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STUDY OF INTENSE PULSED ION BEAM IRRADIATION EFFECT ON MAGNETRON
SPUTTERED ZNO THIN FILMS

Zn0 thin films were fabricated via magnetron sputtering on FTO substrates and subsequently
modified by different intense pulsed ion beam (IPIB) irradiations (5-20 A/cm?) and 10 A/cm? with
different pulse numbers (1, 3, and 6 pulses). IPIB treatment induces transformation of uniform
nanograins into coarser, agglomerated, partially fused structures, and with a non-monotonic
evolution of surface roughness. Despite these surface modifications, the ZnO films retain their
hexagonal wurtzite crystal structure and have negligible changes in optical bandgap (~3.2 eV) that
reveals the preservation of the bulk electronic structure. Additionally, irradiation alters the
surface composition and introduces defect states, as reflected by changes in XPS in Zn/O ratio
and increased interfacial heterogeneity. At moderate irradiation conditions, partial surface
smoothing and structural relaxation occur, whereas higher fluence (multiple pulses) leads to
significant defect accumulation. As a result, after testing photoactivity irradiated samples have
increased interfacial charge-transfer resistance and reduced photocurrent density. Overall, IPIB
irradiation predominantly modifies surface properties, and excessive defect formation under high
fluence conditions deteriorates charge transport and photoelectrochemical performance.

Keywords: photocatalytic, magnetron, ZnO, intense pulsed ion beam, irradiation, thin films,
water splitting, photoanode.
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MarHeTpoHAbIK, WaHAaTy aaicimeH anbiHFaH ZnO XyKa KabblKLanapbiHa KapKbiHAbI
UMNYANbLCTIK MOHABIK CayNe SCepiH 3epTTey

Zn0O KyKa Kabblklwanapbl FTO TecemaepiHae mMarHeTpOHAbIK WaHAaTy S4iCiMeH anbiHFaH
KoHe  KeMiHHeH  apTypAi  KapKbIHABIAbIKTafbl  MMMYAbCTI  MOH  caynecimeH  (IPIB)
MoamduKaumananabl (5-20 A/cm?), conpait-ak, 10 A/cm? kesiHae apTypai umnynbe caHbl (1, 3
aHe 6) KondaHbinabl. IPIB moaudukacuacel  BipKenki  HaHOTyWipaepaiH ipineHreH,
arnoMepaumsnaHFaH kaHe iWiHapa bipirin KeTKeH KypblabiMAapFa alHanybiHa aKkenemi, oyn
Ke3ne OeT Kefip-OyAblp/blfbiHbIH ©3repici MOHOTOHAbI emec cunatra bonagpl. Ocbl BeTki
e3repicTepre KapamacTaH, ZnO KabblKTapbl reKcaroHa bAbl BIOPLMTTIK KPUCTANAbIK KYPbIIbIMbIH
CaKTaNAbl *KaHE ONTUKANbIK TblMbIM CafiblHFAH aiMaKTbIH eHi (~3,2 3B) aliTapabiKTal e3repmeij,
6yn  Kenemaik 3SNeKTPOHAbIK KYPbUIbIMHbBIH, CaKTanfaHblH KepceTedi. COHbIMeH KaTap,
coyneneHaipy 6eT KypaMblH ©3repTeai »KaHe akayblK KynnepaiH nanaa 6onybiHa akenesi, byn
XPS HaTuskenepiHae Zn/O KaTblHACbIHbIH, ©3repyi kaHe WHTepdelcTiK BipTeKci3AiKTiH apTysbl
apKbiabl KepiHai. OpTalla cayneneHAipy »kardannapbiHaa 6eTTiH iWwiHapa TericTenyi XaHe
KYPbINbIMAbIK penakcaumsa bakanadbl, an »Kofapbl GAOEHC (Ken MMMy/abCcTap) anTapabiKTan
aKaynapablH XMHaAyblHA anbin Kenedi. POTOaKTUBTIANIKTI CbIHAYy HITUMMKECIHAE CayneneHaipinreH
yarinepae nHtepdencTik 3apam TacbiManaay KeaepriciHiH, apTybl *oHe GOTOTOK Tbifbl3AbIFbIHbIH
TemeHaeyi Oankangpl. Mannbl anfaHpa, IPIB caynenenaipyi HerisiHeH 6eTKi KacueTTepA
e3repTeni, an ofapbl GAOEHC KafdalblHA@ akaynapablH WamadaH Tbic Ty3inyi 3apag
TacbiMangaydbl XXaHe GOTO3INEKTPOXMMMANDIK KaCMETTepAi HallapaaTaapl.

TyWiH ce3pep: doOTOKaTaNM3, MarHeTPOHAbIK TO3aHAaTy, ZnO, KapKblHAbI MMMYAbCTi MOH
cayneci, cayneneHaipy, *yka KabblkTap, cyabl biapipaTy, GoToaHoA.
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Study of intense pulsed ion beam irradiation effect on magnetron sputtered ZnO thin films
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MCCﬂe,ﬂ,OBaHMe BANAHUA 06}1yquMH MHTEHCNBHbLIM MMMYNIbCHbIM MOHHbIM MYYKOM Ha
TOHKMKeE NNEéHKK ZnO, nony4yeHHble METOA0M MAarHETPOHHOIO pacnblineHnA

ToHKMe NAEHKM ZnO BbIM NOYYeHbl METOA0M MAarHETPOHHOTO PACblIeHWA Ha NOA/I0MKKaxX
FTO n 3ateM MoAMOUUMPOBAHbI MHTEHCUMBHLIM MMMY/AbCHBIM MOHHbIM nydkom (IPIB) npu
pasnnyHbIx datoeHcax (5-20 A/cm?), a Takxe npu 10 A/cm? ¢ pasHbIM YUCAOM UMNYNLCOB (1, 3 U
6). IPIB moandbuKauma npnuBoaMT K TpaHchopMaLMmM OAHOPOAHbIX HAHO3EpPEeH B Bbonee KpynHble,
arNoOMepMpPoOBaHHble, YaCTUYHO CM/IaBAEHHbIE CTPYKTYPbl, CONPOBOXKAAOLLENCA HEMOHOTOHHbIM
N3MEHEHWMEM LLIEPOXOBATOCTM NOBEPXHOCTU. HECMOTPA Ha 3TN M3MEHEHMA NOBEPXHOCTM, NNEHKN
ZnO COXPaHAKT reKkcaroHasbHY0 KPUCTANAAMYECKYD CTPYKTYpY TWNa BHOPUMTA, @ U3MEHEeHMA
ONTUYECKOW LWMPUHbI 3anNpeLléHHOM 30HbI (~3,2 3B) He3HauuTe bHbl, YTO CBUAETENbCTBYET O
COXPaHeHWU 3/1EKTPOHHOM CTPYKTYpPbI. Kpome Toro, ob1y4eHmne M3MeHAET COCTaB NOBEPXHOCTU U
NPMBOAMT K NoABNEHMIO AedeKTOB, YTO OTparkaeTcd B [AaHHbix XPS B BUae M3MeHeHUsA
cooTHolweHms Zn/O 1 yBenndeHus mexxbasHoM HeoaHOPOAHOCTU. TIPKU YMEPEHHbIX YCA0BUAX
obnyyeHusa HabnoaatOTCA YacTUYHOE CriaXKMBaHME MOBEPXHOCTU M CTPYKTYPHas penakcaums,
Torda Kak 6osiee BbLICOKUA (GIOEHC (MHOTOKPATHbIE MMMYAbCbI) NMPUBOAUT K 3HAYMTEbHOMY
HakonaeHuio AedekToB. B pesynbTraTe MCMbITaHWM GOTOAKTUBHOCTM 0Oay4EéHHblE 0bOpasLbl
[EMOHCTPUPYIOT YBEAMYEeHME MeXPa3HOro COMPOTMBAEHMA MepeHocy 3apAfa W CHUXKeHue
NAOTHOCTM ¢doToTOoKa. B uenom, obaydeHne [IPIB  npeumyllecteeHHo moaubuumpyeT
MOBEPXHOCTHbIE CBOMCTBA, a M3ObITOYHOE 0b6pa3oBaHWe AedEeKTOB MPWU BbICOKMUX GatoeHCcax

yXyAWaeT TPaHCNOoPT 3apaaa M GOTOINEKTPOXMMUYECKME XapaKTEPUCTUKM.

Kniouesble cnoBa: ¢oTokaTanms,

MarHeTpoHHoe pacnblneHne,

Zn0O, WHTEHCUBHbIN

l/IMI'Iy}'IbCHbIlZ NOHHbIM My4o0K, o6nyqume, TOHKMWE NNEHKM, pacllenieHne Boapl, d)OTOBHO,EI,.

Introduction

Nowadays, fossil fuels such as coal, oil, and
natural gas are the only available sources of energy
with reasonable prices, yet their exploitation
contributes significantly to climate change and
environmental  degradation [1,2]. In  contrast,
renewable energy sources, such as solar, wind, and
water, offer sustainable alternatives. Among these,
hydrogen has emerged as a promising clean fuel due
to its high energy density, zero carbon emissions
when produced from water, and versatility as an
energy carrier for transportation, industry, and
electricity generation [3-5]. Photoelectrochemical
water splitting is one of the most promising methods
to produce green hydrogen and oxygen utilizing solar
energy [6—8]. The working principle of this method is
centered in collecting the power of sunlight to
promote the reaction, which takes place at the
semiconductor-electrolyte interface [9,10]. Incident
sunlight excites the semiconductor, creating electron-
hole pairs. The generated charge carriers drive water
oxidation at the anode and proton reduction at the
cathode, producing hydrogen gas[11,12]. For
efficient fuel conversion, the conduction band (CB)
edge of a semiconductor must be positioned more
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negatively than the water reduction potential, while
the valence band (VB) edge should be more positive
than the water oxidation potential [13,14]. Although
many semiconductors meet this thermodynamic
requirement, in practice only a limited number, such
as TiO,, SrTiOs;, ZnO, and ZrO,, possess suitably
aligned CB and VB edges that make them suitable for
photoelectrochemical water splitting
applications [15,16]. ZnO is an n-type semiconductor
that has a relatively wide bandgap of 3.36 eV, it is
chemically stable [17,18], possesses good electron
mobility of 210 em?V™!s™!, a high exciton binding
energy of photogenerated electron-hole pairs, and it
is non-toxic to the environment [19,20]. However,
due to the wide band gap of ZnO photoanode, its
photocatalytic efficiency can be improved by doping
with C, N, Cu, Fe, doping with noble metal
nanoparticles (NPs) as Ag NPs, AuNPs, Pd NPs,
making composite with CdS, NiO, intense ion beam
irradiation (IPIB) [21-24]. Among these methods,
IPIB stands out as a unique technique that enables the
modification of material surface with high-current
density [25].


mailto:kamila.ganiyeva@nu.edu.kz
mailto:alshyn.abduvalov@nu.edu.kz

K. Ganiyeva et al.

In our earlier works [26,27], IPIB irradiation has
been successfully applied to enhance the
photoactivity of WO; thin films. Both magnetron-
sputtered and chemically deposited films exhibited
distinct structural and morphological changes upon
irradiation. After subsequent annealing, magnetron
sputtered films had 80% PEC enhancement at 1.23 V
vs RHE. Moreover, chemically deposited WOj; films
transformed into porous structures with increased
thickness, resulting in higher absorbance and a 70 %
enhancement in photocurrent density at 1.23 V vs.
RHE compared with only annealed films. Although
IPIB treatment reduced charge transport in spin-
coated WOs, the enhanced light-trapping and
increased surface area maintained high photoactivity.

Materials and Methods

Materials

FTO Glass substrates (OPVTech, FTO thickness
350 nm, glass thickness 2.2 mm, surface resistance
<14.0 Ohms/sq). ZnO target was purchased from Kurt
Lesker (2.00" Dia. x 0.125" Thick, 99.9% purity).

Sample fabrication

Commercial FTO Glass substrates were cleaned
in DI water for 20 min and ethanol using ultrasonic
bath for 15 min and placed in UV Ozone cleaner for
10 min to remove organic wastes and improve
adhesion of the surface.

ZnO samples were prepared using RF magnetron
sputtering technique. For that, samples were placed
inside the chamber with Ar gas at pressure of 5
mTorr. Argon flow rate was 22.46 sccm. Other
sputtering parameters: power - 30 W, deposition time
- 45 min, substrate rotation rate - 2 rpm.

The IPIB treatment was conducted via the
INURA accelerator at Nazarbayev University in
Astana, Kazakhstan. This pulsed-power system is
remarkably efficient, maintaining power
consumption under 10 kW while achieving a peak
power density of 10 MW/cm? at the target. Operating
at 300-400 kV with a 10 kA beam current, the INURA
delivers a 100 ns pulse (FWHM). This brief exposure
induces an ultrafast annealing process, where the
material undergoes intense heating in nanoseconds
followed by microsecond-scale cooling.

ZnO samples were fabricated as non-irradiated
and irradiated with different current densities such as
5 A/em?, 10 A/cm?, 15 A/em?, 20 A/cm?, 10 A/em? 3
pulses, and 10 A/cm? 6 pulses.

Material characterization

Structural, morphological, optical properties
were investigated using a Scanning electron
microscope (SEM) by FIB/SEM Helios-5CX

This work presents the ZnO thin films that were
produced using the magnetron sputtering method
with further IPIB irradiation by the INURA
accelerator. Produced samples were analyzed for
morphological, structural, optical, and PEC
characteristics. It was revealed that irradiated samples
showed decreased PEC performance with increasing
IPIB current density from 5 to 20 A/cm? and with
increased number of pulses (10 A/cm? 3 and 6 pulses).
Moreover, increasing current density and pulse
number showed a significant morphological change
where uniform nanograins become enlarged and
agglomerated, fused (sintered), accompanied by
localized thermal damage. There was no alteration in
crystal structure of material and no change in the
fundamental optical transparency upon irradiation.

(Thermo Fisher), Rigaku Smart Lab Automated
Multipurpose Grazing Incidence X-ray
Diffractometer (GI-XRD) (Omega-0.5), UV-vis
Infitek Double Beam UV Visible Spectrophotometer,
SP-IUVS, SP-IUVY9 (Infitek), X-ray Photoelectron
Spectroscopy  (XPS) with NEXSA (Thermo
Scientific), and Atomic Force Microscope (AFM)
with SmartSPM 1000 (Horiba).

PEC characterization

Linear sweep voltammetry (LSV) and
electrochemical impedance spectroscopy (EIS)
measurements were performed using a CHI660E
potentiostat in a three-electrode configuration, with
an Ag/AgCl reference electrode (3.5 M KCI) and a
platinum counter electrode. ZnO non-irradiated and
irradiated films were used as the working electrodes,
and measurements were conducted in 0.16 M Na,SO4
electrolyte (pH 7.0). Photocurrent generation was
measured under simulated solar illumination (PLS-
FX300HU and PLS-EM solar simulators, AM 1.5,
100 mW/cm?), with all potentials converted to the
reversible hydrogen electrode (RHE) scale:

Viue = Vagjager + 0.059 X pH +0.205 (1)

where, Vagagcl is the applied potential and 0.205 is
the standard potential for the Ag/AgCl, KCl (3.5 M)
reference electrode.

Electrochemical impedance spectroscopy (EIS)
measurements were carried out under illumination at
a DC bias of 0.68 V vs. RHE, using an AC
perturbation amplitude of 50 mV over a frequency
range from 1 Hz to 10 kHz and the impedance data
were analyzed using EIS Spectrum Analyzer
software.
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Results and discussion

The SEM images presented in Figure 1 reveal a
clear evolution of surface morphology of ZnO films
as a function of irradiation current density and pulse
number. The non-irradiated reference sample (Figure
l1a) has a uniform and compact surface composed of
closely packed ZnO nanograins and low porosity,
indicating a  homogeneous  polycrystalline
nanostructure. Upon irradiation at 5 A/cm? (Figure
1b), the grains become slightly more distinct and
better defined, and mild grain growth while the film
remains dense and continuous. At 10 A/cm? (Figure
1c) localized melting effects are observed that result
in a more compact and uniform morphology. Further
increasing the current density to 15 A/cm? (Figure 1d)
leads to the formation of ZnO agglomerates. The
surrounding grains appear more fused with a
thermally induced sintering. At 20 A/cm? (Figure l¢),

the surface regains a comparatively uniform texture,
the grains are slightly coarser than in the lower-
current samples, but the surface becomes more
homogeneous with possible reorganization at higher
irradiation.

When multiple pulses are applied at 10 A/cm?,
the morphological changes become more severe.
After 3 pulses (f), the surface undergoes severe
restructuring, characterized by agglomerated clusters
surrounded by uniformly packed nanograins. There
are large irregular aggregates that appear with
excessive energy accumulation and enhanced particle
coalescence. With 6 pulses (g), morphology becomes
more stabilized compared to the 3-pulse condition.
Although agglomeration is still present, the

distribution of particles appears more uniform, and
the film has partial continuity.

Figure 1 - SEM of ZnO samples: a) Ref, b) 5 A/cm?, ¢) 10 A/cm?, d) 15 A/cm?, €) 20 A/cm?,
) 10 A/cm?® 3 pulses, g) 10 A/cm? 6 pulses under 200k magnification

The UV-vis absorption spectra in Figure 2 of the
ZnO films subjected to pulsed proton-beam
irradiation show only subtle but systematic changes
with increasing ion-beam current density and pulse
number. In the first series (5-20 A/cm?, one pulse),
the overall spectral shape remains nearly identical to
the reference sample, with only a slight increase in
absorption in the near-band-edge region (370-420
nm) that suggests a very modest rise in sub-gap or
tail-state density, while the visible-range background
(450-700 nm) remains essentially unchanged
indicating that no strong defect-related coloration or
deep-level absorption was introduced by single-pulse
irradiation. In the second series with increased pulse
number (at 10 A/cm?, 1, 3, and 6 pulses), the trend
becomes more pronounced: additional pulses cause a
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gradual upward shift in the absorption edge region
(arrow), consistent with cumulative generation of
shallow defect states (likely oxygen vacancies or
surface disorder) or a slight increase in light
scattering due to surface roughening. The absence of
a pronounced red shift and visible-range absorption
indicates that the irradiation does not create deep mid-
gap states nor induce any major structural or chemical
transformation, aligning with the XRD results
(coming next) that show preserved crystallinity.
Overall, the data shows that nanosecond proton
irradiation produces only mild, pulse-accumulating
modifications near the ZnO absorption edge without
altering the fundamental optical transparency of the
films.
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Figure 2 - UV-vis spectra of ZnO samples after irradiation: a) by increasing ion beam current density
and b) by increasing pulse numbers

The optical bandgap of the ZnO thin films was
determined using Tauc plot in Figure 3 for a direct
allowed transition by plotting ahv? as a function of
photon energy. The bandgap values were obtained by
extrapolating the linear region near the absorption
edge to ahv?= 0. Figure 3 shows that all samples have
bandgap energies of approximately 3.2 eV; therefore,
IPIB irradiation does not significantly change the
intrinsic electronic structure of ZnO.
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Figure 3 - Tauc plots of ZnO samples

The GI-XRD patterns of the ZnO film and the
[PIB-treated ZnO film in Figure 4 show the
characteristic spectra of hexagonal wurtzite ZnO,
matching PDF-2 card 00-003-0888. The dominant
ZnO peaks (100), (002), (101), and (102) are clearly
visible at their expected 20 positions, and no
systematic shifts, broadening, or intensity changes are
observed after irradiation, indicating that the
nanosecond high-current proton beam did not alter
the long-range crystallinity or induce detectable strain
or phase transformation.

Several additional peaks appear in the region

between 37-39° and near 48-50°, but they do not
correspond to any strong or medium-intensity ZnO
peaks in the standard card. Overall, the ZnO structure
appears unchanged by irradiation, and additional
peaks outside the main ZnO peaks remain uncertain
in origin and cannot be conclusively assigned.

10 A/em® 6 pulses GI-XRD - PDF 2, Card 00-003-0888: Hexagonal Zn02
10 AJem® 3 pulses GL-XRD - PDF 2, Card 00-001-0657: SnO,
20 A/('m2 GI-XRD - PDF 2, Card 01-089-2565: Sn *
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Figure 4 - GI-XRD patterns of ZnO samples
before and after irradiation

Electrochemical impedance spectroscopy (EIS)
was used to evaluate the effect of IPIB irradiation on
the electrical and interfacial properties of ZnO thin
films. The impedance spectra that is shown in Figure
5 were fitted using an equivalent circuit consisting of
a solution resistance (Rs), a constant phase element
(CPE), and a polarization resistance (R;). EIS fitted
values are presented in Table 1.

The series resistance (R;) remains nearly
constant for most samples (~40-46 Q) and differences
in contact resistance and electrolyte conductivity are
negligible. Only the samples that undergone the
pulsed regime treatment (10 A/cm?, 3 and 6 pulses)
show slightly higher R values (~57-61 Q) that are
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related to the increased structural disorder; however,
the  dominant changes arise from the
electrode/electrolyte interface.

The most significant variation is observed in the
polarization resistance (R,), which reflects the
charge-transfer resistance where higher R, values
show high resistance and high recombination rates
and lower photocurrent; however lower R, indicates
more efficient interfacial charge transfer and
decreased recombination losses. Among all samples,
the reference ZnO film has the lowest R;, (~8.91 kQ)
and the most favorable charge-transfer conditions.
Upon irradiation at 5-10 A/cm? R, increases to
~10.7-11.0 kQ because there is a defect formation and
surface disorder that hinder charge transfer. The
effect becomes more pronounced in the treatment

(~13.83-15.4x10°%), which enhances surface area and
increases density of defect states. CPE-P decreases
from ~0.79 (reference) to ~0.67-0.69 (3 and 6 pulsed
samples) that means the increased surface
heterogeneity and a broader distribution of charge-
transfer paths. For IPIB of 15-20 A/cm?, CPE-T
decreases and CPE-P slightly increases (~0.73-0.75)
which points to partial restoration of interfacial
uniformity. Overall, the combination of increasing
R;, higher CPE-T, and lower CPE-P with irradiation
confirms that IPIB treatment introduces surface
defects and disorder that degrade interfacial charge-
transfer efficiency, with the strongest effect observed
under multiple-pulse conditions.

10k

. . [ Ref R, CPE
with 10 A/cm? 3 and 6 pulses, where R, reaches its IR —o—s5Aem? .
maximum values (~13.2 kQ for 3 pulses and ~15.0 Bl [ 410 mem ]
kQ for 6 pulses). These samples have severe TR —+—20 Aew? R
recombination and interfacial degradation due to E k| 13:;2:;:'2::3: ’
accumulated defects. At IPIB irradiation of 15-20 é skl
A/em?, R, decreases again (~9.3-9.9 kQ) because of = oal
the partial recovery of charge transport, possibly due .N. 3kl P
to defect recombination or structural relaxation. The kb Py /\\
capacitive behavior of the ZnO/electrolyte interface is ik )
described by the constant phase element (CPE), S
where CPE-T represents the effective interfacial ) L L L L
capacitance and CPE-P (n) indicates deviation from 0 2k 4k 6k 8k 10k
ideal capacitive behavior. The reference sample Z' (Ohm)
shows relatively low CPE-T (~5.05x10), but after Figure 5 - EIS of irradiated and non-irradiated
irradiation, CPE-T increases significantly, reaching ZnQO samples
maximum values in the 3 and 6 pulsed samples
Table 1. EIS fitting results of all samples
Sample R CPE-T (x10°) CPE-P (x107) R,
Ref 45.68+2.54 5.05+0.25 795.80+6.8 8913+203.70
5 A/em? 42.04+6.07 8.67+0.80 721£13.09 10725+612.60
10 A/em? 42.73+£6.03 8.67+0.75 716.64+12.46 11044+607.69
10 A/em? 3 60.93+7.14 13.83+1.37 694.22+15.14 13229+1152
pulses
10 A/em? 6 57.68+8.89 15.44+1.79 677.28£17.79 15043+1782.70
pulses
15 AJem? 41.04+6.91 7.00+0.86 752.60+17.35 9325+590.37
20 A/cm? 40.62+5.97 7.7340.75 734.84+13.69 9890+533.16

The PEC LSV measurements in Figure 6 reveal
a clear and systematic decline in chopped
photocurrent density as the ion beam irradiation
current density increases. In the first series (one pulse,
5-20 A/cm?), all irradiated ZnO films have noticeably
lower photocurrent compared to the pristine
reference, with the suppression becoming stronger at
higher irradiation currents indicating that even a
single 100-ns high-current pulse introduces defect
states or surface disorder that hinder charge
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separation or increase recombination. In the second
series (at 10 A/cm? with 1, 3, and 6 pulses), the
photocurrent decreases progressively with additional
pulses that correspond to a cumulative degradation
effect. Overall, PEC results show that IPIB irradiation
deteriorates photoelectrochemical activity of ZnO.
Also, there is an alteration on surface/interface
electronic properties rather than on structural and
bandgap. However, the onset potential and the bulk
band structure do not change.



K. Ganiyeva et al.

a
0.14
Ref
012} —5 AJem?
—— 10 A/em?
0.10 F ——15 Alem?
o~
i) 20 A/em?
£ 0.08
(=]
< 0.06
E
004} Ji:
0.02 | qm
0.00 | Ifgfﬁﬁﬁlﬂﬂm,lt AR
4 06 08 1

0 ].IZ 1.4
E (V vs RHE)

0.2 0.

0.14
Ref
0.12 F —— 10 A/em? N
10 A/em?, 3 pulses M
— 0.10 __ 10 A/em?, 6 pulses .
£ 0.08 1
)
-t 0.06 -
E L
= 0.04
—_
0.02f H I m
0.00 . ,.,‘_rz.tl.!’:!ﬂ.ﬂln,\l,l,l !_U'LI u_“, i
II 1 1 1 1 1 1
1.6 02 04 06 08 1.0 12 14 16

E (V vs RHE)

Figure 6 - PEC LSV curves of ZnO samples after irradiation: a) by increasing ion beam current density
and b) by increasing pulse numbers

The XPS quantitative analysis in Figure 7 and
Table 2 reveals a strong dependence of surface
composition on IPIB current density and pulse
number. The reference ZnO sample has a Zn/O
atomic ratio of 0.39 (Zn 2p is 27.80 at.%, O 1s is
72.20 at.%), indicating an oxygen-rich surface
compared to the ideal stoichiometric value of 1.0
expected for ZnO. Upon treatment at 5 A/cm?, the Zn
2p content increases to 32.72 at.% and the Zn/O ratio
rises to 0.49, that is a partial reduction of surface
oxygen species. In contrast, treatment at 10 A/cm?
results in a significant oxygen enrichment (O 1s is
80.57 at.%) and a decreased Zn/O ratio of 0.24 that
demonstrates enhanced surface oxidation or
adsorption of oxygen-containing species. At 15
A/cm? and 20 A/cm?, the Zn/O ratios (0.39 and 0.35,

respectively) remain below unity, still reflecting
oxygen-rich surfaces. A pronounced deviation is
observed for the 10 A/cm? sample subjected to 3
pulses, where Zn 2p dramatically increases to 65.80
at.% and oxygen decreases to 34.20 at.%, yielding a
Zn/O ratio of 1.92. However, increasing the pulse
number to 6 at the same current density restores a
more balanced composition (Zn/O = 0.48),
comparable to the 5 A/em? condition. Overall, the
results demonstrate that both IPIB current density and
pulse regime critically influence  surface
stoichiometry, where all of the samples have oxygen-
rich surfaces except 10 A/cm? 3 pulses that shows the
highest Zn 2p at.% among all samples and Zn/O ratio
closer to sub-stoichiometric (1.92) conditions.

Table 2. Elemental composition (at.%) and Zn/O ratio

Element Ref 5 10 15 20 10 A/em?, 10 A/cm?,
A/em?  A/em? A/em®  A/em? 3 pulses 6 pulses
Zn 2p (at.%) 27.80 32.72 19.43  28.11 26.11 65.80 32.59
O 1s(at.%) 7220 67.28 80.57 71.89  73.89 34.20 67.41
Zn/O Ratio 0.39 0.49 0.24 0.39 0.35 1.92 0.48

Atomic Force Microscopy (AFM) that is
presented in Figure 8 was used to investigate surface
morphology of ZnO thin films before and after IPIB
irradiation. Bare FTO substrate has a granular
morphology and a relatively high surface roughness
with an average surface roughness S, of 9.29+0.23
nm and RMS roughness Sq of 11.46+0.23 nm. After
the deposition of ZnO (ref sample) the surface
becomes smoother with S, and Sq values of 7.39+0.68
nm and 9.1140.71 nm respectively. After irradiation
with 5 A/cm? the surface roughness increases S, is
8.17£2.22 nm and Sy is 10.12+£2.15 nm that is
attributed to the formation of non-uniform packed

structures. However, at 10-20 A/cm? IPIB irradiation
the roughness S, decreases to 5.46+0.20 nm (10
A/cm?) and to 5.8+0.18 nm and 5.8+0.63 nm (15-20
A/cm?). Tt suggests the formation of more compact
and homogeneous ZnO thin films. Also, pulsed
regimes have improvements in the surface
smoothness. 3 pulses have the lowest roughness with
Sa 0f 5.0440.49 nm and Sq of 6.32+0.68 nm, 6 pulses
have slightly increased S, value of 5.29+0.27 nm and
Sq of 6.54+0.21 nm. Figure 9 illustrates the 3D AFM
images that correlate with these findings and show a
transition from irregular, coarse grains to more
uniform and densely packed nanostructures.
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Figure 7 - XPS spectra of ZnO samples
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Figure 8 - AFM images of ZnO samples: a) FTO substrate, b) ref, ¢) 5 A/cm?, d) 10 A/cm?, €) 15 A/cm?, f)
20 A/cm?, g) 10 A/cm? 3 pulses, h) 10 A/cm? 6 pulses
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Figure 9 - 3D AFM images of ZnO samples: a) FTO substrate, b) ref, ¢) 5 A/cm?, d) 10 A/cm?,
e) 15 A/em?, ) 20 A/em?, g) 10 A/cm? 3 pulses, h) 10 A/cm? 6 pulses

Table 3. AFM roughness parameters

Sample Sa, nm S¢, nm

FTO 9.29+0.23 11.46+0.30

Ref 7.39+0.68 9.11+0.71

5 A/em? 8.17£2.22 10.12+2.15

10 A/cm? 5.46+0.20 6.85+0.46

15 A/cm? 5.8£0.18 7.57+£0.39

20 A/cm? 5.8+0.63 7.28+0.67

10 A/cm? 3 pulses 5.04+0.49 6.32+0.68
10 A/cm? 6 pulses 5.29+0.27 6.54+0.21

Conclusion

Overall, increasing fluence (more pulses at the
same energy) has a stronger influence on ZnO
because defects accumulate with each pulse, the
optical edge is degraded and photocurrent is reduced.
Increasing energy per pulse (higher current density)
causes an instant drop in PEC performance, but the
effect is limited to the damage created in a single 100-
ns pulse. In contrast, additional pulses create new
recombination centers and surface disorder. XRD
shows no structural changes in either case, meaning
the differences arise from defect buildup energy
controls the severity per pulse, while fluence controls
the total defect dose. Fluence therefore dominates the
overall degradation of ZnO electronic and
photoelectrochemical properties.

The effect of intense pulsed ion beam irradiation
on magnetron-sputtered ZnO thin films was
systematically investigated in terms of structural,
optical, morphological, and photoelectrochemical

properties. SEM and AFM analyses revealed that
increasing ion beam current density and pulse number
leads to significant surface modification, including
grain growth, agglomeration, and localized thermal
damage. However, GI-XRD results illustrate that the
hexagonal wurtzite crystal structure of ZnO remains
unchanged after irradiation. It suggests that
irradiation primarily affects the surface morphology
rather than the bulk crystal lattice.

UV-vis spectroscopy showed only minor
variations in absorption and no significant change in
the optical bandgap (~3.2 eV), suggesting that the
fundamental electronic structure of ZnO remains
largely unaffected. In contrast, according to the XPS
analysis surface composition and Zn/O ratio are
changed because of irradiation modifications of
surface stoichiometry.

EIS revealed increased polarization resistance R,
and interfacial disorder in irradiated samples,
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particularly for multiple-pulse treatments, which is an
indication of hindered charge transfer processes at the
ZnO/electrolyte interface. Consistent with these
findings, PEC measurements showed a systematic
decrease in photocurrent density with increasing
irradiation current density and pulse number.
Overall, the results demonstrate that while IPIB
irradiation does not significantly alter the crystal
structure or optical bandgap of ZnO, it strongly
affects surface morphology, defect density, and
interfacial charge transfer properties. Defect
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accumulation formed at increasing irradiation fluence
(number of pulses), which leads to enhanced
recombination, reduced carrier transport efficiency
and decreased PEC performance.
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