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This study investigates the physical properties of nickel-doped zinc oxide (NZO) thin films fabricated via
pulsed laser deposition (PLD) on both rigid and flexible substrates. Post-growth modification was performed
using ultraviolet (UV) photonic annealing, and the impact of processing conditions on the microstructural,
electrical, and optical properties of the resulting NZO nanostructures was systematically evaluated. Our find-
ings demonstrate that photonic annealing induces significant crystalline transformations throughout the bulk
and surface of the films. Optimal irradiance levels were identified at 20 kd/cm? for rigid substrates and
36 kd/cm? for flexible ones, enabling the fabrication of nanostructured surfaces with tailored characteristics.
The ability to modulate these properties by adjusting photon flux and exposure time highlights UV annealing
as a viable low-temperature technique for flexible electronics. Furthermore, the observed reduction in oxygen-
related defects correlates with the measured optoelectronic behavior, validating established models for ZnO
defect chemistry. These results provide a robust foundation for the development of high-performance flexible
photosensors and compatible bioelectronic devices.
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1. INTRODUCTION

Zinc oxide (ZnO) has emerged as a key material for
transparent conductive coatings, which are essential for
applications such as photovoltaic cells, solid-state light-
ing, and transparent transistors [1]. Its prominence in
the field is attributed to a unique combination of high
optical transparency, piezoelectricity, and cost-
effectiveness. Characterized by a wide direct band gap
of 3.27 eV and a high room-temperature exciton binding
energy (60 meV), ZnO is particularly well-suited for
electronics and optoelectronics [2]. Furthermore, its
capacity for self-organized growth facilitates the fabrica-
tion of various nanostructures using techniques like
thermal or chemical deposition, sol-gel methods, and
laser sputtering, making it indispensable for sensors
and display technologies [3, 4].

Optimizing the structural characteristics of ZnO is
crucial for achieving high performance in optoelectronic
devices. Current strategies for structural modification
include plasma irradiation, chemical reactions, and
thermal treatments. However, a significant challenge
remains: achieving superior crystallinity with minimal
defect density typically necessitates high-temperature
growth or post-annealing (> 400 °C) [5, 6]. Such conven-
tional furnace treatments are incompatible with heat-
sensitive plastic substrates, leading to increased pro-
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duction costs and technical complexity. Consequently,
the integration of ZnO nanostructures into flexible elec-
tronics, wearable biosensors, and foldable medical dis-
plays remains restricted [7, 8]. While Pulsed Laser Dep-
osition (PLD) allows for the fine-tuning of properties via
dopant concentration, substrate temperature, and gas
composition [9], there is a growing need for alternative
post-deposition techniques to induce oxygen deficiency
without compromising substrate integrity.

In contrast, photonic annealing offers a highly effi-
cient alternative by facilitating rapid, localized thermal
processing with negligible energy loss. This technique
enables selective treatment of specific areas while pre-
serving the integrity of the underlying substrate and
adjacent structures. The efficacy of photonic annealing
is primarily governed by parameters such as radiation
flux density, photon energy, and exposure duration.
Notably, excimer laser annealing has been successfully
employed to enhance the crystalline and electrical char-
acteristics of ZnO films, leveraging strong ultraviolet
absorption even at low ambient temperatures [10].
While several studies have elucidated the mechanisms
of laser-induced modification in ZnO thin films [11, 12],
it is established that the irradiated energy density di-
rectly influences recrystallization and nanostructural
evolution. However, caution is required, as excessive
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irradiation of metal oxide films can lead to irreversible
structural damage and subsequent optical degradation
[18]. Furthermore, long-wavelength continuous high-
power irradiation has proven effective for local surface
smoothing of optical materials.

The methodology presented in this study utilizes
photon irradiation on deposited films with low conduc-
tivity, employing energy levels that surpass the band
gap. At these energies, metal-oxygen bonds become sus-
ceptible to dissociation. This approach is based on a sig-
nificant body of published work on the interaction of
high-energy light pulses with optical thin films [14].
High-energy irradiation of thin optical films frequently
results in catastrophic failure, primarily driven by line-
ar and nonlinear absorption at structural defect sites.
Conversely, exposure below the critical damage thresh-
old often induces material densification and subtle
shifts in optical characteristics. This phenomenon is
particularly significant in amorphous films, where radi-
ation-induced crystallization can be leveraged to fabri-
cate specialized structures or to substantially modify
material properties for microsensor applications [15].

2. EXPERIMENTAL DETAILS
2.1 Thin Film Synthesis

The aim of the work described in this paper is to in-
vestigate the induced changes in nickel-doped zinc oxide
films exposed to UV radiation in air. To achieve these
changes, this work uses irradiation of doped zinc oxide
films at energies exceeding the band gap. Under these
conditions, almost all of the beam energy is absorbed by
the film and is only weakly transmitted to the film—
substrate interface. Short-wave irradiation of metal ox-
ide films exceeding the band gap also stimulates photo-
conductivity by promoting electrons from trap states into
the conduction band. The decay of induced photoconduc-
tivity can occur over long time scales.

2.2 Photonic Processing of Thin Films

The growth of doped ZnO thin films was carried out
using pulsed laser deposition (PLD) technology. PLD
technology has already been demonstrated for the growth
of one-dimensional ZnO nanostructures [16] and for depo-
sition at relatively low temperatures (< 100 °C) on flexible
plastic substrates [17]. The PLD method involves the use
of laser radiation to eject materials from the surface of a
target, which are then deposited onto the substrate. This
results in stoichiometric coatings, both single-layer and
multilayer, with specified properties. Experimental PLD
system developed and used for material deposition. A
KGd(WO4)2 laser was used. Radiation characteristics:
A=1067 nm, pulse duration ¢ = 20 ns, beam energy densi-
ty 6 + 8 J/em?, repetition rate 1.0 + 0.3 Hz. The technologi-
cal module uses a @-switch for irradiation in the Q-
modulation mode. Ablation of pressed polycrystalline tar-
gets was carried out in a quartz chamber. The final pres-
sure in the deposition chamber was 10-¢Pa. Silicon
(111) Si and polymer were used as substrates. The deposi-
tion temperature (substrate temperature) was about
200°C. Thin films were obtained with an area of
1 x1cm2 Successive layers were deposited under the
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same conditions. The average film thickness was ~ 300
nm for NZO (nickel-doped zinc oxide). The sputtered films
were dielectric. To overcome this problem, we applied ul-
traviolet annealing to improve the structural quality of
NZO without affecting the underlying polymer substrate.
Annealing is a well-known technique used in semiconduc-
tor thin film processing to locally recrystallize materials
without melting the substrate (e.g., polysilicon) [18]. Rap-
id irradiation in the range of a few tens of minutes allows
for recrystallization and removal of defects, thus enhanc-
ing the optical and electronic characteristics of the mate-
rial without affecting its quality.

In this work, we propose to combine PLD deposition
with photonic annealing to obtain high-quality NZO
nanostructures. By combining PLD with photonic an-
nealing, we propose a new technique fully compatible
with flexible substrates that exploit the advantages of
low temperatures. We demonstrate that photonic an-
nealing of NZO creates a unique topography of
nanostructured films with high surface area that can
be functionalized and used for biosensors in particular.

There are two steps for the deposition of NZO thin
films: thin film coating and photonic processing. A 365
nm LED with a maximum energy density of approxi-
mately 10 W/em? was used. NZO samples were irradiat-
ed with different energy densities from 1 kd/cm?2 to
36 kd/cm? in air, without additional heating of the sub-
strate. The effect of irradiation on the structural proper-
ties of NZO was evaluated by scanning electron micros-
copy using an Apreo 2C LoVac scanning electron micro-
scope (Thermo Fisher Scientific) at room temperature.

3. RESULTS
3.1 Analysis of Surface Morphology of NZO Films

Scanning Electron Microscopy (SEM) was employed
to evaluate morphological transitions, focusing on sur-
face roughness and uniformity. Measurements were
conducted across various sample regions, specifically
comparing nanostructured NZO grown on Si substrates
in their as-grown state versus those irradiated at
36 kJ/cm2. Despite all samples maintaining the charac-
teristic ZnO wurtzite crystal structure [19], distinct
morphological variations were observed between the
analyzed areas. Similar experiments performed on flex-
ible polyimide substrates revealed significant structur-
al modifications correlating with increased irradiation
energy density (Fig. 1 a-d). Notably, photon annealing
resulted in a more homogeneous and planar surface
morphology compared to the pristine films. This trans-
formation is attributed to the partial degradation of
grain boundaries during annealing, followed by propa-
gation into the grains, which facilitates the formation
of a fine crystalline structure. While low radiation dos-
es had negligible effects on NZO nanorods on Si sub-
strates, a critical process window was identified be-
tween 15 and 36 kd/cm?, within which dramatic mor-
phological shifts occur.

The SEM analysis of the as-deposited thin films re-
vealed a dense surface characterized by irregularly
shaped grains with an average size of 62.4 nm. Following
irradiation, these grains transitioned to a more rounded
morphology. Notably, the grain size in sample lc was
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substantially reduced to 16.1 nm, accompanied by a sig-
nificant decrease in surface roughness and the attain-
ment of exceptional flatness and density. Grain size dis-
tribution histograms confirm a strong dependence on
photon flux: as the flux increases, the distribution peak
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shifts toward smaller dimensions and the distribution
range narrows. These modifications on rigid substrates
are attributed to the targeted impact on intraband de-
fects, as corroborated by [20].
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Fig. 1 — SEM images of the surface of a nanostructured NZO film grown on top of Si — a) and polymer — b), irradiated at 36 kd/cm?
—¢), d). Insets: corresponding histograms of average grain sizes and surface morphology profile of films

In contrast to NZO nanorods on silicon, the 'healing'
of surface defects on polymer substrates becomes promi-
nent only at a power density of 20 kd/cm2. The initial
grain size of 214.6 nm (Fig. 1b) was reduced to 180.1 nm
(Fig. 1d) post-irradiation, signifying the elimination of
internal defects such as oxygen vacancies (Vo) and zinc
interstitials (Zn;) [21, 22]. Furthermore, the reduction in
grain size increases the volume fraction of grain bounda-
ries [23]. Ultimately, photon irradiation serves as a criti-
cal tool for modulating grain size, density, and crystal-
linity — parameters that fundamentally determine the
film's conductivity and grain boundary behavior.

3.2 Effect of Irradiation on the Electrical Prop-
erties of Thin Films

Fig. 2 shows the variation of electrical conductivity o
with the reciprocal of temperature 1/T (o(T)). The ob-
served decrease in film resistance with rising temperature
confirms the semiconducting behavior of all prepared
samples. Notably, the electrical conductivity of the irradi-
ated NZO thin films was superior to that of the as-
deposited layers. Photon irradiation significantly modu-
lated the electrical properties, with sample — 2 exhibiting

a slight increase in conductivity compared to sample — 1
(Fig. 2). Activation energies (FEp) were derived from the
slope of the Arrhenius plots in their linear regimes. As
illustrated in Fig. 2, the activation energy for the irradiat-
ed NZO films is substantially lower than that of the unir-
radiated control, aligning with previously reported AE
values for NZO. In these n-type semiconductors, conduc-
tivity is governed by the excitation of free carriers from
defect levels situated near the conduction band [24].

The resulting conductivity is a function of both carri-
er concentration and mobility, which typically exhibit an
inverse relationship [25]. It has been documented that
films with high crystallinity tend to possess a lower den-
sity of charge carriers, such as electrons, whereas films
with reduced crystallinity often exhibit a higher carrier
concentration [26].

Increasing the cation concentration leads to an in-
crease in the degree of electron localization, so the activa-
tion energy will decrease with an increase in the number
of donor sites [27]. The resistivity R decreased with in-
creasing photon flux density, which was explained by the
improvement due to the decrease in the number of O va-
cancies (Vo). The conductivity of the film increased from
0.014 to 0.032 (1/(Ohm-cm) at room temperature.
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Fig. 2 — Temperature dependence of the electrical conductivity
of a nanostructured NZO film grown on top of a polymer: unir-
radiated — (1) and irradiated at 36 kd/cm? — (2). Inset: corre-
sponding temperature dependences of electrical resistance

The temperature dependence of the conductivity can be
described by the Arrhenius equation, which is defined as:

o(T) = o, - exp (2) 1)

where o, T, ov and k — are the conductivity, tempera-
ture, the dimensional constant of the conductivity and
the Boltzmann constant, respectively. The observed
reduction in activation energy (Ep) may be attributed
to an increased density of vacancies or structural de-
fects. Specifically, high photon flux levels likely facili-
tate the generation of donor-type defects, thereby en-
hancing electrical conductivity. Simultaneously, irradi-
ation-induced modifications in grain size significantly
alter the volume fraction of grain boundaries. As grain
size diminishes, the boundary volume fraction increas-
es accordingly. Consequently, irradiation serves as a
critical factor in modulating key film parameters —
such as grain size, density, and crystallinity — which
fundamentally dictate conductivity and grain boundary
behavior [28, 29]. Furthermore, the decrease in effec-
tive roughness, as determined by the effective medium
approximation (EMA), suggests a correlation with
these distinctive morphological transitions.

To evaluate the optical band gap (Eg) and the overall
optical quality of the NZO thin films, transmittance
spectra were recorded at room temperature across a
wavelength range of 180 to 3300 nm (Fig. 3). The films
deposited on polymer substrates exhibited high trans-
parency in the near-infrared (NIR) region, with average
transmission values ranging from 75 % to 83 %. The
presence of distinct, well-defined interference fringes in
the spectra confirms the high degree of thickness uni-
formity across the deposited layers. These patterns re-
sult from the constructive and destructive interference of
multiple light reflections, driven by the refractive index
contrast between the film and the substrate. Since the
efficiency of photovoltaic devices is fundamentally linked
to the material's photon absorption capacity — deter-
mined by the relationship between incident photon en-
ergy and the optical band gap — accurate determination
of Egis essential. The absorption coefficient (a), which
characterizes electron transitions from the valence band
to the conduction band, is calculated using the following
relation:
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a= %- In (%) 2

where d is the thickness in [cm], 7% is the transmit-
tance of the sample.

We determined the Eg of NZO thin films using the
Tauc relation [30]:

a-hv=EB-(hv—E)™ 3)

where B is a constant, A is Planck's constant, vis the pho-
ton frequency, and m is an index that can take the value
0.5 for direct allowed transitions observed for ZnO [30].
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Fig. 3 — Spectral dependence of the transmittance of the NZO
film grown on top of the polymer: unirradiated — (1) and irradi-
ated at 36 kd/cm? — (2)
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Fig. 4 — Spectral dependence of the absorption coefficient of the
NZO film grown on top of the polymer: unirradiated — (1) and
irradiated at 36 kd/cm?2 — (2)

The optical band gap Eg of the films can be deter-
mined using the graph (ahv)2 = f(hv), based on the in-
tersection of the continuation of the straight part of the
curves with the Av axis (Fig. 4). Although the increase
in the UV range can be explained by the migration of
7Zn; to the surface, the source of the decrease in the vis-
ible range should be sought in the deeper region. In
particular, since the intensity of the visible range is
dominated by surface defects, this is consistent with
the removal of oxygen defects, which occurs with the
reduction of some ZnO on the surface itself.

The fundamental characteristics of the photocon-
ductivity process in the synthesized films are illustrat-
ed in Figs. 5, 6. Specifically, Fig. 5 presents the time-
resolved decay curves of the NZO layers under photo-
excitation at 1 = 365 nm. When excitation occurs within
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the fundamental absorption region, light quanta pene-
trate only to a shallow depth; consequently, the
transport dynamics of non-equilibrium charge carriers
are primarily governed by their interaction with major
scattering centers and lattice defects. The temporal
evolution of the carrier lifetime can be accurately mod-
eled using multi-exponential approximations."
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Fig. 5 — Time dependence of the photocurrent (under the action

of LED illumination A =365 nm) of a thin NZO film — (1) and a
UV-irradiated film — (2)
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Fig. 6 — Kinetics of the value of the derivative of the photocur-
rent in the coordinates dln/dt + t of a thin NZO film — (1) and a
UV-irradiated film — (2)

In our case, we have plotted the derivative of the pho-
tocurrent with respect to the logarithm of time: dI(z)/dt.
Differentiation with respect to the time parameter gives
peaks at ¢ =7 (Fig.6), and these peaks demonstrate
asymmetry and some broadening. In particular, the re-
laxation time parameter reflects the broadening of the
curve (Fig. 6), and its value is determined by the magni-
tude of the potential barrier fluctuations involved in the
capture of charge carriers [31]. This is different from the
case of a perfect exponential decay [32, 33].

Under illumination, the photocurrent evolution is
characterized by three distinct stages: an initial rapid
rise with a relaxation time of 0.41 s, followed by a
slower growth phase with a characteristic time of 55 s,
and a subsequent decay period (relaxation time: 0.35 s).
The observed peaks are notably broad, exceeding the
expectations for standard exponential growth [34, 35].
Following the initial fast decay, the photocurrent ex-
hibits a persistent tail with a time constant of approx-
imately 120 s, which i1s accurately modeled by a
stretched exponential function. The prevalence of
stretched exponents over simple ones suggests a
transport mechanism governed by capture centers with
potential barriers or significant potential fluctuations.
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Developing a comprehensive recombination model for
these semi-insulating photoconductive detectors neces-
sitates further investigation.

4. DISCUSSION

Although a clear understanding of the interaction of
high-energy radiation with solid surfaces has not yet
been achieved, significant progress in improving the
mechanisms that explain the damage phenomenon is
evident. Central to this argument is the requirement for
the presence of free electrons in the conduction band of
the material. It has been shown in [36] that pulsed ul-
traviolet irradiation of silicon dioxide above a critical
threshold leads to the emission of negative ions, such as
O-, positive ions, and neutrals from the material. The
resulting defect states created in the oxide will modify
the permanent electrical and optical properties [37, 38].
The results presented in our paper are consistent with
this work and suggest that irradiation of oxide films at
energies exceeding the band gap can break the chemical
bond in such a way that free electrons from defect states
can be introduced into the conduction band. The signifi-
cant increase in the film conductivity upon photon irra-
diation was also accompanied by perturbations in the
measured transmission, which support the claim that
the release of oxygen from the lattice introduces free
electron carriers into the conduction band. Similar ef-
fects were observed in zinc oxide films that were electro-
chemically reduced and then reoxidized, or in films that
were reduced with hydrogen at elevated temperatures
and then reoxidized by heating in air [39]. It was ob-
served that the photon—induced generation of oxygen
vacancies reduces the resistivity of the films and chang-
es the band gap energies. As can be seen from our re-
sults, upon irradiation of the films, their effective con-
ductivity increases by a factor of two. The increase in o
can be explained by the photon—induced migration of Zn;
to the surface region and the reduction of surface defects
with a subsequent increase in the mobility of free elec-
trons. These shallow donors can compensate for the elec-
tron accumulation layer on the surface, which is known
to strongly affect the electrical properties of ZnO [40].
These transport mechanisms involve the interaction of
charge carriers with barriers to electron capture and/or a
significant potential for their fluctuations.

5. CONCLUSIONS

In summary, we have demonstrated a novel ap-
proach for the synthesis and structural modification of
Zn0O (NZO) nanostructures on both rigid and flexible
substrates. Our investigation into photonic annealing
revealed a specific process window that yields uniformly
distributed nanostructures with minimal macrodefects.
The results indicate that photonic treatment signifi-
cantly reconfigures the crystal structure both in the
bulk and at the surface, which in turn dictates the film's
electrical and optical performance. We identified opti-
mal irradiance levels of 20 kd/cm?2 for rigid substrates
and 36 kd/cm? for flexible substrates to fabricate
nanostructured surfaces with tailored properties. Cru-
cially, ultraviolet annealing emerges as a viable low-
temperature processing technique for flexible electron-
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ics. By controlling the parameter space of photon flux
and exposure time, we successfully reduced oxygen-
related defects, consistent with established theoretical
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THE EFFECT OF THE INTERACTION OF INTENSE UV RADIATION... JJ. NANO- ELECTRON. PHYS. 18, 03003 (2026)
Bruiue Bzaemonii inTreHcusHoro Y®O-BUNIpOMiHIOBaHHA 3 TOHKMMH miaiBkamu NZO
I.C. Bipr! @/, H.B. Bapuyxk!, II. ITorepa2, M.B. Yekaiino3

1 JTpoeobuupkuil depicashuli nedazo2iunuil yHisepcumem imeni Ileana @panka, 82100 [Ipo2obuy, Yrpaina
2 JKewyscoruil ynigepcumem, 35-310 JKewys, ITonvwa
3 Hauionanvnuti ynisepcumem “JIveiscora nonimexwuixa”, 79000 Jlveis, YVipaina

VY nmawiit po6oTi mociimkeHo iSWUHI BJIACTHBOCTI TOHKHX ILTIBOK OKCHUAY IIMHKY (30KpeMa, JIeTOBAHUX
uikesiem NZO). [LmiBku BHpPOIEH] K HA KOPCTKUX, TAK 1 HA THYYKHUX IIIKJIAIKAX 34 JOIIOMOTOK TeXHOJIOTII
imIrybcHOrO J1adepHoro HamuiaerHsa (PLD). V poGori mokasaHo Ta 06roBOpeHO BILIMB IapaMeTpiB Ta YMOB
mportecy (POTOHHOIO BiAIajy HA MIKPOCTPYKTYPHI, €JIEKTPHYHI T4 ONTHYHI BJIACTUBOCTI HAHOCTPYKTYPH
NZO. Ilicnsa BuporesHs WNiBKY BigmaieHi Y O-BUIpoMIHIOBAaHHAM. PedyIbraTu moKasasin, Io IMporec Bij-
IMaJIy CyTTEBO 3MIHWB KPHCTAJIIYHY CTPYKTYPY AK B 00'eMi, Tak 1 Ha moBepxHi. [Ipy onrumasbHili ommpoMiHe-
Hocti 20 xJlx/cM2 y BUMAIKY 9KOPCTKOI mMimkaanku Ta 36 k/[sx/cM? y BHIAAKy THYYKOl mMgkIamgku. Taxum
YMHOM MOKHA BUTOTOBUTH HOBY HAHOCTPYKTYPOBAHY IOBEPXHIO 3 OaskaHMMU BjacTuBocTsMu. 111 Biractuso-
CT1 KOHTPOJTIOIOTHCSA B MEKaX IapaMeTpiB, IO CKJIAMAI0THCA 3 IJIFHOCTI ITOTOKY (POTOHIB Ta Yacy €KCITO3H-
mii. Jlaul JociipxeHHS MATBEPPKYIOTh 3aIPOIIOHOBAHY MOJEJb MOBeIIHKY JedeKTiB 1y marepiany ZnO
Ta MOJEJIb M0ro eJIeKTPOHHMX IIapaMeTpiB.

Y®-Binman € X0pOIo HU3BKOTEMIIEPATYPHOI TEXHOJIOTiEr0 Momudikallii mapaMerpiB HaIlBIIPOBITHUKA
IIJIs 3aCTOCYBAHHS B THYYKHX IIPUCTPOSAX. SMEHIIeHHS Je()eKTIB 10 KACHIO Y3TOIYKYEThCS 31 CIIOCTEPEsKyBAHOK0
TIOBEIIHKOI BUMIPIOBAIBLHUX €JIEKTPUYHUX Ta ONTUYHMX Xapakrepuctuk. Onepskanl pe3ysibTaTv MOKYTh CTa-
TH BaYKJIMBOIO BIAIIPABHOIO TOYKOIO JJIS PO3POOKH THYYKHMX POTOCEHCOPIB TA CyMICHOI 010€JIEKTPOHIKH.

Kmiouosi ciosa: Oxenp mmaky, Torki mmiskn, @oronnuit Bigmast, Mopdostoris noBepxui, Emexrpodismyami
BactuBocTi, PoroesexkTpuani Ta OUTUYHI XapaKTePUCTUKH.
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