# % ASIA-PACIFIC .
N ¢# SOLAR RESEARCH CONFERENCE 2-4 Dec 2025, Brisbane

Thickness-Dependent Optoelectronic Properties and Tailoring Oxygen Vacancies in
Thermally Evaporated WO3.x.

Abstract

Transition metal oxides (TMOs) are promising candidates for energy harvesting due to their
tunable optoelectronic properties, such as a wide band gap (~3 eV) and high work function (4-7 eV)
[1,2]. Even without external doping, vacancies arising from incomplete stoichiometry lead to extrinsic
semiconducting behavior — metal vacancies result in p-type doping, while oxygen vacancies
contribute to n-type doping. These vacancies also influence conductivity, enabling a transition from
high-work-function insulators to semiconductors, and eventually to metallic-like conductors as the
cation oxidation state (OS) decreases. This tunability allows the work function to be engineered by
controlling oxygen content [3-6]. Such work-function engineering is particularly significant for TMO/Si
interfaces, where differences in work function induce band bending and built-in fields essential for
carrier separation. Experimentally, oxygen content can be modulated via oxygen plasma or UV—-
ozone treatment, while oxygen vacancies (OVs) can be introduced using Ar plasma [7-12].
Furthermore, TMOs can be deposited through simple, low-temperature techniques such as thermal
evaporation (<200 °C), enhancing their practical appeal.

Tungsten oxide (WOs.x) stands out for its high optical transparency, with thin films (<100 nm)
exhibiting transmittance above 80%. Since its conductivity and work function are strongly influenced
by W-0O bonding states, WO; is a strong candidate for dopant-free heterojunction solar cells.

In this work, WOsx thin films of three thicknesses (~40 nm, 80 nm, and 120 nm) were
deposited on corning glass (CG) at room temperature via thermal evaporation of 10 mg, 20 mg, and
30 mg of precursor respectively at chamber pressure 5*10° mbar. UV-Vis—NIR spectroscopy
confirmed transmittance above 80% in the visible spectrum, which increased with decreasing
thickness. This aligns with Beer-Lambert's law, where intensity of transmitted light, I = Ije™*
depends exponentially on thickness t, where |y is the incident intensity and a is the absorption
coefficient. Tauc’s plot indicated a widening band gap, from 3.30 eV (120 nm) to 3.43 eV (40 nm),
as shown in Fig. 1, similar to reported vales [1,2]. Surface analyses confirmed uniform deposition
i.e. Atomic Force Microscopy (AFM) revealed smooth films, as shown in Fig. 2, while filed emission
scanning electron microscopy (FESEM) indicated an average grain size of 17 £ 5 nm, as shown in
Fig. 3. Planar |-V measurements as shown in Fig.4 were carried out to study conductivity of the thin
films. Conductivities increased with increase in thickness with photo conductivity being more
indicating carrier generation in the film in presence of light. X-Ray Photoelectron Spectroscopy (XPS)
confirmed W-0O bonds corresponding to the W OS 6" through W 4f 5/2 and W 4f 7/2 peaks with the
expected 3:4 area ratio, along with W OS 5" states, indicating partial reduction. Deconvolution of O
1s spectra revealed additional W=0 and W-OH bonds, confirming OVs in WOs.x as shown in Fig. 5
(a,b). Upon detailed investigation of the deconvoluted XPS W 4f spectra, W OS (5":6") ratio
fluctuated in the range of 0.2 with highest OS 5* being present in film prepared from 20mg precursor.
OV percentage saturated around 33% for thicker films. Hence 20mg/80nm film was chosen for UV-
Ozone treatment.

To tailor OVs and OS of W, UV-ozone (UVO) treatment was performed on the 80 nm film.
XPS analysis showed that the relative area of W6" increased while W 5" decreased as shown in Fig.
5(c,d). The W 4f OS (5":6%) ratio reduced from 0.24 to 0.15 for both 4f 5/2 and 4f 7/2 peaks. Similarly,
OV contribution decreased from 33.05% to 27.23% after 20 minutes of UVO exposure, as
summarized in Table 2. These results confirm that UVO treatment effectively reduces oxygen
vacancies in WOs;.x. IV measurements 20 minutes UVO treated films showed 2.30x10* and 2.47x10-
4 'em™ dark and photo conductivities values respectively. These conductivities are about two order
smaller as compared to as deposited 80 nm film. The decrease in electrical conductivity further
confirmed that UVO treatment resulted in promotion of W to higher OS and decrease in OVs. This
confirmed that UVO treatment reduces electrical conductivity of WOsx thin films. Since fully
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stoichiometric WO3; behaves as an insulator and WO, as a conductor, intermediate non-
stoichiometric phases strike a balance between transparency and conductivity. Kelvin Probe Force
Microscopy (KPFM) measurements were carried out to study the effect of UVO treatment on work
function of the thin films. The contact potential difference (CPD) was found out to be 0.567 V for as
deposited film and -0.568 V for 20min UVO treated film as shown in Fig. 6. As a result, the work
function changed from 4.31eV to 5.44eV after UVO treatment. This confirmed that work function can
be enhanced with UVO treatment, consistent with reported studies on other TMOs [12]. All these
results helped us to correlate oxygen vacancies with work function and electrical conductivity, which
could be tuned through UVO treatment.

Overall, the ability to engineer conductivity and work function via controlled oxygen content
makes thermally evaporated WOs.x thin films highly promising for low-temperature, dopant-free
heterojunction solar cells and other transparent energy-harvesting applications.

Table 1: Optoelectronic and morphological properties of different WOs.x thin films.

Precursor | Thickness Average Bandgap RMS Dark Photo
(mg) (nm) Transmittance (eV) Roughness | Conductivity | Conductivity
250-1500 nm (nm) o (Q'cm™? o (Q'cm™
(%)
10 41.21+£1.68 86.98 3.43+0.02 | 2.70+0.03 | (3.14+£0.53) | (3.48+0.53)
x 10* x 10*
20 81.11+£5.80 80.51 3.39£0.02 | 2.54+0.07 | (1.56+0.10) | (1.60+ 0.10)
x 10?2 x 102
30 120.75+£14.52 78.92 3.30+£0.02 | 2.37+0.17 | (1.58+0.27) | (1.69% 0.20)
x 102 x 102
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Figure 1. (a) Transmittance and (b) Tauc's plot of different thickness WO;.x thin films.
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Figure 2. AFM images of different thickness WO;.x thin films.
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Figure 4: (a) Schematic planar geometry, (b) IV characteristic and (¢) conductivity of
different thickness as deposited (No UVO) WO:s.x thin films.
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Figure 5. Deconvoluted XPS spectra of (a) W 4f, (b) O 1s before and (c) W 4f, (d) O 1s after
20 minutes UVO treatment of a 20mg WOs.x thin film.
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Table 2: Effect of UVO treatment on the oxygen vacancy of WOz thin films.

Precursor
(mg)

UVO Time
(min.)

W 4f 7/2
(5*: 6%)

W 4f 512
(5': 6%)

OV :W-0

Oxygen Vacancy

(%)

10

0

0.18

0.19

0.66

39.78

20

0.24

0.24

0.49

33.05

30

0

0.21

0.22

0.48

32.53

20

0.15

0.15

0.37

27.23

-0.400V
-0.420
-0.440
-0.460
-0.480
-0.500
-0.520
-0.540
-0.560

-0.598

Figure 6: KPFM images showing Contact Potential Difference of different WO;x thin films.
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