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This study investigates the effect of annealing time on the physical properties of spin-coated zinc
oxide (ZnO) thin films. Zinc acetate dihydrate, ethanol, and monoethanolamine were used as the
precursor, solvent, and stabilizer, respectively. The films were deposited on glass substrates at 2500
rpm for 30 s, followed by pre-annealing at 200 °C for 5 min and final annealing at 400 °C for durations
ranging from 1 to 5 h at 1 h intervals. X-ray diffraction analysis confirmed that all deposited films
were polycrystalline and exhibited a hexagonal wurtzite crystal structure. The preferential
orientation along the (002) plane and the crystallite size increased with annealing time up to 3 h,
followed by a slight decrease at longer annealing durations. Field-emission scanning electron
microscopy revealed that annealing time significantly affected the surface morphology of the films.
The film annealed for 1 h exhibited a relatively smooth and homogeneous surface with a few
microcracks, suggesting incomplete grain growth. In contrast, films annealed for 2-5 h showed
increased surface heterogeneity associated with the formation of relief-like surface features.
Photoluminescence analysis revealed visible emission dominated by a green luminescence band. The
films annealed for 3 and 5 h exhibited a lower defect density, whereas those annealed for 1, 2, and 4
h showed a higher density of defect-related states. Energy-dispersive X-ray spectroscopy confirmed
the elemental composition of the ZnO films. UV-Vis spectroscopy revealed that all samples exhibited
optical transmittance in the visible region, with optical band gap values ranging from 3.23 to 3.36 eV.
Overall, an annealing time of 3 h provided the best balance among the structural, morphological, and
optical properties of the ZnO thin film.

1. Introduction

Transparent conductive oxides (TCOs) have gained
considerable importance in solar cells in recent years,
owing to their high transmission of visible light and good
electrical conductivity [1]. In perovskite solar cells in
particular, the choice of TCO is critical, as it directly
influences charge collection as well as the overall device
efficiency [2-4]. To date, several materials have been
investigated. Tin dioxide (SnO;) has been studied
extensively due to its wide bandgap and high electron
mobility [5]. Nevertheless, SnO: undergoes surface
hydroxylation under ambient conditions, leading to the
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formation of unsaturated tin dangling bonds that act as
non-radiative recombination centers and contribute to
hysteresis losses [6]. Tungsten trioxide (WO3) exhibits
good optical transparency and a high specific surface
area; however, its application is limited by a reduction in
open-circuit voltage and increased charge recombination
losses [4]. Indium oxide (In203) is another promising n-
type semiconductor featuring a wide band gap (3.75 eV),
an electron mobility of 20 cm?V™s™%, as well as
excellent thermal stability and good transparency in the
visible range [4]; nevertheless, it suffers from poor
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surface coverage of the deposited film, which
compromises the uniformity and compactness required
for efficient charge extraction [7]. Cerium oxide (CeOx) is
arare-earth oxide characterized by a wide band gap (3.5
eV), high ionic conductivity, a large dielectric constant,
and good thermal and chemical stability [7]; however, it’s
very low electron mobility (~0.01 cm?.V~1-s7) severely
limits efficient charge transport toward the collecting
electrode [7,8]. Titanium dioxide (TiO2) is a
semiconductor featuring high optical transparency in the
visible range, excellent chemical stability, and favorable
energy level alignment with perovskite absorbers [9,10].
It is the most widely used material as an electron
transport layer in perovskite solar cells. However, its
relatively low electron mobility (0.1-4 cm?-V™*.s™%) [11]
and susceptibility to ultraviolet-induced degradation
limit charge transport and compromise the long-term
stability of photovoltaic devices [12]. In this context, zinc
oxide (ZnO) emerges as a promising alternative to TiOz,
primarily due to its high electron mobility, which can
reach up to 205 cm?.V~*-s™! [13]. This property promotes
fast and efficient charge transport. Furthermore, ZnO
possesses excellent optical transparency [14], which
further supports its appeal as an electron transport layer
in perovskite solar cells. In addition, this II-VI group
semiconductor exhibits a wide variety of nanostructures
[15], enabling improved contact with perovskite thin
films. However, it has been reported [16-19] that the
physical properties of ZnO thin films depend heavily on
the synthesis conditions. Several methods for
synthesizing ZnO have been used in the literature,
including hydrothermal [20-24], spray pyrolysis [25-
27], chemical bath deposition [28-32], thermal
evaporation under vacuum [33-36], and sol-gel [37-41].
The sol-gel method, with its two deposition techniques,
dip coating [42] and spin coating [43-45], stands out
from other methods due to its simplicity and low cost.
The structural, morphological, and optical properties of
ZnO thin films obtained by this method are influenced by
several parameters, including the nature of the precursor
[46-48], the stabilizer [49-51], the solvent [52], the
concentration of the solution [53,54], annealing
temperature [55-59], and annealing time [60,61]. The
effect of annealing time on the physical properties of ZnO
thin films has been extensively investigated in the
literature . Mathew et al. [62] showed that the preferred
orientation along the (002) plane strengthens with
increasing annealing time, accompanied by a decrease in
the optical band gap. Similarly, Kumar et al. [61]
observed an improvement in the (002) orientation,
together with increases in crystallite size and surface
roughness. In contrast, Motlan et al. [63] reported a
different dominant orientation, mainly along the (101)
plane. Furthermore, Toe et al. [60] highlighted an
opposite trend in the optical properties, namely a
gradual increase in the band gap with increasing
annealing time. Although these studies confirm the
importance of annealing time in tuning the structural,
morphological, and optical properties of ZnO, the optimal
conditions required to achieve a balance among these
properties remain unclear, particularly for thin films
prepared by the sol-gel spin-coating method.

In this context, the present study provides a
complementary  contribution by  simultaneously
analyzing the evolution of the structural, morphological,
and optical properties of ZnO as a function of annealing
duration in order to better understand the correlations
between crystallographic orientation, grain growth, and
optical behavior under controlled synthesis conditions.

2. Material and methods

2.1. Materials and Reagents

Microscope glass slides were used as substrates for
the deposition of ZnO thin films. Zinc acetate dihydrate
(Zn(CH3C00)2-2H20, 99.99%, Sigma-Aldrich) was used
as the precursor, while absolute ethanol (CH3CH20H,
99.98%, VWR International) served as the solvent.
Monoethanolamine (MEA, C:H7NO, 99.99%, Sigma-
Aldrich) was used as a stabilizing agent to control the
hydrolysis and condensation reactions during sol
preparation. All chemicals were used as received without
further purification.

2.2. Cleaning of Substrates

The glass substrates (2.5 cm x 2.0 cm) were cleaned
in an ultrasonic bath for 15 min per step. Initially, the
substrates were immersed in a detergent solution to
remove surface contaminants adsorbed from ambient
air. They were then sequentially rinsed with acetone,
ethanol, and distilled water to eliminate organic and
inorganic residues, and finally dried in an oven.

2.3.Zn0 Thin Films Synthesis

ZnO thin films were deposited on glass substrates
using the spin-coating technique. A 0.4 mol/L sol-gel
solution was prepared by dissolving an appropriate
amount of zinc acetate in absolute ethanol, followed by
the addition of monoethanolamine (MEA) as a stabilizing
agent, with a MEA/Zn precursor molar ratio of 1. After
magnetic stirring at 60 °C for 1 h, the resulting
homogeneous and transparent solution was aged for 24
h. The films were deposited at 2500 rpm for 30 s,
followed by a pre-annealing step at 200 °C for 5 min to
evaporate the solvent and remove residual organic
species. This deposition/pre-annealing cycle was
repeated four times. The final annealing temperature
was fixed at 400 °C based on the work of Guo et al. [64].
The films were subsequently annealed at 400 °C for 1, 2,
3,4,and 5 h to investigate the effect of annealing duration
on the structural, morphological, and optical properties
of ZnO thin films. The obtained samples were labeled
according to annealing duration as 1 h, 2 h, 3 h, 4 h, and
5 h, respectively.

2.4. Characterization of ZnO Thin Films

The fabricated ZnO thin films were characterized
using several analytical techniques to investigate their
structural, morphological, compositional, and optical
properties. X-ray diffraction (XRD, Rigaku Ultima IV, A =
1.5406 A, Cu Ka radiation) was used to determine the
crystalline structure and phase composition. Diffraction
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patterns were recorded in the 20 range from 10° to 80°.
Field-emission scanning electron microscopy (FE-SEM)
was performed using a Zeiss ULTRA 55 microscope
equipped with an in-lens secondary electron (SE)
detector to examine the surface morphology of the films.
The instrument was coupled with an energy-dispersive
X-ray (EDX) spectroscopy system for elemental
composition analysis. EDX measurements were carried
out at an accelerating voltage of 15 kV. The optical
properties of the ZnO thin films were investigated using
UV-Vis spectroscopy (Ocean Optics DT-MINI-2-GS
spectrometer) in the wavelength range from 300 to 800
nm. Photoluminescence (PL) spectra were recorded
using an Ocean Optics spectrometer equipped with a 405
nm diode laser as the excitation source.

3. Results and Discussion

3.1.Structural Characterization

X-ray diffraction was employed to determine the
crystalline structure of the spin-coated ZnO thin films.
Figure 1 shows the XRD patterns of films annealed at 400
°C for 1-5 h. Eight well-defined diffraction peaks were
observed at 26 = 31.82°, 34.44°, 36.28°, 47.64°, 56.67°,
62.96°, 67.92° and 72.36°, corresponding to the (100),
(002), (101), (102), (110), (103), (112), and (004)
crystallographic planes, respectively. These peaks are
consistent with the hexagonal wurtzite structure of ZnO
(space group P63mc), in agreement with JCPDS card 36-
1451 [65]. Furthermore, these results indicate that the
films are polycrystalline. No additional peaks
corresponding to secondary phases were detected,
confirming that the films consist solely of ZnO. The
results also show that annealing time has a significant
effect on the XRD patterns of the ZnO thin films. In
particular, an increase in the preferential growth along
the (002) plane is observed with increasing annealing
time, reaching a maximum at 3 h, followed by a sharp
decrease and subsequent stabilization at longer
annealing durations. ZnO generally grows along the
(002) direction due to the low surface free energy of this
plane, which provides a thermodynamic driving force
and leads to improved crystallinity [58,66,67]. Thermal
annealing supplies the energy required for atoms to
overcome the activation barrier for diffusion and occupy
energetically favorable lattice sites, thereby promoting
the growth of grains with lower surface energy. With

increasing annealing time, small grains progressively
merge to form larger grains. Grains oriented along the
(002) plane, benefiting from this energetic advantage,
grow faster than others, leading to an enhancement of
this orientation up to 3 h of annealing [61,62].
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Fig. 1. XRD patterns of ZnO thin films obtained at different annealing
times

The strong decrease in the intensity of the (002) peak
beyond 3 h may be attributed to a partial degradation of
the preferred orientation or to structural reorganization
of the thin films [58].

To confirm this preferential growth, the texture
coefficient Tg(ugy was calculated for the three most

dominant peaks using Equation (1) [68,69]:

Lthiery

T _ Io(hkl)
c(rkD) = 7 I(hkl)

I O(hkl)

(1)

where [y, 1, and Iy i) represent the X-ray diffraction
peak intensities obtained from the thin films, the number
of diffraction peaks considered (in this case n=3), and the
reference diffraction peak intensities (JCPDS 36-1451
[65]), corresponding to randomly oriented grains,
respectively. The results are presented in Table 1.

Table 1. Texture coefficient of ZnO thin films obtained at different annealing times along the dominant planes (100), (002), and (101).

Annealing time Te uiy
(100) (002) (101)
1H 1.140 1.121 0.738
2H 0.796 1.605 0.599
3H 0.222 2.629 0.149
4 H 0.894 1.426 0.680
5H 0.851 1.467 0.681

The calculation of the texture coefficient (T,) for the
(100), (002), and (101) planes, based on the
corresponding diffraction peaks presented in Table 1,

shows that the T¢ value is greater than 1 for the (002)
plane, regardless of the annealing time. However, for
films annealed for 1 h, a particular situation is observed.
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It is clearly seen from Table 1 that Tg(1q0 is slightly
higher than T 405y, with a very small difference (= 0.019).
This negligible difference indicates a weak texture,
where crystallographic orientations are still competing,
although a (002) preferred orientation begins to emerge.
With increasing annealing time, Tc(002) becomes
progressively dominant and reaches a maximum value at
3 h, indicating a strong c-axis-oriented crystallization.
However, for annealing durations longer than 3 h, the
(002) texture slightly decreases. These results are
consistent with those obtained from the XRD patterns.

The lattice parameters a and c of the thin films
annealed at 400 °C for different annealing times were
calculated using Equation (2), and the interplanar
spacing (d) was determined using Bragg's law given in
Equation (3) [70]:

1 2 A
= | - 2
@ 3 sin6 and ¢ sin6 (2)
g= A
"~ 2sind (3)

where A is the wavelength of the CuKa radiation
(1.54059 A) and 6is the diffraction peak angle. The
obtained results are presented in Table 2. The values of
the lattice parameters a and c, as well as the interplanar
spacing d, are consistent with the reference values
reported in JCPDS card 36-1451. The value of the ratio
c/a = 1.602, obtained for all the samples, confirms the
hexagonal wurtzite structure [65].

Table 2. Lattice parameters and structural properties of ZnO thin films obtained at different annealing times.

D-S method W-H method Lattice parameters
. ) 8
R(ﬁ;::;on 20 (%) I(au) B (°) (n?n : z i1noel: D (nm) z i1noel: xf03 ad) c(A) ¢/a dd) V(@A) LA
/m? /m?
1H 3446 458296 0.659 12.627 6.272 11375 7.730 0.6;61 3.245 5201 1.603 2601 47420 1975
2H 3442 1352634 0.576 14435 4.799 17967 3.098 1260 3.245 5207 1.605 2.603 47.474 1.976
3H 3446 36166.52 0468 17.760 3.170 20.541 2371 1380 3.247 5201 1.602 2.601 47.479 1.976
4H 3444 1023566 0.490 16957 3.478 17.158 3.397 0400 3.245 5204 1.604 2.602 47.448 1.975
5H 34.44 9818.62 0.484 17.201 3.380 20.254 2438 1.540 3.243 5204 1605 2.602 47.448 1.975
JCPDS
card 36- 34.42 - - - - - - 3.250 5.207 1.602 2.603 47.622 -
1451

In addition, the effect of annealing time on the (002)
peak intensity, crystallite size, dislocation density, full
width at half maximum (FWHM), average crystallite size,
lattice strain, unit cell volume, and bond length was
investigated. The (002) peak intensity values are
presented in Table 1. As shown in this table, a
progressive and significant increase is observed,
reaching a maximum at 3 h, corresponding to an intensity
approximately 7.9 times higher than that measured at 1
h. This evolution indicates a marked improvement in the
crystallinity of the films. Beyond 3 h, a pronounced
decrease in this intensity is observed.

The crystallite size (D) of the thin films, determined
along the dominant (002) peak, was calculated using the
Debye-Scherrer (D-S) formula, as given in Equation (4).
[71]:

D = ka 4
" BcosH )

where k is a constant equal to 0.9, A is the wavelength of
the X-ray source (1.54059 A), B is the FWHM of the
diffraction peak, and 0 is the Bragg diffraction angle. The
crystallite size values for different annealing durations
are reported in Table 2. A general increase in crystallite
size is observed from 1 to 5 h of annealing, rising from

12.627 nm to 17.201 nm. These results are in good
agreement with those reported by Motlan et al. [63], who
also observed an increase with annealing time. This
behavior is attributed to thermal energy, which enhances
atomic diffusion and grain coalescence, promoting
crystallite growth. The effect is more pronounced
between 1 and 3 h, indicating improved crystallization
[72]. Beyond 3 h, only slight variations are observed,
suggesting a quasi-equilibrium state where grain growth
tends to stabilize.

The dislocation density (6), which reflects the defect
concentration within the crystal lattice, was estimated
using Equation (5) [70], where the crystallite size (D)
was determined from the Debye-Scherrer method.

1

5=ﬁ

(5)

Fig. 2 shows the evolution of the dislocation density of
ZnO thin films obtained at different annealing times. As
shown in Figure 2, the dislocation density decreases
significantly as the annealing time increases from 1 to 3h
and then exhibits slight fluctuations for longer annealing
durations. This behavior indicates that the film annealed
for 3 h possesses the lowest density of structural defects.
Figure 3 shows the evolution of the FWHM obtained at
different annealing times. As shown in Figure 3, the full
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width at half maximum () of the (002) peak decreases
significantly as the annealing time increases from 1 to 3
h, indicating a marked improvement in crystallinity. The
films annealed for 3 h therefore exhibit the highest
crystalline quality, consistent with the strong preferred
orientation along the (002) plane. Beyond 3 h, a slight
increase in f3 is observed at 4 h, followed by a decrease at
5h.

wmom e =
= U
> .Y

O N

3 (x10'% Lignes/m?)

nh = in = i

(7]

b
=
2

L |

1 2 3 4 5
Annealing time (h)

Fig. 2. Dislocation density variation of ZnO thin films obtained at
different annealing times.
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Fig. 3. FWHM variation of ZnO thin films obtained at different annealing
times.

These results are consistent with the variations in
crystallite size and dislocation density discussed above.

To further analyze the effects of size and strain on
peak broadening, Williamson-Hall (W-H) analysis was
employed. The W-H method separates the size-induced
and strain induced broadening contributions based on
the following equation(6) [73,74]:

kA
PBcosB = o + 4esind (6)

where  is the FWHM, 6 is the peak position, 4 =1.54059
A, kis a constant equal to 0.9, D is the crystallite size, and
€ is the lattice microstrain. In this method, B cos@ is

plotted against 4sin@; the slope of the linear fit provides
the strain g, while the intercept is used to determine D.

Fig. 4 shows the Williamson-Hall plot (Scos vs. 4sinf)
used to evaluate both crystallite size and lattice
microstrain in ZnO films. The microstrain exhibits a clear
dependence on annealing time. As shown in Figure 4, the
film annealed for 1 h, a negative value is obtained,
indicating compressive stress associated with residual
strain prior to thermal relaxation [75]. With increasing
annealing time (2-5 h), the microstrain becomes
positive, suggesting a transition toward tensile behavior
driven by crystal growth and atomic rearrangement [75].
This change correlates well with the evolution of
preferred orientation, reflecting a balance between
stress relaxation and microstructural reorganization
during annealing.

The crystallite size extracted from the Williamson-
Hall analysis also shows a pronounced evolution with
annealing time. It increases from 11.375 nm (1 h) to
17.967 nm (2 h), reaching a maximum of 20.541 nm at 3
h, indicating enhanced crystallinity and grain growth
[76]. This behavior is attributed to crystallite coalescence
and defect reduction during the early stages of annealing.
Beyond 3 h, a decrease is observed at 4 h (17.158 nm),
followed by a recovery at 5 h (20.254 nm), suggesting a
competition between grain growth and structural
relaxation under prolonged annealing. Both the Debye-
Scherrer and Williamson-Hall methods exhibit a similar
overall trend, with crystallite size increasing up to 3 h of
annealing, followed by stabilization or minor
fluctuations, indicating improved crystallinity of the ZnO
films. However, the Williamson-Hall method yields
higher values since it accounts for both crystallite size
and lattice strain, unlike the Debye-Scherrer method,
which considers only size broadening. Despite this
difference, both approaches consistently identify the 3 h-
annealed sample as having the best crystalline quality.

The values of the defect density calculated using the
Williamson-Hall method and presented in Table 2 show
a decrease as the annealing time increases from 1 to 3 h,
followed by a slight increase at 4 h before decreasing
again at 5 h. The Williamson-Hall results follow the same
overall trend as those of the Scherrer method. These
findings are consistent with the XRD analysis (FWHM,
peak intensity, and texture coefficient), confirming that
the film annealed for 3 h exhibits the best crystalline
quality, with maximum crystallite size, reduced
microstrain, and strong (002) preferred orientation.

The unit cell volume (V) of the hexagonal wurtzite
structure was calculated using Equation (7) [77,78].

kA
Beos6 = —- + 4esind (7)

Fig. 5 shows the variation of the unit cell volume of
ZnO thin films obtained at different annealing times. As
shown in this figure, the unit cell volume increases with
annealing time from 1 to 3 h, reaching a maximum at 3 h.
Beyond this point, a decrease is observed up to 4 h,
followed by a slight stabilization at 5 h. Since the highest
value is obtained at 3 h, this annealing time also
corresponds to the most pronounced (002) preferred
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orientation and the maximum crystallite size, suggesting
a more ordered crystal growth at this stage [79].
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Fig. 4.Williamson-Hall plot (Bcos6 vs. 4sinB) of ZnO thin films obtained at different annealing times.

The Zn-O bond length (L) was estimated using

Equation (10) [77,78], where u, the internal parameter, 47.50
represents the positional parameter of the wurtzite
structure. This parameter describes the relative 47.48 4
displacement of atoms with respect to the adjacent plane
along the c-axis and is given by Equation (8). % 1464
; E
a? 1 c

= = — 2 8 > 47.44 4

=3t (2 ”) ‘ ©)

a? 47.42 4
u= —+025 )

3c?

The results show tfolat the Zn-0 bond length (L) is 740 . . . . .
approximately 1.975 A and remains nearly constant 1 2 3 4 5
despite increasing annealing time. This indicates that the Annealing tims (h)
local atomic arrangement is essentially stable,
highlighting the robustness of the Zn-0 bond in the Fig. 5. Unit cell volume of ZnO thin films obtained at different annealing

wurtzite structure. Overall, these results suggest that the times.

structural properties of the obtained thin films are 3.2.Morphological Properties
influenced by annealing time.

Fig. 6 shows the FESEM images of ZnO thin films
annealed at 400 °C for different durations. A progressive
evolution of the surface morphology is observed with
increasing annealing time. For an annealing time of 1 h
(Fig. 6a), the film surface appears relatively compact,
consisting of very fine, poorly developed grains, with a
few microcracks and weakly defined surface features,
indicating limited atomic diffusion [56,57,80]. When the
annealing time increases to 2 h (Fig. 6b), the surface
exhibits increased roughness and heterogeneity,
characterized by the formation of aggregates and
morphological irregularities. The appearance of these
features suggests the onset of thermally activated
diffusion, promoting grain growth and progressive
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coalescence [81]. At 3 h of annealing (Fig. 6¢), the ZnO
film surface shows a granular structure composed of
relatively uniform, densely packed nanograins. These
morphological features result in higher surface
roughness due to enhanced grain coalescence under
thermal treatment, indicating more advanced
crystallization and densification of the films [82]. This
morphology suggests that prolonged annealing
promotes structural reorganization, leading to a more
textured surface and improved grain development [61].
For 4 h of annealing (Fig. 6d), the surface features are
well developed and uniformly distributed across the film,
indicating significant nanograin coalescence and a
strongly textured morphology. In contrast, at 5 h of

annealing (Fig. 6e), although the surface features remain
visible, the morphology becomes slightly less
homogeneous, which may be attributed to excessive
grain growth or the development of internal stresses
induced by prolonged annealing. These results are in
good agreement with those reported by Toe et al. [60],
who observed that short annealing durations lead to fine
and compact particles. In contrast, larger particles
develop as the annealing time increases. This behavior is
generally attributed to the Ostwald ripening
phenomenon, in which smaller, thermodynamically less
stable particles gradually dissolve and redeposit onto
larger ones, resulting in grain growth.

Fig. 6. FE-SEM images of ZnO thin films obtained at different annealing times: a) 1 h,b) 2h,c) 3h,d) 4 h,and e) 5 h.

3.3.Chemical Composition by EDX Analysis Using
Scanning Electron Microscope

Fig. 7 presents the EDS spectra of ZnO thin films
annealed at 400 °C for different annealing durations.

The spectra clearly confirm the chemical composition
of zinc oxide through the presence of characteristic zinc
and oxygen peaks, indicating that the films are properly
formed [83]. The silicon signal is attributed to the glass
substrate [84,85]. In contrast to the work of Kumar et al.
[61], who observed substrate diffusion at longer
annealing times, the presence of Si only in the sample
annealed for 1 h can be explained by diffusion from the
glass substrate through grain boundaries and structural

defects, particularly the microcracks observed by FE-
SEM. Grain boundaries and extended defects are widely
recognized as preferential pathways for atomic diffusion
in ZnO thin films [86]. Similarly, Ghica et al. [87]
demonstrated that annealing-induced diffusion along
grain boundaries in ZnO films can promote the
segregation and localization of impurity species in
defect-rich regions. Thus, at the initial stage of annealing,
the high defect density and the presence of microcracks
facilitate Si migration into the ZnO thin. For longer
annealing durations (2-5 h), densification and improved
crystallinity reduce diffusion pathways, thereby limiting
silicon incorporation.
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Fig. 7. EDX spectra of ZnO thin films obtained at different annealing times.

3.4. Photoluminescence 7000
Fig. 8 shows the photoluminescence (PL) spectra of
ZnO thin films annealed at 400 °C for different annealing 6500 1
times, in the wavelength range of 300-900 nm. The films =
exhibit visible emissions (400-780 nm) regardless of the Z 6000 4
annealing duration. In the literature, these emissions are *E
commonly attributed to intrinsic or extrinsic defects in § 5500 4
ZnO [88]. Oxygen vacancies (V,), zinc vacancies (V,), =
interstitial oxygen (0;), interstitial zinc (Zn;), oxygen ~ 50004
antisites (0z,), and zinc antisites (Zn,) constitute
intrinsic defects, also referred to as native defects 4500
constitute intrinsic defects, also referred to as native
defects [89]. To enable a more precise identification of 300 400 500 GO0 700 800 900
emission centers, the obtained PL spectra were Wavelength (nm)
deconvoluted using Gaussian fitting to analyze impurity-
related defects. Figure 9 shows the deconvoluted PL Fig. 8. Photoluminescence spectra of ZnO thin films obtained at
spectra of ZnO thin films annealed at 400 °C for different different annealing times.
annealing times.
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Fig. 9. Deconvoluted photoluminescence spectra of ZnO thin films obtained at different annealing times.
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Fig. 9 clearly shows two main visible emissions, with
peak positions varying as a function of annealing time.
The first emission exhibits peaks centered at 493.30 nm,
513.82 nm, 505.47 nm, 522.98 nm, and 516.96 nm for
annealing times of 1 h, 2 h, 3 h, 4 h, and 5 h, respectively.
These photoluminescence peaks correspond to the
characteristic green emission of ZnO [90,91]. This
emission is commonly attributed to radiative transitions
involving intrinsic lattice defects such as oxygen
vacancies (Vp), zinc interstitials (Zn;), and other surface-
related defects [92,93]. The second emission is located in
the red region of the spectrum, with peak positions at
625.99 nm, 643.50 nm, 655.68 nm, 648.84 nm, and
667.85 nm for samples annealed for 1 h, 2 h, 3 h, 4 h, and
5 h, respectively. This band is attributed to oxygen
interstitials (0;) as well as oxygen vacancies ( V) [94].
The evolution of both emission bands indicates that
samples annealed for 1 h exhibit the highest defect-
related intensities, reflecting a high density of
recombination centers. This observation is consistent
with the XRD and FE-SEM analyses, which reveal a high
dislocation density and the presence of microcracks,
indicating a highly disturbed crystal lattice. Samples
annealed for 2 h and 4 h also show relatively strong
defect-related emissions, suggesting a significant,
although reduced, defect concentration compared to that
of the 1 h sample. the 1 h sample. In contrast, samples
annealed for 3 h and 5 h exhibit lower
photoluminescence intensities, indicating a reduced
defect density within the crystal structure

Therefore, the thin films annealed for 3 h and 5 h,
which exhibit lower defect densities, appear more
suitable for photovoltaic applications.

3.5. UV-Visible

To investigate the optical properties of ZnO thin films,
UV-Visible  transmittance = measurements  were
performed in the wavelength range of 300-800 nm, as
shown in Figure 10. The curves show a sharp increase in
transmittance between 350 and 400 nm, corresponding
to the optical absorption edge of ZnO associated with its
wide band gap (~3.3 eV). Beyond this region, the films
become highly transparent in the visible range. In this
region, transmittance exceeds 50%, confirming the good
optical transparency of ZnO. The sample annealed for 1 h
exhibits the highest wvalue, reaching nearly 95%,
indicating low optical absorption and high film quality.
Such transparency is particularly important for ZnO used
as an electron transport layer (ETL) in solar cells, as it
ensures efficient light transmission to the active layer,
enhancing electron-hole pair generation and

photovoltaic performance. This behavior agrees well
with the FE-SEM observations, which reveal smooth and
uniform surfaces for this sample.

In contrast, the samples annealed for 2 h, 4 h,and 5 h
display similar optical behavior, with transmittance
values ranging from approximately 35% to 80%. A
gradual increase is observed between 400 and 600 nm,
followed by stabilization at higher wavelengths. The
reduced transmittance in these samples is attributed to
increased surface roughness and the presence of
aggregates, as observed by FE-SEM, which enhance light
scattering and consequently reduce optical transmission
[95]. The sample annealed for 3 h exhibits a
transmittance of about 80%, slightly higher than that of
the 2 h, 4 h, and 5 h samples, but still lower than that of
the film annealed for 1 h. This behavior can be attributed
to its improved crystallinity and relatively favorable
surface morphology.
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Fig. 10. Transmittance spectra of ZnO thin films obtained at different
annealing times.

3.6.Band Gap Energies

The optical band gap energy (Eg) was estimated from
the absorption spectra using Tauc’s Equation [78,96]:

(ahv)™ = A(hv — E) (10)

where o, hv, Eg, and A represent the absorption
coefficient, photon energy, optical band gap energy, and
a constant, respectively. A direct allowed transition was
assumed for ZnO (n = 2), in agreement with its direct
band gap nature.



104

F.M. Kouide / Progress in Physics of Applied Materials 7 (2027) 95-109

=== 1 H:Eg=23.36eV 2H:FEg=2328eV
o = .
3 3 3
= e o
E 2
25 3.0 3.3 4.0 o Gev 44 25 4.0
hY (V) v (ev) hy (cV)
4 H:Ep=3.23cV| 5 H: Eg = 3.20 eV]
N’_. o
Z !
g o
T T
= =
= =
25 34 35 40 25 30 35 4.0

hv (eV)

bv (eV)

Fig. 11. Band gap energy of thin films obtained at different annealing times.

In this study, the optical analysis was performed
using the measured absorbance as an approximation of
the absorption coefficient. According to the Beer-
Lambert law, the absorbance is directly proportional to
the absorption coefficient for a given film thickness [97].
Therefore, although the absolute value of the absorption
coefficient could not be determined due to the absence of
thickness measurements, the absorbance preserves the
spectral dependence of the optical absorption.
Consequently, the optical band gap was estimated using
Tauc plots constructed by plotting (Ahv)? as a function of
the photon energy (hv) .

The linear region was selected near the fundamental
absorption edge and extrapolated to determine Eg.
Figure 11 shows the band gap energy of ZnO thin films
obtained at different annealing times. The band gap
values for films annealed from 1 to 5 h are 3.36, 3.28,
3.34,3.23,and 3.26 eV, respectively. The band gap ranges
from 3.23 to 3.36 eV over all samples. These values are
lower than that of bulk ZnO (3.37 eV). This difference is
attributed to the crystallite size, crystalline quality,
surface morphology, residual stress, and structural
defects of the different thin films [56,62,63,72,98,99].
Thus, thin films annealed for 3 hours combine high
optical transparency reaching 80 % in the visible range
and a bandgap energy of approximately 3.34 eV, which
would make them suitable for use as electron transport
layers in solar cells.

4. Conclusion

Zinc oxide thin films were spin-coated onto glass
substrates to investigate the effect of annealing time (1-
5 h) on their structural, morphological, and optical
properties. XRD analysis confirmed that all films are
polycrystalline with a hexagonal wurtzite structure, with
the film annealed for 3 h exhibiting improved

crystallinity and a preferred (002) orientation. The
crystallite size increased with annealing time. FESEM
observations revealed that prolonged annealing
promotes grain growth and coalescence, leading to
changes in surface morphology; the film annealed for 1 h
exhibited a smooth surface with minor microcracks,
whereas films annealed for 2-5 h showed increased
surface heterogeneity. Photoluminescence analysis
indicated a lower defect density in the films annealed for
3 h and 5 h. EDX confirmed the ZnO composition, while
UV-Vis spectroscopy showed that optical transmittance
decreased with annealing time (from approximately 95%
at 1 h to about 80% at 3 h), with band gap values ranging
from 3.23 to 3.36 eV, slightly lower than that of bulk ZnO
(3.37 eV) due to structural defects and internal stresses.
Overall, an annealing time of 3 h was identified as optimal
for achieving ZnO thin films with a balanced combination
of structural, morphological, and optical properties.
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