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Abstract

The present study investigates the influence of growth time on the physical properties of ZnO thin films grown by the
hydrothermal method. Film fabrication is carried out via a two-step process involving the deposition of ZnO seed layers on glass
substrates by spin coating, followed by hydrothermal growth. Post-deposition annealing at 400°C for 3 hours is performed to
enhance crystallinity. Structural and optical properties are analyzed using X-ray diffraction (XRD), UV—visible spectroscopy,
and photoluminescence (PL) spectroscopy. XRD results confirm that all films are polycrystalline with a hexagonal wurtzite
structure and exhibit a pronounced preferential orientation along the (002) plane. The progressive increase in the (002) peak
intensity with growth time indicates enhanced crystalline quality, accompanied by an increase in crystallite size from 11.19 to
14.67 nm. UV—visible analysis shows that transmittance decreases from 95% to 65% with increasing growth time, mainly due
to increased film thickness and density. However, films grown between 2 and 5 hours provide a good compromise between high
transmittance in the visible region and strong absorption in the ultraviolet region. The optical bandgap varies from 3.14 eV to
3.27 eV, attributed to changes in film thickness. PL spectra exhibit three emission bands centered at 412 nm (3.01 eV), 438 nm
(2.83 eV), and 490 nm (2.53 eV), associated with intrinsic defects in ZnO. The films grown for 4 hours exhibit relatively low
defect density and good visible transmittance, making them promising candidates for photovoltaic applications.
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1. Introduction

The rapid development of photovoltaic technologies over emerged as a promising approach, particularly through the in-
recent decades has intensified the search for alternative mate- tegration of semiconductor materials into photovoltaic de-
rials capable of improving device efficiency while reducing vices [2]. Among semiconductor oxides, titanium dioxide
fabrication costs [1]. In this context, nanotechnology has (TiO7) remains the most widely used material for photoanode
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fabrication in photovoltaic cells because of its good chemical
stability and suitable electronic properties [3]. However, zinc
oxide (Zn0), an n-type semiconductor, has attracted consider-
able attention as a potential alternative owing to its remarkable
physical properties, including a wide direct bandgap (~3.37
eV), high exciton binding energy (~60 meV), high electron
mobility (~205 cm?-V~!-s7!), and excellent thermal and me-
chanical stability [4, 5]. In addition to these intrinsic proper-
ties, ZnO thin films exhibit high optical transparency in the
visible region and strong ultraviolet absorption, making them
suitable for optoelectronic and photovoltaic applications. Fur-
thermore, ZnO can be synthesized using various low-cost and
scalable deposition techniques, allowing better control of its
structural and optical characteristics. These advantages make
ZnO a promising candidate for photoanode applications in
photovoltaic devices [6].

The structural and optical properties of ZnO thin films
strongly depend on the synthesis technique and deposition
conditions. Several methods have been employed for the fab-
rication of ZnO films, including thermal evaporation [7], sput-
tering [8], pulsed laser ablation [9], chemical vapor deposition
[10], sol-gel [11], spray pyrolysis [12], chemical bath deposi-
tion [13] and hydrothermal [14, 15]. Among these techniques,
the hydrothermal method has emerged as a particularly attrac-
tive route because of its simplicity, low cost, low-temperature
processing, and ability to produce highly crystalline ZnO
films with preferential orientation. Despite these advantages,
controlling the physical properties of hydrothermally synthe-
sized ZnO films remains a significant challenge. Several pa-
rameters, such as precursor concentration, solution pH,
growth temperature, and growth time, strongly influence the
crystalline quality, optical transparency, defect density, and
overall film performance [16]. In particular, the use of a ZnO
seed layer has been reported to improve film adhesion, pro-
mote oriented growth, and enhance crystallinity [17].

Previous studies have demonstrated that growth time plays
a crucial role in determining the properties of hydrothermally
synthesized ZnO films. Dloo et al. [18] reported that increas-
ing growth time significantly affects the dimensions and den-
sity of ZnO nanowires, leading to an increase in both their
length and diameter. Similarly, Amin et al. [19] observed a
nearly linear relationship between growth duration and the in-
crease in the dimensions of ZnO structures for growth times
up to 10 h. Linhua Xu et al. [15] further demonstrated that
prolonged growth duration enhances the c-axis crystalline ori-
entation and improves the crystalline quality of ZnO films.
Abdel-Fattah and Alshehri [20] showed that extending the hy-
drothermal reaction time induces a progressive evolution of
ZnO nanostructures from nanoparticles to nanoneedles,
nanoflakes, and nanoplates, accompanied by significant
changes in crystallographic orientation, which ultimately in-
fluence the photocatalytic performance. More recently, Zeid
etal. [21] investigated the time-dependent growth of ZnO nan-
owires and established correlations between growth duration,
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nanowire morphology, photocatalytic activity, and antibacte-
rial performance. Their results confirmed that growth time
strongly influences the structural quality and defect concen-
tration of hydrothermally synthesized ZnO nanostructures.
Although several studies have investigated the influence of
growth conditions on hydrothermally synthesized ZnO films,
greater attention has primarily been devoted to their morpho-
logical evolution. In contrast, comparatively limited attention
has been paid to identifying the optimal growth duration ca-
pable of simultaneously enhancing crystallinity, reducing de-
fect density, and maintaining high visible transparency for
photovoltaic applications.

Therefore, the present work aims to systematically investi-
gate the effect of growth time on the structural and optical
properties of ZnO thin films synthesized using a combined
spin-coating and hydrothermal process. Unlike previous stud-
ies that mainly focused on morphological evolution and func-
tional performance, this work establishes a comprehensive
and quantitative correlation between growth time and the in-
trinsic structural and optical properties of ZnO thin films. In
particular, correlations are systematically analyzed between
growth duration, texture coefficient, crystallite size, disloca-
tion density, and defect-related photoluminescence emissions,
in order to identify the optimal growth conditions for en-
hanced crystalline quality and optical performance, which are
essential requirements for photovoltaic photoanode applica-
tions.

2. Materials and Methods

2.1. Materials and Reagents

Microscope glass slides were used as substrates for ZnO
thin  film  deposition. Zinc nitrate  hexahydrate
(Zn(NO3),-6H,0, 99.99%) was used as the zinc precursor,
while hexamethylenetetramine (HMTA, 99%) served as the
complexing agent during hydrothermal growth. Zinc acetate
dihydrate was employed for the preparation of the ZnO seed
layers. Ethanol (98.8%), acetone (99.5%), and distilled water
were used as solvents and cleaning agents. All chemicals were
of analytical grade and purchased from Thermo and Fisher
Scientifics without further purification.

2.2. Substrate Cleaning

Glass substrates were cut into dimensions of 4.5 cm x 2.5
cm using a diamond glass cutter to fit the autoclave configu-
ration employed during hydrothermal synthesis. Prior to dep-
osition, the substrates were ultrasonically cleaned for 15 min
successively in soapy water, distilled water, acetone, ethanol,
and distilled water to remove residual contaminants and en-
sure good surface cleanliness. The substrates were then dried
under ambient conditions before deposition. This cleaning
procedure is essential since the physical properties of ZnO
thin films strongly depend on substrate surface quality.
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2.3. ZnO Seed Layers Preparation

The ZnO seed layers were deposited onto the cleaned glass
substrates using the spin-coating technique. Figure 1 schemat-
ically illustrates the preparation procedure. A 10 mM precur-
sor solution was prepared by dissolving 0.044 g of zinc acetate
dihydrate in 20 mL of ethanol. The solution was magnetically

Ethanol (20 ml)

|

Zinc acetate dihydrate
dissolution (0.044 g)

Solution

’
— | —

stirred at room temperature for 20 min until a clear and homo-
geneous solution was obtained. For deposition, a few drops of
the precursor solution were dispensed onto the substrate sur-
face, followed by spin coating at 1500 rpm for 45 s to ensure
uniform film formation. After each coating cycle, the depos-
ited layer was dried on a hot plate at 150°C for 2 min to evap-
orate residual solvents. This deposition/drying cycle was re-
peated 10 times to obtain homogeneous ZnO seed layers [22].
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Figure 1. Schematic illustration of ZnO seed layers spin coated.

2.4. Growth of ZnO Thin Films

Zinc nitrate hexahydrate
+

Distilled water

Solution under
magnetic stirring

Hexamethylenetetramine
+

Distilled water

ZnO thins films samples

ZnO seed layer sample

Autoclave Oven (100°C)1 hto6h

Annealing (400 °C for 3 h)

The hydrothermal method is a solution-based synthesis pro-
cess involving the heating of aqueous precursor solutions in a

Figure 2. Schematic illustration of the hydrothermal growth process of ZnO thin films.

sealed vessel (autoclave) under controlled temperature condi-
tions. In the present study, ZnO thin films were synthesized
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using precursor solutions with a concentration of 0.1 M, pre-
pared from an equimolar mixture of zinc nitrate hexahydrate
to HMTA. The zinc precursor solution was prepared by dis-
solving 2.975 g of Zn(NO3),-6H>0 in 50 mL of distilled water
under magnetic stirring. Separately, 1.402 g of HMTA was
dissolved in 50 mL of distilled water under identical condi-
tions. The two solutions were subsequently mixed and contin-
uously stirred until a clear and homogeneous solution was ob-
tained. Figure 2 schematically illustrates the hydrothermal
growth process of the ZnO thin films. The prepared solution
was transferred into a Teflon-lined vessel. Glass substrates
previously coated with ZnO seed layers were then immersed
vertically in the solution. The upper surface of each substrate
was covered with adhesive tape in order to promote ZnO dep-
osition exclusively on the lower surface. The Teflon vessel
was sealed inside a stainless-steel autoclave and placed in an
oven maintained at 100°C. Hydrothermal growth was carried
out for durations ranging from 1 to 6 h. After the completion
of the growth process, the autoclave was removed from the
oven and allowed to cool naturally to room temperature before
recovering the deposited films.

2.5. Characterization of ZnO Thin Films

The structural properties of the synthesized ZnO thin films
were investigated using X-ray diffraction (XRD) analysis with
a RIGAKU SmartLab diffractometer employing CuKa radia-
tion with a wavelength of A=1.54059 A. The diffraction pat-
terns were recorded over a 260 range of 10°-90° at room tem-
perature in order to identify the crystalline phases and evaluate
the structural quality of the films. The optical properties of the
ZnO thin films were analyzed at room temperature using a
dual-beam UV-visible spectrophotometer (LAMBDA® 365+
model). The transmittance spectra were recorded in the wave-
length range of 300—1100 nm to investigate the optical trans-
parency and absorption behavior of the deposited films. Pho-
toluminescence (PL) measurements were performed using an
Ocean Optics spectrometer equipped with a 405 nm diode la-
ser excitation source. PL spectroscopy was employed to eval-
uate the defect-related optical emissions and investigate the
presence of intrinsic defects in the ZnO thin films.

The degree of preferential orientation of the crystallites
along the (hkl) planes was evaluated using the texture coeffi-
cient Tcn), calculated from the diffraction peak intensities ac-
cording to Equation (1) [23]:

[ I(hki) ]
Ir(nki)
I(hkD)

Tetu =] )
C(hkD) l[):n<1r(hkl))]

n

where I(pyp) represent the XRD intensities obtained from the
thin films, n is the number of diffraction peaks considered, and
L (niry 1s the XRD reference intensity (JCPDS card No. 36-

1451) for randomly oriented grains.
The lattice parameters (a and c) of the synthesized ZnO thin

102

films were calculated using Equation (2), while the interplanar
spacing (d) was determined from Bragg’s law, Equation (3)
[24]:

A

a= V/3sin(6) and ¢ = sin(8) (2)
s
2sinf (3)

Where 6 is the Bragg angle, A is the wavelength of the inci-
dent X-rays (A =1.506 A).

The crystallite size (D) of the ZnO thin films was estimated
from the XRD diffraction peaks using the Scherrer Equation

4) [16]:

. ka
- Bcosb

“4)

where B is the full width at half maximum (FWHM), k is a
shape constant approximately equal to 0.9, and 0 is the Bragg
diffraction angle.

The dislocation density (8), which reflects the density of
crystalline defects in the films, was estimated using Equation

(5) [25]:

5=—

D2

)

The strain € used to verify the stress in ZnO thin films was
calculated using Equation (6) [23]:

B
£ =
4tan @

(6)

where B is the width at half-height and 0 is the diffraction an-
gle.

The volume of the hexagonal cell (V) was calculated using
Equation (7) [13]:

(7

The bond length (L) of Zn-O was calculated using Equation
®) [13]:

— [|e? 1 z i -
S oy e R

where u is the positional parameter of the wurtzite structure,
representing the displacement of atoms along the c-axis rela-
tive to the basal plane.

1

4

®)

3. Results and Discussion

3.1. Structural Characterization

Figure 3 presents the X-ray diffraction (XRD) patterns of
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ZnO thin films synthesized at different growth times. The re-
sults indicate that growth time has a significant influence on
the crystallographic orientation and structural quality of the
films. The diffraction peaks are indexed using the standard
hexagonal wurtzite ZnO structure (JCPDS card No. 36-1451),
confirming the formation of ZnO with space group P63mc [26].
All the films exhibit a polycrystalline nature, with diffraction
peaks observed at approximately 20 ~ 31.7°, 34.4°, and 36.2°,
corresponding to the (100), (002), and (101) crystallographic
planes of ZnO, respectively. No additional diffraction peaks
related to secondary crystalline phases, such as Zn(OH),, are
detected within the resolution limit of the XRD measurements.
However, the possible presence of minor amorphous or nano-
crystalline impurity phases below the detection threshold can-
not be completely excluded.

A clear evolution in crystallinity is observed with increas-
ing growth time. In particular, the intensity of the (002) dif-
fraction peak increases markedly with growth duration, indi-
cating an enhancement in crystallinity and a progressive pref-
erential orientation along the c-axis. In contrast, the almost
complete absence of diffraction peaks for the sample grown
for 1 hour suggests incomplete crystallization and insufficient
structural development at short growth times. Overall, the
XRD results confirm that extended growth time promotes im-
proved structural ordering and enhances the crystalline quality
of the ZnO films.

30000 —
S ——5 H
25000 m
20000 - 7\“{
=
g
215000
g /\JL/L
Z10000 -
5000 - '
0

15 20 25 30 35 40 45 50 55 60 65 70 75
20 (°)
Figure 3. XRD patterns of ZnO thin films synthesized at different
growth times.

The diffraction angles corresponding to the dominant peaks
are summarized in Table 1 for the different growth times.
Slight variations in the 20 positions are observed with increas-
ing growth time. These shifts may be attributed to variations
in internal stress and crystalline quality resulting from the in-
teraction between the ZnO films and the glass substrates [24,
27, 28].

Table 1. Variation of the diffraction angles 20 of the dominant peaks for each growth time.

Growth time

JCPDS card 36-1451

5h 6h

31.539 31.574 31.770
34.331 34.325 34.422
36.303 36.588 36.253

(hkI)
1h 2h 3h 4h
(100) 31.645 31.677 31.617 31.546
(002) 34.238 34.268 34.297 34.331
(101) 36.108 36.518 36.458 36.282

The texture coefficients calculated using Equation (1) are
presented in Table 2. The obtained results show that the Tc(i00)
and Tcqor) values remain lower than unity, indicating weaker
growth along these crystallographic directions compared with
the standard JCPDS data [29]. In contrast, the Tc(o2) values
are greater than 1 for all samples, confirming the preferential
orientation of the films along the c-axis. This preferred orien-
tation is associated with the anisotropic growth behavior of
ZnO crystallites during the hydrothermal process [30]. The
sharp and intense diffraction peaks further indicate the high
crystalline quality of the deposited films, in good agreement
with previous reports [31, 32].
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Table 2. Texture coefficients of ZnO thin films synthesized at different
growth times for the dominant crystallographic planes (100), (002),
and (101).

Tcmky
Growth time

(100) 002) (101)
1h 04 2.0 0.5
2h 0.7 2.1 0.3
3h 0.6 2.2 0.3
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Tcmky
Growth time

(100) (002) (101)
4h 0.5 2.3 0.3
5h 0.3 24 0.3
6h 0.3 2.6 0.2

The lattice parameters calculated using Equation (2) are
listed in Table 3. The obtained values are close to those re-
ported the standard JCPDS card No. 36-1451 [26], confirming
the formation of high-quality hexagonal ZnO films. A slight
increase in the lattice parameters is observed with increasing
growth time, which may be related to residual stress and lat-
tice distortion induced by the mismatch between the ZnO
films and the glass substrates [33]. Moreover, the c/a ratio re-
mains nearly constant at approximately 1.6 for all samples, in-
dicating that the films preserve the characteristic hexagonal
wurtzite structure throughout the growth process.

The interplanar spacing (d) values, calculated using Bragg’s
law, Equation (3), for the dominant (100), (002), and (101)
planes, are also presented in Table 3. Only slight variations are

observed with increasing growth time, and the obtained values
remain close to the standard JCPDS data. This consistency
confirms the structural stability of the ZnO thin films during
hydrothermal growth.

The full width at half maximum (FWHM) values extracted
from the dominant diffraction peaks decrease progressively
from 0.742° to 0.566° with increasing growth time, as shown
in Table 3. The reduction in FWHM indicates an improvement
in crystallinity accompanied by an increase in crystallite size
for longer growth durations. This behavior reflects the pro-
gressive coalescence and improved organization of ZnO crys-
tallites during hydrothermal growth [34].

The crystallite size and dislocation density of the ZnO thin
films are estimated from the dominant (002) diffraction peak
using the Scherrer relation, Equation (4) and Equation (5), re-
spectively. The results summarized in Table 3 show that the
crystallite size increases from 11.19 to 14.67 nm as the growth
time increases, indicating enhanced crystal growth during pro-
longed hydrothermal deposition. This increase may be associ-
ated with the gradual coalescence of crystallites and grain
growth processes, consistent with previous studies reported by
Siregar et al. [35] et Gboglo et al. [13]. Simultaneously, the
dislocation density decreases with increasing growth time,
suggesting a reduction in crystal imperfections and an im-
provement in crystalline quality.

Table 3. Structural parameters of ZnO thin films determined from the (002) diffraction peak at different growth times.

Lattice parameters

Growth time %002)
a(d) c@) c/a @)
1h 3.262 5.234 1.604 2.616
2h 3.260 5.229 1.605 2.614
3h 3.265 5.225 1.600 2.612
4h 3.272 5.220 1.595 2.610
5h 3.273 5.223 1.596 2.611
6h 3.261 5.221 1.597 2.610
JCPDS card 36-1451 3.250 5.207 1.602 2.603

The strain values calculated using Equation (6) and pre-
sented in Table 3 decrease progressively with increasing
growth time. The positive strain values indicate tensile lat-
tice deformation [12, 36], which may originate from thermal
mismatch between the ZnO films and the glass substrates
during the annealing process [13]. The reduction in strain
with prolonged growth time suggests a gradual relaxation of
internal stresses and improved structural ordering within the
films.

B©)  Dmm) g,f;;‘,‘;z) iéi) VA LA
0.742 11.192 79.831 10.496 48.328 1.987
0.736 11.290 78.443 10.421 48.235 1.986
0.643 12911 59.987 9.105 48.237 1.986
0.649 12.795 61.074 9.179 48.403 1.988
0.649 12.808 60.958 9.175 48.450 1.989
0.566 14.672 46.448 8.019 48.100 1.984
- - - 47.622 -
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The lattice volume V, calculated using Equation (7), exhib-
its slight fluctuations with growth time. These variations are
mainly associated with small shifts in diffraction peak posi-
tions, which directly influence the calculated lattice parame-
ters. In addition, the Zn—O bond length (L), determined using
Equation (8), shows only minor variations, confirming the
structural stability of the synthesized ZnO films [11]. The rel-
ative stability of the Zn—O bond length indicates that the local
atomic arrangement within the wurtzite lattice remains largely
preserved throughout the growth process [12].
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3.2. Optical Characterization

3.2.1. UV—Visible Spectroscopy
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Figure 4. Transmission spectra of thin ZnO films synthesized at dif-
ferent growth times.

Figure 4 shows the UV—visible transmittance spectra of
ZnO thin films synthesized at different growth times. The re-
sults reveal a continuous decrease in optical transmittance

with increasing growth time, from approximately 95% to 65%.

Although film thickness and surface morphology were not ex-
perimentally evaluated, the observed variations in the optical
response with growth time may be associated with changes in
film thickness, densification, and structural uniformity, which
enhance light-matter interactions and scattering within the
films [37, 38].

A sharp absorption edge is observed in the ultraviolet region
below ~388 nm, corresponding to the intrinsic band-to-band
transition of ZnO (valence band to conduction band) [27].

A systematic red shift of the absorption edge is observed
with increasing growth time. This effect is particularly evident
for the film grown for 1 h, which exhibits a noticeable absorp-
tion tail extending into the visible region. Such behavior is
generally associated with incomplete crystallization and a
higher density of structural disorder. This absorption tail can
be attributed to defect-related localized states, increased sur-
face roughness, and/or sub-bandgap states within the forbid-
den energy gap. This interpretation is consistent with the XRD
results, which indicate lower crystallinity and broader diffrac-
tion peaks for the same sample.

An optimal growth window is identified between 2 and 4 h,
where the films exhibit a favorable optical balance character-
ized by high transparency in the visible region and strong ab-
sorption in the ultraviolet range. This combination is particu-
larly desirable for photoanode applications, where efficient
UV harvesting and high visible transparency are required.
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Figure 5. Absorption spectra of ZnO thin films synthesized at differ-
ent growth times.

Figure 5 presents the corresponding absorption spectra as a
function of wavelength. Strong absorption is observed in the
UV region (A < 380 nm), confirming the capability of ZnO
films to efficiently absorb high-energy photons and generate
electron—hole pairs through optical excitation. In contrast, low
absorption in the visible and near-infrared regions (A > 380 nm)
confirms their high transparency, which is consistent with the
transmittance results.

3.2.2. Photoluminescence (PL) Spectroscopy

500
6H
2.53 eV 5H
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400 ~ —3H
2H
’5 e ] H
<300
&
g 3.01 eV
E 200 1 2.83 eV
|
-9
100
0 -
] 1 1 T
350 400 450 500 550
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Figure 6. Photoluminescence spectra of ZnO thin films synthesized
at different growth times.

Figure 6 presents the photoluminescence (PL) spectra of
ZnO thin films grown for different durations. The PL spectra
exhibit two main emission regions. The first corresponds to a
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narrow ultraviolet (UV) emission centered around ~380 nm
(3.15 eV), attributed to near-band-edge (NBE) excitonic re-
combination. The presence of this emission is generally asso-
ciated with good crystalline quality due to the wide direct
bandgap (~3.37 eV) and high exciton binding energy (~60
meV) of ZnO [39].

The second contribution is a broad visible emission band,
commonly associated with intrinsic defects within the ZnO
lattice, including oxygen vacancies, zinc interstitials, and de-
fect complexes [40]. All investigated samples exhibit emis-
sion bands in both the UV and visible regions, with dominant
visible emissions located in the blue region at approximately
412 nm (3.01 eV), 438 nm (2.83 eV), and 490 nm (2.53 eV).
The variation in PL intensity with growth time indicates that
the deposition duration strongly influences defect formation
and the optical properties of the ZnO thin films. According to
previous reports, the intensity of the UV emission is closely
related to the crystallinity of ZnO films. All photolumines-
cence measurements were carried out under identical experi-
mental conditions; thus, the weak near-band-edge emission
relative to the visible defect-related emission is mainly at-
tributed to intrinsic structural defects within the ZnO thin
films rather than experimental parameters.

According to the literature, UV emission is commonly con-
sidered an indicator of improved crystallinity [40]. However,
the relatively weak UV emission compared to the visible emis-
sion suggests a significant density of intrinsic defects in the
films. These defect-related emissions are generally attributed
to radiative transitions involving the conduction band and de-
fect states such as oxygen vacancies and zinc-related defects
[40—42]. Among the investigated samples, the film grown for
2 h exhibits the highest visible emission intensity, indicating a
higher concentration of structural defects. In contrast, the film
synthesized for 4 h shows the lowest visible emission intensity,
suggesting reduced defect density and improved crystalline
quality [43]. These observations are consistent with the XRD
results, which revealed enhanced crystallinity and reduced
structural disorder with increasing growth time.

3.2.3. Optical Bandgap Energy of ZnO Thin Films
Synthesized

The optical bandgap energy of the ZnO thin films was de-
termined using the derivative method based on the transmit-
tance spectra. The derivative of transmittance (dT/dA) was
plotted as a function of photon energy (hv), as shown in Figure
7, allowing accurate estimation of the bandgap values [44].
The extracted bandgap values, summarized in Table 4, range
from 3.14 eV to 3.27 eV depending on growth time. This var-
iation is attributed to changes in crystallite size, structural dis-
order, and defect density, consistent with the XRD and PL re-
sults. Overall, the obtained bandgap values are slightly lower
than that of bulk ZnO (3.37 e¢V), which may be attributed to
the presence of residual strain, structural defects, and quantum
confinement effects associated with the nanoscale nature of
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the films [45, 46].

3
2 -
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3.00 3.12 3.24 3.36 3.48
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Figure 7. dT/d) curve as a function of photon energy for ZnO thin
films prepared at different growth times.

Table 4. Band gap values of ZnO thin films grown for different dura-
tions.

Growth time Band gap energy (eV)

lh 3.27
2h 3.18
3h 3.20
4h 3.15
5h 3.16
6h 3.14

4. Conclusions

In this work, the influence of growth time on the structural
and optical properties of hydrothermally synthesized ZnO thin
films was systematically investigated. XRD analysis revealed
that all deposited films crystallize in the hexagonal wurtzite
structure with a preferential orientation along the (002) plane,
indicating dominant c-axis growth. The progressive increase
in the intensity of the (002) diffraction peak with growth time
confirms a significant improvement in crystalline quality and
structural ordering. UV—visible spectroscopy showed that the
ZnO thin films maintain high optical transparency in the visi-
ble region while exhibiting strong ultraviolet absorption. A
decrease in transmittance with increasing growth time was ob-
served, mainly due to enhanced film densification and thick-
ness. Films grown for 2—4 h exhibited the most favorable op-
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tical behavior, combining high visible transparency with effi-
cient UV absorption, which is desirable for photovoltaic ap-
plications. Photoluminescence measurements revealed defect-
related visible emissions centered in the blue region. The re-
duction in visible emission intensity for the film grown for 4
h indicates a lower density of intrinsic defects and improved
crystalline quality. These observations are in good agreement
with the XRD results, confirming the strong correlation be-
tween growth time, crystallinity, and defect formation. Over-
all, the results demonstrate that growth time is a key parameter
governing the structural and optical properties of hydrother-
mally synthesized ZnO thin films. Among the investigated
samples, the film grown for 4 h exhibits the most promising
combination of high crystallinity, reduced defect density, and
good optical transparency, making it a suitable candidate for
photoanode applications in photovoltaic devices. From a
broader perspective, this study highlights the importance of
optimizing growth kinetics to tailor the balance between crys-
tallinity, defect density, and optical performance in ZnO-
based nanostructures. Future work should include direct meas-
urements of film thickness and surface morphology (e.g., pro-
filometry and SEM/AFM analyses) to provide a more com-
plete understanding of the relationship between growth condi-
tions and microstructural evolution. In addition, extending this
approach to full photovoltaic device fabrication and perfor-
mance evaluation would further validate the applicability of
the optimized ZnO thin films in practical energy conversion
systems.
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