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Tungsten trioxide (WO3) has drawn significant interest for its diverse applications, including electrochromic
devices, perovskite solar cells, and gas sensors among others, due to its tunable properties. This study investigates
the impact of chromium (Cr) doping on WOs thin films deposited via RF co-sputtering. X-ray diffraction and
Raman spectroscopy confirmed Cr incorporation, enhancing crystallinity. UV-Vis spectroscopy verified the
improvement in transmittance and revealed an increase in the energy bandgap with Cr doping. Field emission

scanning electron microscopy revealed reduced grain size and increased surface roughness with higher Cr
doping. Additionally, electrical measurements indicated decreased conductivity. The enhanced transmittance
and widened energy bandgap suggest that Cr-doped WO3 could serve as an efficient electron transport layer in n-
i-p structured perovskite solar cells. These findings demonstrate that controlled Cr doping effectively tailors WO3
properties, providing valuable insights for optimizing its performance in optoelectronic applications.

1. Introduction

Tungsten trioxide (WO3), a well-studied transition metal oxide, has
gained significant attention for its versatile applications, including
electrochromic devices, photocatalysis, gas sensors, smart windows, and
photovoltaics, due to its versatile properties. Particularly, WOj3 is
increasingly gaining attention as a promising electron transport layer
(ETL) in perovskite solar cells (PSCs) [1,2]. Additionally, high chemical
and thermal stability have made WOj3 ceramics crucial in various func-
tional ceramics. To utilize WO3 in diverse applications, its properties
have been extensively optimized through doping with various elements.
For example, silver (Ag) doping enhances the gas-sensing performance
of WO3 [3], whereas zinc (Zn) doping boosts its photo electrocatalytic

efficiency [4,5] and gadolinium (Gd) doping enhances the electro-
chromic properties of WO3 [6,7]. In the research field of PSCs, europium
(Eu) doping improves WO3's functionality as charge transport layers [8],
while niobium (Nb) doping enhances electron transport by increasing
donor density and minimizing trap states, though it also reduces trans-
mittance [9]. Molybdenum (Mo) doping further improves the electron
transporting properties of WO3 and significantly enhances the stability
of PSCs, but it decreases the transmittance [10]. Similarly, Ag doping
reduces the bandgap, thereby reducing the visible-light transmittance
[11]. While the effects of Cr doping on WO3 have not been widely
studied, existing reports suggest that it induces significant structural
modifications, which may influence its optical and electrical behavior.
Given its potential impact on multiple material properties, further
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investigation is essential to understand its suitability for optoelectronic
and sensing applications.

Although various techniques, such as flame spray pyrolysis [12],
hydrothermal [13], and liquid-liquid doping precursor [14], were used
to deposit Cr-doped WOs, to the best of our knowledge, it has not yet
been deposited through radio frequency (RF) sputtering technique, that
offers several advantages, such as precise control over film composition,
thickness, and uniform deposition [15]. RF sputtering is an industrially
viable and scalable technique, making it suitable for large-area deposi-
tion while ensuring high reproducibility [16]. Although this method
may involve higher initial setup costs compared to certain chemical
synthesis methods, it provides improved target utilization, lower
contamination risk, and minimized material waste, all of which
contribute to enhanced long-term cost efficiency [16,17]. Moreover, as a
vacuum-based process, RF sputtering eliminates the need for hazardous
chemical precursors, making it a more environmentally friendly and
sustainable method for large-scale Cr-doped WOj5 film production.

In this study, we deposited Cr-doped WO3 through RF co-sputtering
and investigated doping effects on the material’s structure, morphology,
and optical and electrical properties. By comparing Cr doping with other
dopants, this work contextualizes its unique advantages within the
broader field of doped WOs materials and provides insights into its
potential applications.

2. Methodology

Undoped WO3 was sputtered by using the sputtering machine (Model
4G-3RF-1DC, Kurt J. Lesker) at room temperature for 45 min under Ar
gas flow of 6 sccm, providing RF power of 100 W at WOg target (99.9%
purity, 2" diameter, Kurt J. Lesker). Cr-doped WO3 films were sputtered
by applying 8 W and 20 W co-sputtering powers at Cr target (99.9%
purity, 2" diameter, Kurt J. Lesker), while keeping all other parameters
unchanged. All films were annealed under vacuum at 550 °C for 40 min.
Optical transmittance and absorbance were measured using a Perkin
Elmer Lambda 950 UV-Vis-NIR spectrophotometer. Structural analysis
was conducted via a Bruker AXS-D8 X-ray diffractometer with Cu Ka
radiation (A = 1.5406 A). Raman spectroscopy was performed with a
Thermo Scientific DXR2xi confocal micro-Raman imaging microscope,
utilizing a 532 nm laser excitation wavelength, 5 mW power, and a 1 pm
spot size. Surface morphology and elemental composition were analyzed
using a ZEISS MERLIN FESEM with EDX.

3. Results and discussion

X-ray diffraction patterns for undoped and Cr-doped WOj thin films
(Fig. 1(a)) match with the standard XRD spectrum of orthorhombic WO3
(PDF Card No. 00-020-1234). As the co-sputtering power increases, a
slight peak shift towards lower angles occurs because W8* (ionic radius
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0.60 A) are substituted by larger Cr®* (0.615 A), expanding the lattice
and increasing the d-spacing [13]. Moreover, narrower and more intense
peaks are observed in Cr-doped films compared to undoped film, with
more pronounced peaks at higher co-sputtering power. The inset of
Fig. 1(a) highlights the shifting, narrowing and increased intensity of the
dominant peak (200). Crystallite sizes (L) for this peak were calculated
by using Scherrer’s equation (L = 0.9)/fcos6, where p represents the full
width at half maximum (FWHM) of the peak at the angle 26) and found
to be 8.57 nm (undoped), 9.48 nm (8 W Cr-doped), and 10.73 nm (20 W
Cr-doped), indicating enhanced crystallinity with increased Cr doping,
further supported by the rise in peak intensity. A shoulder peak at
approximately 23.50° near the (200) plane of the undoped WOs film is
observed, which can be attributed to secondary phases or minor struc-
tural distortions inherent in the undoped RF-sputtered WOs. This
auxiliary peak diminishes with the introduction and incremental doping
of Cr, likely due to the stabilization of the orthorhombic phase through
the minimization of distortions or secondary phases, thereby enhancing
crystallinity.

In the Raman spectra (Fig. 1(b)), the ~270 cm ™! peak corresponds to
O-W-0 bending vibration, while the ~700 cm ™! and ~808 cm ™! peaks
indicate O-W-O stretching modes [13,18]. These vibrational modes are
caused by the periodic movement of atoms inside the lattice; stretching
modes include the expansion and contraction of bond lengths, whilst
bending modes involve angular deformations of the O-W-O bond. The
inset of Fig. 1(b) shows the ~808 cm™! peak shifting toward lower
wavenumbers (redshift) as co-sputtering power increases. In Raman
spectroscopy, a redshift occurs when a vibrational mode moves to a
lower frequency, typically indicating a weakening of the corresponding
bond. This shift suggests lengthened O-W-O bonds, which can be
attributed to the incorporation of Cr ions into the WOj3 lattice. This
incorporation induces bond lengthening and lattice expansion, consis-
tent with the XRD analysis. Moreover, a prominent peak ~995 cm™!
appears with the increment of co-sputtering power, whereas it is absent
in undoped WOs3. This peak represents a new vibrational mode and is
commonly associated with the Cr=0 stretching mode, suggesting that Cr
incorporation into the WOj5 lattice modifies the local bonding environ-
ment. The formation of Cr=0 bonds likely results from Cr ions occu-
pying substitutional or interstitial sites within the WO3 framework,
influencing vibrational modes and local symmetry. Previous studies
have linked this peak to terminal Cr=0 bonds, which are characteristic
of chromium oxides or Cr-doped oxide systems [13]. The intensity in-
crease of the ~995 cm™! peak with higher Cr doping further supports
the presence of more Cr=0 bonds, indicating progressive Cr incorpo-
ration into the WOsg lattice. This structural alteration can impact the
material’s electronic and optical properties, which is crucial for its
application in optoelectronic devices.

The transmittance spectra for both undoped and doped films (Fig. 2
(a)) indicate increased transparency upon Cr doping, with further
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Fig. 1. A) XRD pattern and b) Raman spectra of undoped, 8 W Cr-doped and 20 W Cr-doped WOj5 films.



Md. Mahfuzul Haque et al.

100 T T T
&\o, 80 1
)
2 601 -
©
=
£ 40 1
2 —— Undoped WO,
© — .
= 20 8 WCr-doped WO, | |

—— 20 W Cr-doped WO,
400 600 800
Light wavelength (nm)
Cc

12.0 T T ( ) v

11.84 1
]
£ /

11.64 1

/— Undoped WO,
—— 8 W Cr-doped WO,
—— 20 W Cr-doped WO,
114

326 328 330 332 334

Photon energy (eV)

Inorganic Chemistry Communications 177 (2025) 114300

6x10'"2 ' gb) T . :
o = Undoped WO,
>4x1012_ — 8 W Cr-doped WO,
2 —— 20 W Cr-doped WO,
£
)
“’szm'?- 1
3
0 L .

30 32 34 36 38 40
Photon energy (eV)

(d)

ER S
KEBANGS \AN
.MAL YSIA

mal Ulniversigy

of Malavsia
8 W Cr-doped WO, 20 W Cr-doped WO,

Undoped WO,

Fig. 2. (a) Transmittance spectra, (b) Tauc plot, (c) In @ vs hv plot, (d) visible transparency of the films.

enhancement at higher co-sputtering powers. The undoped film shows
an average transmittance of ~60%, while 8 W and 20 W Cr-doped films
exhibit transmittances of ~65% and ~75%, respectively. This increment
may be attributed to the gradual improvement of crystallinity and
increased crystallite size. Larger crystallites generally lead to fewer de-
fects that scatter light, resulting in higher optical transmittance. Addi-
tionally, the enhanced transmittance is likely linked to the gradual
disappearance of the auxiliary peak around 23.50° in the XRD pattern,
indicating a secondary phase. The improved transmittance of the ETL is
particularly beneficial for n-i-p structured PSCs, as it facilitates greater
light penetration into the perovskite absorber layer, enhancing light
absorption and photocurrent generation. Consequently, Cr doping in
WOj3 improves its functionality as an ETL, potentially leading to
improved solar cell efficiency.

The absorption coefficient () is crucial for determining the optical
energy bandgap (Eg) and the Urbach energy (Ey) of thin films. The values
of a were determined for all films from absorbance (A) and thickness (d)
of the films by using the relation: a = 2.303 (A/d) [19,20]. To determine
E; using the Tauc method, (ahv)? versus photon energy (hv) was plotted
for each film, as shown in Fig. 2(b). By extrapolating the linear region of
these graphs to the hv-axis, the intersection points represent the Eg
values. This analysis reveals that Cr doping gradually increases the Eg
values. For undoped WOs3, the Eg is 3.72 eV, increasing to 3.73 eV and
3.78 eV for 8 W and 20 W Cr-doped films, respectively, indicating a blue
shift with Cr doping. The determined E, values fall within the range
reported in the literature [10,21-23]. This increase in E; may be
attributed to the Burstein-Moss effect, where Cr incorporation raises the
Fermi level by additional electrons, filling lower conduction band states.
Thus the electrons are required to be excited only to higher energy states
above the Fermi level, effectively increasing the apparent E; [24,25]. As
an ETL with a higher E,; absorbs less visible light than one with a lower
Eg, more photons can reach the perovskite absorber layer, enhancing
photon absorption and charge generation in n-i-p-structured PSCs. Cr-
doped WO3 proves beneficial n-i-p structured PSCs by enabling better
utilization of photons with energies below its bandgap but above that of

the perovskite. This enhanced light-harvesting improves short-circuit
current and overall solar cell performance.

Urbach energy (Ey) provides information regarding the disorders in
materials such as thermal, structural and compositional disorders. It is
related to a and hv by the relation: In @ = In ap + hv/Ey [22]. In a vs hv
was plotted for all the films to determine the Ey. In the lower energy
region of these plots, where «a increases exponentially as hv approaches
Eg, the most linear segments are identified which are shown in Fig. 2(c).
By inverting the slopes of these linear parts, the Ey values are deter-
mined as 524.41 meV, 514.4 meV, and 509.02 meV for undoped, 8 W
and 20 W Cr-doped WOs films, respectively. Fig. 2(d) demonstrates the
visible transparency of the films, showing that visibility through the
films increases with the level of Cr doping.

FESEM images of all films (Fig. 3) show that undoped film has larger
particles than doped films. As Cr-doping is introduced and increased, the
average particle size decreases gradually from ~220 nm (undoped) to
~180 nm (20 W Cr-doped), enhancing densification. Cr doping likely
breaks larger particles into smaller ones, increasing grain boundaries
and surface area. Less distinct grain boundaries and greater granularity
are observed in the doped films as particles begin to overlap for higher
co-sputtering power, indicating an increase in roughness, making the 20
W Cr-doped film the roughest. Elemental analysis shows that Cr is un-
detected in 8 W Cr-doped WOs film, likely due to its content being below
the machine’s detection limit but detected in 20 W Cr-doped film.

Under dark condition, the current density (mA/cmz) vs. voltage (V)
was measured for the sputtered films of 1 cm? area on FTO using an LIV
measurement device with direct electrical connections (without using
any top contact) to the FTO and the thin film, ensuring that the observed
conductivity originates from the WOg layer. The current density vs
voltage graph in Fig. 3(d) shows that undoped WO3 has the highest
slope, reflecting the highest conductivity. Cracks in this film, found from
the FESEM images may lead to the electrical shorting, contributing to
this conductivity. In contrast, Cr-doped WO3 films exhibit decreasing
slopes with increased co-sputtering power, indicating reduced conduc-
tivity. This reduction may be due to the defect states or scattering
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Fig. 3. Surface morphology and elemental composition of (a) undoped, (b) 8 W and (c) 20 W Cr-doped WOs film, (d) I-V characteristics of all films.

centers introduced by Cr doping, acting as traps or recombination sites,
which hamper charge carrier mobility. Furthermore, Cr ions may occupy
interstitial positions or substitute W sites, introducing lattice distortions
that increase charge carrier scattering, as evidenced by the XRD data
showing lattice expansion. The higher grain boundary density, as
observed in FESEM images, further impedes charge transport by
increasing grain boundary scattering. At higher doping levels, ionized
impurity scattering also hinders the carrier movement. Together, these
factors create barriers to charge transport, leading to the observed
decrease in conductivity with increased Cr doping.

4. Conclusion

Post-annealed RF sputtered WO3 films exhibited an orthorhombic
phase, as confirmed by XRD analysis, with Cr doping leading to
increased phase purity. Cr doping reduced the crystallite size from 8.57
nm (undoped) to 10.73 nm (20 W Cr-doped), contributing to improved
crystallinity. This enhancement in crystallinity resulted in a significant
increase in the average transmittance of the films, from ~60% (undo-
ped) to ~75% (20 W Cr-doped). Furthermore, Cr doping slightly
increased the energy bandgap from 3.72 eV (undoped) to 3.73 eV (8 W
Cr-doped) and further to 3.78 eV (20 W Cr-doped film), indicating a
proportional relationship between Cr concentration and the energy
bandgap. Observed peak shifting in XRD analysis of Cr-doped films to-
ward lower angle, indicating lattice expansion and formation of a new
vibrational mode at 995 cm ™! in Raman spectroscopy of Cr-doped films,
attributed to Cr=0 stretching, confirmed the replacement of W ions by
Cr ions. Compared to other dopants, Cr doping offers unique advantages
for ETL applications in perovskite solar cells (PSCs). While Ag doping
reduces the bandgap and lowers visible-light transmission, Mo doping
enhances ETL properties and improves PSC stability but decreases

transmittance. Similarly, Nb doping improves electron transport; how-
ever, it also reduces transmittance, which can limit light absorption in
the perovskite layer. In contrast, Cr doping simultaneously enhances
crystallinity and maintains high transparency, ensuring efficient photon
transmission. Its moderate bandgap increase benefits n-i-p PSCs by
minimizing ETL absorption, allowing more light to reach the perovskite
layer and improving charge generation. Unlike Mo and Nb doping, Cr
doping strikes a balance among structural enhancement, optical per-
formance, and bandgap modulation, making it a promising choice for
high-transparency ETLs with efficient charge transport and optimized
light management in PSCs. These findings demonstrate that well-
controlled Cr doping via RF co-sputtering effectively tailors the prop-
erties of WO3 films, making them highly attractive for energy-efficient
and optoelectronic applications.
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