ISSN 1563-0315; elSSN 2663-2276 Recent Contributions to Physics. Ne2 (93). 2025 https://bph.kaznu.kz

IRSTI 29.19.22 https://doi.org/10.26577/RCPh20259327

A. Abduvalov”* ® , Zh. Taubaldiyeva ® , K. Baigarin ®

Nazarbayev University, Astana, Kazakhstan
*e-mail: alshyn.abduvalov@nu.edu.kz

INFLUENCE OF DEPOSITION PARAMETERS ON THE SURFACE MORPHOLOGY AND
PHOTOCATALYTIC PROPERTIES OF WO3 THIN FILMS SYNTHESIZED BY MAGNETRON
SPUTTERING AT A GLANCING ANGLE DEPOSITION

The growing need for sustainable energy has intensified research on photoelectrochemical
(PEC) water splitting for hydrogen production. Tungsten trioxide (WQOs) is a promising photoanode
due to its stability, suitable bandgap (~2.4-2.8 eV), and strong visible-light absorption. However,
performance limitations arise from short hole diffusion length and high recombination rates. This
study examines the effect of substrate rotation during magnetron sputtering on WOs thin films'
morphology and PEC performance, employing the glancing angle deposition technigue to achieve
nanostructured films that enhance light trapping.

SEM analysis reveals that films deposited without rotation exhibit greater porosity,
improving light absorption and charge transport. As a result, these films demonstrate higher
photocurrent density and enhanced electrochemical impedance properties. These findings
highlight the significance of deposition dynamics in optimizing WO; for PEC applications. This
study provides insights into controlling thin film morphology to improve PEC efficiency,
contributing to the development of more effective water-splitting devices.

Keywords: tungsten trioxide, PEC water splitting, magnetron sputtering, glancing angle
deposition, thin film deposition, nanostructured photoanodes.

A. Abaysanos’, XK. Taybananesa, K. baltrapuH
Hazapbaes YHuMBepcuTeT, AcTaHa, KasakcTtaH
*e-mail: alshyn.abduvalov@nu.edu.kz

MarHeTpoHAbI WaHAaTy apKblibl cymip 6ypbiineH cuHTesgenreH WOz xyka
NNeHKanapabliH 6eTTik Mopdonormacbl MeH POTOKATaIMTUKA/BIK KaCUETTEPIHE CUHTES
napameTpaepiHiH, acepi

TypaKTbl 3HepPrmAa KesaepiHe AereH ecCin Kene KaTKaH KaXKeTTiNiK cyTeri eHaipyre apHanfaH
doToanekTpoxummanbik (PIX) cy biablpayblH 3epTTeyai »KaHaaHAablpyaa. Boabdpam Tprokenaj
(WO3) xrMMANbIK TYPaKTbIAbIFbl, KONaMAbl ThlMbIM CasibiHFaH aliMarbliHbIH eHi (~2,4—2,8 3B) aHe
KOPIHETIH XKapblKTbl TUIMAI CiHipy KabineTi apKacbiHAa nepcnekTMBaabl GOTOaHOATbIK MaTepuan
6onbIiN caHanadbl. Anainga, OHbIH, TUIMAINIM TacbiManaay Y3blHABIFbIHbIH, KbICKA/bIFbIMEH KaHE
doToreHepaumsanaHraH 3apsag TacbiManAaylWblNapAblH, Kofapbl PeKoMBUHaUMA Kblngamabl-
fbiMeH wekTenesi. Ocbl 3epTTeyae MarHUTPOHAbIK, WallblpaTy npoueciHae cybcTpaTTbiH, aHany
KblnaamablFbiHbliH, WO3 KyKa KabblKTapbiHbiH, Mopdonornsacel meH O3IX KacueTTepiHe acepi
3epTTensi. HaHOKypblAbIMAb! KabbIKTapAblH XapbIKTbl TUIMAi YCTan KaayblH KaMTamachI3 eTy yLiH
KMFall bypbilineH wekTipy (glancing angle deposition) aaici KonaaHbINAbI.

CKaHep/ieylli 3neKTpOoHAbIK, MMKpocKkonua (C3IM) HaTuxkenepi cybcTpaT alHasbiMbIHCbI3
aNblHFAH KAbbIKTap/blH, *KOFapbl KEYEKTINiKKe Me eKeHiH KepceTTi, By »apblK CiHipyai KaHe
3apAL TaCbIMabIH KakcapTalbl. HaTuxKeciHAe, MyHAaM KabbiKTap Kofapbl GOTOTOK TbifbI3AbIFbIH
YKOHE XeTINAIPINTeH NEeKTPOXMMUANBIK cunaTTamanapabl KepceTTi. AnbiHFaH HaTuxenep WOs
Herizinaeri ®IX KyrenepiHiH TMIMAINITIH apTTbipyAa WeKTipy NapameTpaepiH OHTalnAaHAbIPYAbIH,
MaHbI34bINbIFbIH alKbIHAANAB!. Byn 3epTTey )yKa Kabblk MopdonornaceliH Hackapy apKplabl PIX
TUIMAINITIH apTTbIPYFa bIKMan eTin, Cy blAblpaTy TEXHONOIMMANAPbLIH AaMbITyFa yaec Kocadbl.
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Bnaunanue NnapameTpoB OoCaXaeHnA Ha MOpCI)OﬂOFVIIO NnoBepPXHOCTU N d)OTOKaTa}WITVNECKVIe
CBOMCTBA TOHKUX NJIEHOK WOs, NoaAy4YeHHbIX METOAO0OM MArHETPOHHOIO pacrblEeHAUA MNMpU
CKONb3AWEM yrne ocaxxXaeHuAa

BospacTatouiaa notpebHocTb B BO30OHOBAAEMbIX MCTOYHMKAX 3SHEPrMU CTUMYIMpPyeT
aKTMBHbIE MCCnefoBaHMA  poToanekTpoxmMmmyeckoro (®3X) paculenneHma  BoAbl  ANS
NpPOU3BOACTBa BOAOPOAA. TpuoKkeuna Bonbdpama (WOs) aBAseTCA NepcrnekTUBHBIM MaTepraiom
ons  poTtoaHoda 6Onarodaps CBOEM XMMUYECKOM CTabWUIbHOCTW, OMNTUMMA/IbHOM  LIMPUHE
3anpelleHHon 30Hbl (~2,4-2,8 3B) © BbiCOKOW noraowatwen crnocobHOCTU B BUAMMOM
AmnanasoHe. OfHako ero adPeKTMBHOCTL OrpaHMUYMBaeTCA Mason AAnMHON aAnddy3nm AbIpoK U
BbICOKOM CKOPOCTbtO peKombuHaumm GOTOreHepMpPOBaHHbLIX HOCUTenel 3apAada. B gaHHOM
paboTe uccnenyeTca BAMAHME CKOPOCTU BPALLEHWA NOANOKKM NPU MarHeTPOHHOM PacrnblIEHUN
Ha mopdonornto n IX ceoincTBa TOHKMX NNeHoK WOs3 ¢ NPUMEHEHNEM METOa OCaXKAEHWNA NPU
ckonb3sawem yrne (glancing angle deposition) ana popmMmMpoBaHMA HaHOCTPYKTYPUPOBAHHOM
NOBEPXHOCTU, YAy4llatoLLEeN NOroLLEHME CBETA.

AHanM3 CKaHMPYOLWEN 3SNEKTPOHHOM MUKpockonmu (COM) nokasasn, 4YTo TMJIEHKM,
ocaxkaeHHble 6e3 BpalleHUa NoAN0KKM, 06naaatoT 6onbllelt MoOPUCTOCTbIO, YTO cnocobeTayeT
MOBbILIEHHOMY MOIMNOWEHNIO CBETa W YAydlleHUo TpaHcnopTa 3apsaga. B pesynbtate Takue
MNEHKM MMetoT Donee BbICOKYID MAOTHOCTb GOTOTOKA U YAYYLIEHHbIE 3/EKTPOXUMUYECKMe
XapaKTepPUCTUKKU. oNydYeHHble pe3ynbTaTbl AEMOHCTPUPYIOT BaKHOCTb BblibOpa MNapameTpos
ocaxaeHusa ans onTumusaumm csoiicte WOs B8 O3IX npunoxkeHusx. MpoBeaeHHOE Hamu
nuccneloBaHWe BHOCWUT BKAa4, B pasBuTME MeToA0oB  (GOPMMPOBAHMS  TOHKOMAEHOYHbIX
MaTepunanos, cnocobcTys co3gaHuio 6onee ahpPeKTUBHbIX CUCTEM A4 pacllenseHmna Boabl C

LeNblo reHepaLumm Bo40poAa.

Knioyesble cnoBa: TPUOKCKUA, Bonbd>parv\a, d)omanempoxmmmqe(:Koe pacuwenneHmne Boabl,
MarHeTpoHHOe pacnblieHne, oCaxaeHne npum CKoNb3Aalem yrae, TOHKOMNIEHOYHblIE MOKPbLITUA,

HaHOCTPYKTYPUPOBaHHbIe GOTOAHObI.
Introduction

The increasing demand for clean and sustainable
energy sources has driven extensive research into
photoelectrochemical (PEC) water splitting as a
promising method for hydrogen production.

Among the various metal oxide semiconductor
materials investigated for PEC applications, tungsten
trioxide (WQOz3) has emerged as a highly attractive
candidate due to its comparable chemical stability,
suitable bandgap (~2.4-2.8 eV), and strong visible-
light absorption [1,2]. WOs serves as an efficient
photoanode in PEC systems, facilitating water
oxidation under solar illumination [3,4]. Its relatively
deep valence band edge enables sufficient driving
force for oxygen evolution, while its good electron
mobility minimizes charge recombination losses.
However, despite these advantages, WOs; suffers

from challenges such as weak absorbance in visible
region (more than 450 nm), poor long-term stability
in alkaline conditions, short hole diffusion length, and
fast recombination of photogenerated carriers [5,6].
To address these limitations, researchers have
explored various strategies, including nano-
structuring [7], doping [8,9], heterojunction or
composite formation [10], and phase changes [11-
13], to improve the PEC performance of WOs; thin
films. Nanostructuring of WOs thin films plays a
critical role in enhancing their performance PEC
water splitting applications. The efficiency of PEC
processes largely depends on the material's ability to
absorb light. Nanostructured WOz films, such as
those with porous or columnar architectures, offer
several advantages in this context [14]. First,

61


mailto:alshyn.abduvalov@nu.edu.kz

Influence of deposition parameters on the surface morphology and photocatalytic properties of WOs ...

increased surface area resulting from porosity
provides more active sites for water oxidation
reactions, improving photocurrent generation.
Second, nanostructuring enhances light trapping and
scattering, leading to improved optical absorbance,
especially in the visible spectrum where WOs is
active. This higher absorbance increases the number
of photogenerated electron—hole pairs available for
redox reactions. Additionally, the porous structure
shortens the diffusion paths for photogenerated holes,
thereby reducing recombination losses and enhancing
charge separation efficiency. Together, these effects
contribute to higher photocurrent density and better
overall PEC behavior, making controlled
nanostructuring a key strategy in the design of
efficient WOs-based photoanodes.

In previous reported works, using “glancing
angle deposition” method (GLAD) [15], Limwichean
et al. studied dependence of PEC properties of sputter
deposited WOs; thin films on substrate positions from
target material [14]. They reported growth of more
porous WQOj3; nanoforest thin films at higher glancing

Methodology

Synthesis. Initially, commercial FTO/Glass
substrates were cleaned in ethanol by ultrasonic bath
for 15 minutes. After, they were held for 15 minutes
under UV-Ozone cleaner to remove organic
contaminants from the surface. WO3 nanoforest thin
films were synthesized using Kurt Lesker magnetron
sputtering system using W target (pure W, 99.9 %).
The deposition was carried out under reactive
sputtering using oxygen and argon gases in the
chamber at overall 5 mTorr pressure. O,/Ar flow rates
were 21/33 sccm. The substrate-target distance was
13 cm. Before deposition, magnetron chamber was
pumped down to 9*107 mTorr pressure to ensure
high  vacuum  conditions and  experiment
contamination prevention. After deposition, all
samples were annealed at 500 °C for 1 h on hotplate
in air to make them crystalline.

For the experiment, “glancing angle deposition”
method is wused [15]. It helps to achieve
nanostructured (nanoforest) WOs thin films that are
beneficial for light trapping. Two sets of samples
were prepared to study growth morphology and
photocatalytic properties depending on substrate
holder rotational speed: 0 rpm and 15 rpm. It is worth
noting that grown thin films at 0 and 15 rpm have
identical thickness to ensure elimination coming from
thickness difference.

Characterization. Scanning electron
microscopy (SEM) imaging was performed using a
Carl Zeiss Crossheam 540 GEMINI Il system. The
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angle and at closer distance between substrate and
target. However, they observed better PEC activity on
sample deposited at GLAD 61.9° and 85-mm
substrate-target distance. Another most important
parameter that may affect the growth and PEC of
sculptured WOS is substrate rotation speed.

This report aims to check effect of the “substrate
rotation speed” of WOs thin films to its photoactivity
and thin film growth while sputter depositing.
Surface, morphology and crystalline structures of
obtained WOs thin films deposited by glancing angle
magnetron sputtering under stationary (0 rpm) and
rotating substrate (15 rpm) conditions were
thoroughly studied and analyzed using electron
microscopy and x-ray diffractometer. PEC properties
are evaluated and discussed. Substrate rotation plays
a crucial role in magnetron sputtering deposition of
WOs; thin films by ensuring uniform thickness.
Without rotation, the deposition rate varies across the
substrate, leading to non-uniform film thickness and
inconsistent PEC performance.

crystallographic phases of the samples were
identified using a Rigaku SmartLab multifunctional
X-ray diffractometer (XRD) equipped with CuKa
radiation (A = 0.1541 nm). Optical properties were
evaluated wusing an Evolution 300 UV-Vis
spectrophotometer.

For PEC, linear sweep voltammetry (LSV)
measurements of the photoanodes were conducted
using a CHI660E potentiostat in a standard three-
electrode configuration, employing an Ag/AgCl
reference electrode (3.5 M KCI). The electrolyte
solution consisted of 0.16 M Na.SO, at pH 7. A PLS-
FX300HU solar simulator (AM 1.5, 100 mW/cm?)
was used to simulate solar illumination during all
PEC experiments. The applied potentials were
converted to the reversible hydrogen electrode (RHE)
scale using the equation:

VrHE=V Agiageit0.059-pH+0.205

where Vagager is the measured potential and 0.205 V
corresponds to the standard potential of the Ag/AgCl
electrode (3.5 M KCI).

Electrochemical impedance spectroscopy (EIS)
was performed under illumination using a frequency
range of 1 Hz to 10 kHz with an AC amplitude of 50
mV at a DC bias of 0.68 V vs Ag/AgCI. The data were
fitted to equivalent circuit models using the EIS
Spectrum Analyzer software [16].
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Results and discussions

Figure 1 shows the SEM images of WOs; thin
films that have a columnar microstructure with
vertically aligned grains, characteristic of sputter-
deposited films. The cross-sectional views (a, c)
reveal a relatively dense structure with some gaps
between columns, which may affect charge transport
and film stability. The top-view images (b, d) display
a cracked, granular morphology with well-defined
grains, suggesting good surface coverage but
potential mechanical instability due to the presence of
cracks. The surface coverage of the WO; thin film

deposited at 0 rpm in image (b) is approximately
76.19%, meaning that about 23.81% of the surface
consists of cracks or voids. WO3 thin film deposited
at 15 rpm has 77.04% surface coverage indicating
22.96% of cracks or voids. The main difference in
growth is density of columnar microstructure: thin
films deposited at 15 rpm show accumulated bigger
packs of columns with less distance between each
column compared to more separated columns of
sample grown at O rpm at same scale of area.

Figure 1 — Cross-sectional and surface SEM images of WOs thin films deposited by glancing angle
magnetron sputtering under stationary - 0 rpm (a, b) and rotating substrate - 15 rpm (c, d) conditions

The crystalline structure of WQOj; thin films
deposited by magnetron sputtering at different
substrate holder rotational speeds (0 and 15 rpm) was
examined using X-ray diffraction (XRD), and the
results are shown in Figure 2. The XRD patterns of
both samples display well-defined diffraction peaks
corresponding to the triclinic phase of WQs;, in
accordance with JCPDS card no. 00-032-1395.
Prominent peaks are observed at 26 values around
23.18°, 23.68°, 24.33°, 26.62°, 28.7°, 33.69° which
correspond to the (002), (020), (200), (1-20), (1-1-2),
(022) and FTO (200) planes of substrate respectively.

It can be seen that both samples, regardless of
rotation speed, exhibit the same set of diffraction
peaks, indicating that the crystal phase of WOs; is
preserved under both deposition conditions.
However, noticeable differences in peak intensity and
sharpness can be observed between the two. The
sample deposited at 15 rpm (red pattern) shows

slightly higher peak intensities and narrower peaks
compared to the O-rpm sample (black pattern),
particularly in the (020) and (202) reflections. Despite
the increase in rotation speed, no significant shift in
peak positions was observed, indicating that there is
no substantial strain or phase transformation induced
by rotation. This suggests that the microstructural
evolution induced by substrate rotation primarily
affects the film's crystallinity rather than its phase
composition.

The optical properties of obtained samples
analysed by UV-Vis spectroscopy. Figure 3 shows
absorbance spectra (a) and Tauc plots (b) for samples
deposited at 0 and 15 rpm. Despite the differences in
surface morphology as seen in SEM images, optical
properties of the samples stay the same. Tauc plot
method was used to define the band gap of films [17],
and it is estimated as 3.05 eV for both samples.
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Figure 3 — Absorbance spectra (a) and Tauc plots

(b) of WOs thin films deposited by glancing angle

magnetron sputtering under stationary and rotating
substrate conditions

The photoelectrochemical activity of the films
was initially evaluated through LSV (Figure 4-a).
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Under illumination, the WOj; thin film deposited at O
rpm exhibited an 13 % enhanced photocurrent density
compared to the film grown at 15 rpm at 1.23 V vs
RHE scale (9.11* mA/cm? vs 8.05* mA/cm?). The
negligible current recorded under dark conditions for
both samples confirmed the photo-induced nature of
the observed responses. The improved photocurrent
in the 0 rpm sample is indicative of enhanced charge
separation and transport kinetics, which can be
directly correlated with the superior surface
morphology observed via SEM. To further assess the
dynamic response of the electrodes under intermittent
light conditions, chopped LSV measurements were
conducted (Figure 4-b). The 0 rpm sample
demonstrated a sharp and stable photocurrent
response during light on/off cycles.

Electrochemical impedance spectroscopy was
employed to probe the interfacial charge transfer
properties under illumination (Figure 4-c). The
Nyquist plots revealed that the 0 rpm film exhibited a
smaller semicircle, indicative of lower charge transfer
resistance (R_ct), compared to the 15 rpm
counterpart. This observation suggests improved
interfacial kinetics for the sample deposited at 0 rpm,
and it agrees with the less photocurrent observed in
the samples prepared at 15 rpm. Such correlation in
dependence of charge transport properties on surface
morphology is key factor that explains such PEC
enhancement mechanisms. More packed structures
on sample deposited at 15 rpm have longer distance
for charge to reach surface and back contact than on
sample deposited at 0 rpm. Close packed treelike
structures deposited at 15 rpm show more charge
transfer resistance at 2940 Ohm than 561 Ohm on
more separated structures. Charge transfer resistance
calculations were done using open-source EIS
Spectrum Analyzer software by fitting the obtained
data from EIS measurements.

The operational stability of the photoanodes was
examined through chronoamperometry under
continuous illumination at a fixed potential (Figure 4-
d). The WO3 sample deposited at O rpm more stable
photocurrent generation over a 200-second duration.
The enhanced stability of the 0 rpm sample can be
attributed to its denser microstructure, which likely
offers better protection against photocorrosion and
mitigates charge trapping at defect sites.

Conclusion

The obtained data clearly demonstrate that
substrate rotation during RF glancing angle
magnetron sputtering significantly enhances the
structural and functional properties of WOs; thin
films. Glancing angle magnetron deposition without
rotation of substrate improved surface morphology,
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leading to superior photocurrent generation, faster
and more stable light response, and greater
operational durability. These studies are critical for
advancing and understanding growth and formation
of WOs-based photoelectrodes in solar-driven water

findings highlight the importance of optimizing
physical deposition parameters—oparticularly
substrate motion—as a straightforward yet highly
effective strategy for tuning the properties of metal
oxide photoanodes.

splitting applications and other PEC systems. The
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glancing angle magnetron sputtering under stationary and rotating substrate conditions
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