts the absorption edge to higher
energies, reducing light absorption in the visible spectrum and
thus enhancing transparency. Also for the 2 at% doped film,
the number of mobile electrons is more compared to the
localized electrons, allowing the incoming photons to transmit
easily and thereby increasing the transmittance of the film."?

438 | Mater. Adv., 2025, 6, 433-447

The reduction in oxygen vacancy density in the deposits, which
in turn minimizes the parasitic optical losses, can also con-
tribute to increased transmittance.”® The oscillations in the
transmittance spectra arise due to the interference of multiple
reflections from the substrate and film surface indicating film
uniformity. It also points out the refractive index difference
between the film and substrate.”

The band edge of the transmittance spectra exhibits a higher
wavelength shift for all dopant concentrations except for 2 at%
and it indicates a decrease in bandgap energy with W doping.
Detailed information about the optical bandgap can be
extracted from the Tauc plot.*!
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Fig. 5 Raman spectra of W-doped In,Os for different Zn concentrations.
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Table 2 Deconvoluted Raman peak positions (in cm™) of W doped
In,O3 films

Sample Peak 1 Peak 2 Peak 3 Peak 4 Peak 5
IWO_0 108.22 129.29 304.67 — 494.06"°
IWO_2 108.52 131.65 305.70 364.43 495.23
IWO_4 107.29 131.99 306.07 — 496.32
IWO_6 106.85 131.00 304.04 360.87 —
IWO_8 — 131.05 304.17 362.48 —
IWO_10 106 130.76 304.81 365.01 495.77
100
80
60
BN
[
404 ——INO
—IWO_2
—IWO_4
209 ——IWO_6
—IWO_8
—IWO_10
0 ] ] L] 1
400 600 800 1000
Wavelength (nm)
Fig. 6 Transmission spectra of W-doped In,Os for different W

concentrations.

Fig. 7(a) illustrates the Tauc plot ((¢k2)” vs. hv) as a function
of W concentration. The linear extrapolation of the Tauc plot
provides the bandgap value tabulated in Table 3. The bandgap
variation is due to different reasons like grain size variation,
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grain boundary defects, stoichiometric deviations, orientation
change and dislocation density."* Excluding the 2 at% doped
film, all doped films exhibit a decrement in the optical band-
gap. The increased bandgap of the 2 at% doped film can be
correlated to the increased carrier concentration in the con-
duction band."®

The shifting of the bandgap is primarily controlled by
crystallinity variation, quantum size effect, tensile or compres-
sive strain and change in impurity density. Since the oxidation
state of tungsten is greater than In**, the doping of W con-
tributes electrons to the conduction band increasing the carrier
concentration.”” Bandgap shrinkage can be considered as the
shifting of the conduction band minimum and valence band
maximum occurring because of doping. The presence of
defects like oxygen vacancies also influences the bandgap
variation.'®?>?3

Doping-induced disorder creates a more pronounced effect
in the lower bandgap energy region. In this lower energy region,
the interaction between dopant ions and valence holes and/or
conduction electrons takes place leading to band bending. This
band bending, also known as the Urbach tail has an influence
on the structure of the optical band gap and thereby optical
transition.'® The absorption coefficient right below the band
edge must vary exponentially with photon energy (%) according
to the theoretical estimate."® Urbach energy could be extracted
from the slope of the linear part of the In () versus hv plot
(with E < E,), as illustrated in Fig. 7(b). Redistribution of states
occurs with an increase in Urbach energy and Urbach tail
broadening results in a decrease of bandgap. This explains
the redshift of the bandgap.'® The interaction of lattice vibra-
tion and the localized states present in the Urbach tail region
can influence the optical properties of a particular thin film.
The presence of the localized states around the bandgap
confirms the light absorption by the material. Usually, it
exhibits an inverse relation between bandgap and Urbach
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Fig. 7 (a) Tauc plot and (b) In(x) vs. hv plot of W doped In,Os3 for different W-concentrations.
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Table 3 Optical features obtained from UV-vis spectroscopy of W-doped
In,O3 films

Transmission

Sample  at 500 nm (%) Direct bandgap (eV) Urbach energy (eV)
IWO_0 75 3.68 + 0.03 0.291 + 0.003"°
IWO_2 77 3.78 + 0.38 0.326 £+ 0.004
IWO_4 69 3.62 + 0.41 0.370 £ 0.002
IWO_6 71 3.63 + 0.19 0.363 £+ 0.002
IWO_8 69 3.66 + 0.19 0.348 £ 0.003
IWO_10 58 3.59 + 0.28 0.431 £+ 0.003

energy which is explicit in our study also. Evidently, the
structural disorders and defects that emerged due to doping
are responsible for the increased Urbach energy.'?

The refractive index follows the Kronig-Kramers relation
and decreases with wavelength.”® The refractive index of the
deposited thin film was estimated using the equation,

1+R 4R s
n= + 5 —k
I-R (1-R)

where k represents the extinction coefficient and R is the
reflectance given by R=1— /T x exp(4) with T denoting
the transmittance and A absorbance.**

The impact of W doping on the refractive index of the InO
film is illustrated in Fig. 8(a). The refractive index increased
with doping except for the 2 at% sample and the 10 at% doped
sample showed the highest. The decrease in refractive index of
the 2 at% doped film indicates decreased packing density of the
film.?° Crystallinity and dislocation density variations can be
attributed to variations in the refractive index.'” The n values
exhibit a correlation with E, showing an inverse trend.

The wavelength dependence of k is illustrated in Fig. 8(b) for
the wavelength region of 300-1000 nm. The extinction

1)

T T T
400 600 800 1000

Wavelength (nm)
(a)

Fig. 8
concentrations.
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coefficient value can be associated with the absorption of light
by the material.*> The value of the extinction coefficient
increased with an increase in doping level and the 10 at%
doped sample exhibited the highest value. The increased value
of that sample is due to crystallographic defects like grain
boundaries, voids, etc.>® The lowest value of the extinction
coefficient is shown by the 2 at% doped film indicating the
enhanced transmission of the sample. The lower value of k in
the visible and infrared regions represents the surface smooth-
ness and higher transparency of the film.*

3.5. Photoluminescence study

The defect detection and analysis was carried out using PL
spectroscopy. Doping in a semiconductor can induce various
defects like oxygen vacancies, surface defects, metal interstitials
and so on.*” These defects have a major role in gamma sensing. In
a metal oxide, the observed PL mechanism could be mainly
attributed to defects originating from oxygen vacancies.*® The
oxygen vacancies, which work as donors, will create energy levels
within the bandgap.?* The radiative recombination that emerged
from the additional energy levels induced by defects or impurities
can be detected from PL. The carrier recombination occurring
between the valence band and the donor levels contributes to the
emission peaks in the visible range of the spectrum.'®

Fig. 9 is an illustration of convoluted and deconvoluted PL
spectra at room temperature excited with a wavelength of
325 nm. The obtained PL peak positions after deconvolution
are shown in Table 4. Usually, the blue light emission observed
in InO is correlated to the indium oxygen vacancy centres,
which act as acceptors, and oxygen vacancies that act as donors.
During the process of luminescence, when an electron in the
donor level is captured by a hole in the acceptor level, a trapped
exciton is created. The radiative recombination of the trapped
exciton will occur resulting in a blue light emission.

T T T
600 800 1000

Wavelength (nm)

(b)

T
400

(a) Refractive index modifications with wavelength and (b) extinction coefficient fluctuation with wavelength of W-doped In,Os at various W
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Fig. 9 (a) Convoluted and deconvoluted photoluminescence spectra of (b) 2 at%, (c) 4 at%, (d) 6 at%, (e) 8 at% and (f) 10 at% W doped In,Os.

The deconvoluted spectra of the tungsten-doped thin film at
different doping concentrations exhibit five emission peaks
with a good Gaussian fit. Table 4 provides the deconvoluted

© 2025 The Author(s). Published by the Royal Society of Chemistry

PL peak positions of the undoped INO film'® and IWO film. The
peak at nearly 400 nm can be attributed to the near band edge
emission (NBE) which originates from the recombination of
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Table 4 Deconvoluted PL peaks of W doped In,Os films

Sample Peak 2 Peak 3 Peak 4 Peak 5 Peak 6
IWO_0 397.87 421.30 449.47 469.26 —
IWO_2 401.35 426.53 452.86 469.26 483.61
IWO_4 400.27 425.83 458.82 469.64 482.89
IWO_6 400.10 426.85 455.70 469.43 483.15
IWO_8 400.65 426.48 459.54 469.63 483.40
IWO_10 401.59 426.22 461.81 469.34 484.36

free excitons. The peak observed around 425, 450, 469 and
483 nm can be assigned to the defect states arising due to the
presence of interstitials or oxygen vacancies in the In0.*
Gobinda Gopal Khan et al. attributed the emission peak near
the blue region to a deep-level oxygen (O) vacancy, which is
singly ionized and a peak around 450 nm could have emerged
from other kinds of O vacancy defects.>® We have also observed
an additional peak around 483 nm for the tungsten-doped
samples. The presence of an indium atom-related bandgap
defect is shown by a blue emission peak at 483 nm.>

Also, an increase in the oxygen vacancies present in the
material can increase the emission peak intensity. Hence it came
out that 10 at% W doped samples have more amount of oxygen
vacancies and 2 at% doped ones possess the least. The intensity
of the emission peaks increased with the presence of W®" ions.

The increased surface defects due to oxygen vacancies and
defects can be attributed to this peak intensity increment. The
lower peak intensity of the 2 at% doped sample indicates the
lower defect density in the material. Moreover, it also suggests
the effective separation of photon-generated charge carriers.
The increased defects induced with higher doping concen-
tration validate the higher peak intensity of 10 at%. The
decreased intensity of the NBE peak with an increase in doping
concentration indicates the incorporated defects with doping.®
A red shift in the NBE was observed after doping and this is due
to the bandgap variation that occurred after doping.*°

3.6. Thermoluminescence study

Thermoluminescence (TL) materials find applications in dif-
ferent fields like scientific fields, medical fields and other
applied fields. Studies have been done in the last few decades
on metallic oxides doped with suitable activators. Thin film
metal oxides like ZrO, have been studied for TL dosimetry, but
only a few studies were done on doped InO for gamma
dosimetry.** It was previously reported that pure compounds
exhibit weak TL signals and doping with suitable elements
helps in improving the efficiency of the material.*?

Detailed information on the charge carrier traps can be
obtained from the TL glow curve, which plots the intensity of
emitted light as a function of temperature.** The thermolumi-
nescence phenomenon observed in a tungsten-doped indium
oxide thin film can be attributed to the oxygen vacancies. These
oxygen vacancies create trapping centres within the bandgap
which can trap electrons emitted by gamma interaction. On
heating the sample, the trapped electrons will get released and
luminescence occurs when those electrons recombine with
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holes.** Thermally stimulated luminescence is the term used
to describe the uniform heating of a prior irradiated material
that results in light emission. The TL mechanism can be
considered as a complex phenomenon since it involves multi-
ple stages for the conversion of the kinetic energy imparted by
the gamma radiation to TL photons. The involved stages are:

1. The energy from the ionising radiation is absorbed via the
charge carrier capture at the defect centre. This stage can create or
alter radiation-induced defects that participate in the TL process.
The captured charge carrier at various defect centres can act as
trapping centres for opposite charge carriers. These centres can be
found to be filled during irradiation at different rates.

2. The captured charge carriers can be liberated by the
thermal energy absorption in glow curve heating. This can
result in changes in trapping structures and their spatial
correlations. The important parameters of charge -carrier
kinetics like thermal activation energy (E) and a frequency
known as the ‘““attempt-to-escape” which controls the thermal
de-trapping rate are associated with each centre.

3. The thermal energy and radiant energy will get dissipated
through the crystal lattice through charge carrier diffusion. The
recombination of a certain fraction of those charge carriers
results in TL photons.*

Fig. 10 shows the deconvoluted TL spectra of tungsten-
doped indium oxide thin film. The TL glow curve observed
for 200 Gy gamma irradiated W-doped InO film confirms the
presence of multiple peaks/traps. The method of Gaussian
curve fitting has been used here to extract the components of
the TL spectra. Two peaks were obtained on deconvolution, one
peak around 170 °C and the other at 236 °C. The shape of the
TL curve is almost similar for both Zn-doped'® and W-
doped films.

Currently, the TLD dosimetry method is utilized in person-
nel dosimeter and environmental monitoring to measure the
exposed radiation doses. The efficiency of the material to trap
charge carriers determines its applicability in TL dosimetry.

124 200 Gy

10 4

TL intensity (a.u.)

1 1
150 200 250
Temperature (°C)

Fig. 10 Deconvoluted glow curve of the 2% W doped InO film exposed to
a 200 Gy radiation dosage.
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Fig. 11 XPS survey spectra and core spectra of In, O and W in W-doped InO thin films.

Table 5 Electrical parameters extracted from Hall measurements of
W-doped In,O5 films

Preferred  Resistivity Mobility, u Carrier concentration,

Sample orientation (Q cm) (em®*V's™) n x 10" (cm™?)
IWO_0 (400) 0.12 28.35 1.77"

IWO_2 (400) 0.045 13.59 10.24

IWO_4 (400) 0.119 13.30 3.96

IWO_6 (400) 0.031 21.19 9.51

IWO_8 (400) 0.033 21.37 8.92

IWO_10 (222) 0.043 21.09 7.39

Hence the observed thermoluminescence property of the
synthesized material confirms its relevance in dosimetry

applications.

3.7. XPS

The chemical states of constituent elements and surface com-
position of 2 at% W doped thin film was analysed by X-ray

© 2025 The Author(s). Published by the Royal Society of Chemistry

photoelectron spectroscopy (XPS). The characteristic line
corresponding to adventitious C observed at 284.8 eV in the
XPS spectra was considered as a reference for calibrating the
binding energies. As samples are conductive, charge compen-
sation is not required. Any residual charging was corrected by
post-processing, where spectra were adjusted to align with the
reference peak at 284.8 eV and the correction obtained was
0.3 eV. The binding energies of photoelectron lines corres-
ponding to In, O and W determine the chemical status of these
elements in the compound.

Fig. 11 shows the wide scan spectra of the IWO thin film
within a binding energy range of 0-1100 eV and also the core
spectrum of In, O and W. The peaks found at 443.98 and
451.53 eV corresponding to In3ds;, and In3ds, spin-orbit levels
establish the 3+ state of In in InO. The chemical shift of the
In3ds,, line relative to the In® (reference data for the average
binding energy of 443.5 V) is 0.9 eV and this shift can be attributed
to the In*" state (based on reference, the expected change in the
binding energy of the oxidation of In in InO is +0.8 to 1.2 €V).*°

Mater. Adv.,, 2025, 6, 433-447 | 443
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The doublet observed in the W core spectrum with binding
energies 35.14 and 37.23 eV corresponds to W 4f;,, and W 4f;,
levels. The observed binding energies confirm the 6+ oxidation
state of W. Even though there is a possibility of the formation of
other oxidation states like +4, the absence of shoulder peaks or
any asymmetry points out the complete oxidization of W
dopants to the W°®" state in the film."

As found in our previous study on pure and Zn-doped
indium oxide thin films, here also we found a doublet structure
in the O1s core spectrum.”'® Generally, the oxygen doublet
found in metal oxides indicates the formation of mixed valence
states.”” The major peak at 529.39 eV suggests the oxygen in the
crystal lattice of InO, whereas the 530.92 eV peak can be
attributed to non-stoichiometric oxygen.*> However, unlike
Zn-doped InO film, W-doped film doesn’t show any trace of
unreacted In metal.”® Moreover, the peak positions of O and In
are close to that of pristine InO, unlike Zn-doped InO.

3.8. Electrical properties

The Hall effect measurement set up with Van der Pauw
configuration is utilized to study the electrical properties of
tungsten-doped films at room temperature. Table 5 lists the
estimated electrical resistivity, mobility and charge carrier
concentration corresponding to each dopant concentration. It
is shown in the table that the electrical resistivity of the InO
thin film decreased after tungsten doping and the 6 at% doped
film shows the least value of resistivity. The comparatively
higher resistivity of the 4 at% sample is attributed to the
reduced carrier concentration at that doping concentration.
The observed high resistivity of 4 at% doped films is due to
increased grain boundary scattering.'> Generally, the resistivity
is determined by the free carriers found in the conduction
band. Hence it can be confirmed that the decreased resistivity
of the W-doped InO films can be attributed to increased film
carrier concentration. Previous reports support the fact that
oxygen vacancies as well as defects can generate carrier elec-
trons and thereby decrease resistivity.>”> The decreased resistiv-
ity of 2% can be due to the better crystallinity of the sample and
less oxygen vacancies.”® According to T. C. Paul et al, the
decrease in resistivity can be due to reduced disorder in the
lattice after doping or due to higher free electrons or lower hole
concentration in the conduction band and valence band.*?

Higher carrier concentration was observed in the 2 at%
doped thin film whereas 4 at% shows the least. A higher density
of W®" ions in In®" substitutional sites can be a possible reason
for the increased carrier concentration of 2 at% doped films.>°
Here in doped films in addition to the oxygen vacancies, the
doped ions also provide free carriers as the valencies of the
doped ions and host matrix are different."

The carrier mobility is generally dependent upon different
scattering mechanisms like lattice, ionized impurity, neutral
impurity, and grain boundary. The neutral impurity scattering
and lattice vibration scattering usually found in heavily degen-
erated films can be neglected. Hence the mobility is controlled
by ionized impurities as well as grain boundaries. The decrease
in mobility after doping can be attributed to the increased
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ionized impurity scattering centres. This can deteriorate the
conductivity of the films.'® Moreover, as the ionic radii of W®*
ions are lesser than In, the probability for the dopant ions to
occupy interstitial positions is higher. This can deform the
crystal structure and these inactive dopants at interstitial posi-
tions can act as scattering centres, which in turn can reduce the
mobility.®

Even though the carrier mobility of the film decreased after
doping, it showed a slight increase at higher doping levels. The
lower mobility values at lower doping concentrations could be
due to higher oxygen content in the film. It is reported that
excess O ions act as electron scattering centres, which supports
the mobility drop at 2 at%.”° Moreover, decreased grain size
can result in an increased grain boundary, related barriers, and
surface states, which results in carrier traps. The mobility of the
carrier possesses a direct correlation with these carrier traps
and hence the decrease in mobility after doping can be due to
increased trap centres."” The increased mobility beyond 4% can
be due to the increase in oxygen vacancies.® It is also note-
worthy that the mobility of the IWO thin film is higher than
that of the IZO film and for both films, the mobility values are
lesser than that of the pristine one. The charge mobility,
surface density and dopant distribution, which depend on the
crystallographic orientation, can enhance the sensitivity of the
material.

The carrier concentration enhanced after W doping,
whereas mobility diminished after doping. Hence it can be
confirmed that resistivity, Hall mobility and carrier concen-
tration are sensitive to the doping concentration. All three
electrical parameters extracted from Hall measurements are
sensitive to oxygen vacancies.

4. Conclusion

Tungsten-doped InO thin films were synthesized on the glass
substrate using the spray pyrolysis technique with a dopant
concentration varying from 2 to 10 at%. A polycrystalline cubic
structure with a shift in prominent growth orientation from
(400) to (222) at higher doping levels was observed for the
deposited film. Cubic crystallization of doped InO with no
impurity phase and oxygen vacancy formation is confirmed
by Raman spectra. XPS analysis confirms the 6+ oxidation state
of tungsten. The decrement in transmittance with an increase
in doping concentration can be attributed to the crystal defects
that emerged after doping. The redshift in the absorption edge
indicates the decrease in bandgap energy. Band tailing
increased after doping due to the defect formation. Violet-
blue emission was observed in the photoluminescence spectra
along with NBE emission. The TL glow curve confirms the
applicability of the W-doped InO thin film for dosimetry
applications. W doping also influenced the electrical properties
of the material. The resistivity decreased with tungsten doping
and it is due to the increase in donor electrons. It was observed
that the 2 at% W doped InO showed preferred structural,
optical and electrical properties with fewer defects. As the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2 at% W doped sample shows the least defects, it is expected to
show comparatively higher sensitivity for radiation. InO doped
with 2 at% W would be a suitable material for gamma sensing
applications.
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