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ABSTRACT   
Zinc oxide (ZnO) and zinc hydroxide (Zn(OH)₂) are technologically 
important materials whose structural and optical properties make 
them attractive for applications in optoelectronics, catalysis, and 
energy-related devices. In this work, thin films derived from ZnO were 
fabricated using vacuum thermal evaporation followed by post-
deposition annealing at temperatures between 400 and 600 °C. The 
influence of annealing temperature on the structural, optical, and 
morphological properties of the films was systematically investigated 
using X-ray diffraction (XRD), UV–Vis spectroscopy, and scanning 
electron microscopy (SEM). XRD analysis revealed that the film 
annealed at 400 °C exhibits a dominant diffraction peak corresponding 
to the (002) plane of hexagonal wurtzite ZnO, indicating predominant 
crystallization of the oxide phase. XRD analysis revealed the 
emergence of diffraction features attributable to hydroxide-containing 
zinc phases after annealing at 600 °C, accompanied by a substantial 
reduction in the intensity of characteristic ZnO reflections. Low-energy 
optical transitions derived from Tauc analysis shifted from 
approximately 2.75 to 2.00 eV with increasing annealing temperature. 
These values are interpreted as apparent optical transition energies 
rather than the intrinsic bandgap of crystalline ZnO or Zn(OH)₂. SEM 
observations further reveal a morphological transition from irregular 
grains to plate-like and flower-like hierarchical structures that are 
morphologically consistent with zinc hydroxide-containing systems. 
The appearance of hydroxide-related phases after high temperature 
treatment may be associated with post-annealing surface reactions 
taking place during ambient cooling. However, the underlying 
mechanism remains to be conclusively established. 
 

1. Introduction 

Functional metal oxides and hydroxides represent 
a versatile class of materials that have been widely 
explored for applications in energy conversion and 
storage [1, 2], electronics and optoelectronics [3, 4], 
sensing and actuation [5, 6], photocatalysis and 
environmental remediation [7-9], photonics [10], and 
biomedicine [11]. Their technological relevance 
stems from tuneable electronic structures [12, 13], 
chemical robustness [14], and compatibility with 
diverse fabrication routes [15]. Among these 
materials, zinc-based compounds, particularly zinc 
oxide (ZnO) and zinc hydroxide (Zn(OH)₂), have 
attracted considerable attention due to their 
abundance, low cost, and multifunctional 
physicochemical properties. 

ZnO is a well-established wide-bandgap 
semiconductor whose properties and applications 
have been extensively documented. Structurally, ZnO 

can exist in several polymorphic forms, with the 
hexagonal wurtzite phase (space group P6₃mc) being 
thermodynamically stable under ambient conditions 
and characterized by lattice parameters a ≈ 0.3296 
nm and c ≈ 0.52065 nm [16]. A broad range of 
physical and chemical deposition techniques, 
including pulsed laser deposition [17], sputtering 
[18], chemical vapor deposition [19], molecular beam 
epitaxy [20], and thermal evaporation, have been 
successfully employed to produce ZnO thin films and 
nanostructures [21]. Compared with many other 
deposition approaches, thermal evaporation is 
characterized by a simple processing scheme, 
suitability for coating large substrate areas, and good 
scalability for practical device manufacturing. 
Moreover, this method enables accurate control of 
film thickness and promotes uniform film growth. 
Beyond its intrinsic properties, ZnO is also known to 
readily undergo chemical and structural modification, 

 

 

 

 

Journal of Physics and Its Applications 

Journal homepage : https://ejournal2.undip.ac.id/index.php/jpa/index  

 

mailto:isom.hilmi@fisika.uad.ac.id
https://ejournal2.undip.ac.id/index.php/jpa/index


 

239 

 

particularly in the presence of moisture or hydroxyl-
rich environments. 

In contrast to ZnO, zinc hydroxide (Zn(OH)₂) has 
traditionally been regarded as a transient or 
precursor phase in ZnO synthesis. However, recent 
studies have demonstrated that Zn(OH)₂ can exhibit 
functional properties in its own right when stabilized 
in thin-film or nanostructured forms. Zn(OH)₂ films 
have been fabricated via solution-based coating 
techniques [22], and ZnOₓ/ZnOHₓ layers prepared by 
metal–organic decomposition have been shown to 
function effectively as interlayers in organic 
photovoltaic devices [22]. Moreover, nanostructured 
Zn(OH)₂, such as nanoflake films synthesized by the 
successive ionic layer adsorption and reaction 
(SILAR) method, has been investigated for 
electrochemical energy storage applications, 
demonstrating well-defined crystallinity and 
promising pseudocapacitive behavior [2]. Additional 
emerging applications include nanosheet 
architectures [23], corrosion-resistant galvanic 
coatings, and antibacterial coatings when Zn(OH)₂ is 
combined with graphene oxide [24]. From a 
structural standpoint, Zn(OH)₂ is an amphoteric 
material that typically crystallizes under ambient 
conditions in the orthorhombic wülfingite phase (ε-
Zn(OH)₂, space group P2₁2₁2₁) [25]. Meanwhile, ZnO 
exhibits a well-known direct bandgap of 
approximately 3.37 eV at room temperature [27-29], 
first-principles calculations suggest that pristine 
Zn(OH)₂ possesses a substantially wider intrinsic 
bandgap of about 5.65 eV [27]. Experimental studies 
on Zn(OH)₂-based composites, such as those 
incorporating graphite oxide, have reported reduced 
effective bandgaps in the range of ~2.88–3.60 eV, 
highlighting the sensitivity of its electronic structure 
to chemical environment and interfacial interactions 
[30]. 

Previous studies of the ZnO/Zn(OH)₂ system have 
predominantly focused on the thermal dehydration 
of Zn(OH)₂ toward ZnO, whereas the post-annealing 
evolution of thermally evaporated ZnO thin films 
during subsequent ambient cooling has received 
considerably less attention [26]. In the present study, 
ZnO thin films prepared by thermal evaporation were 
subjected to controlled post-deposition annealing at 
400–600 °C, followed by cooling in ambient 
laboratory air. Particular attention was given to the 
emergence of hydroxide-related crystalline features 
after the highest-temperature treatment and their 
correlation with changes in surface morphology and 
optical response. The novelty of this work therefore 
lies in the characterization of the ex situ structural 
and optical evolution of thermally evaporated ZnO-
derived films after high-temperature treatment, 
rather than in claiming a directly observed bulk 
reverse conversion of ZnO into Zn(OH)₂. This 
distinction is important because the phase detected 
after cooling may reflect post-annealing surface 
reactions, phase coexistence, or other structural 
changes that cannot be resolved solely by ex situ XRD, 
SEM, and UV–Vis measurements. 

 
 

2. Materials and Methods 
Prior to each deposition cycle, the soda–lime glass 

substrates were ultrasonically cleaned in ethanol for 
10 min to eliminate surface contaminants, dust 
particles, and residual organic impurities. ZnO thin 
films were subsequently prepared using a vacuum 
thermal evaporation technique, as schematically 
illustrated in Fig. 1(A). High-purity ZnO powder 
(Sigma-Aldrich, analytical grade >99.0%).) with a 
total mass of 0.06 g was used as the evaporation 
source for each run. The deposition process was 
performed under a constant current of 150 A, with a 
source–to–substrate separation distance of 
approximately 7 cm, and a total deposition time of 15 
min. All depositions were carried out in a high-
vacuum chamber with a base pressure of ≤ 1 × 10⁻⁵ 
mbar to minimize contamination and to promote 
uniform film growth across the substrate surface. 
This controlled environment ensured reproducible 
deposition conditions and contributed to the 
consistency of the obtained thin-film samples. The 
thickness of the as-deposited ZnO film was 
approximately 140 ± 10 nm, as determined using 
spectroscopic ellipsometry. 

After the deposition process, a series of thermal 
annealing treatments were performed on selected as-
deposited films at three different temperatures: 
400 °C, 500 °C, and 600 °C. A schematic illustration of 
the annealing sequence is presented in Fig. 1(B). For 
each experiment, the sample was placed inside a 
quartz tube furnace at room temperature, and the 
heating profile was initiated by increasing the 
temperature at a constant ramp rate of 30 °C/min 
until the target temperature was reached. The 
annealing dwell time at the set temperature was 
maintained for 1 h to ensure sufficient thermal 
exposure for phase evolution. Upon completion of the 
annealing stage, the samples were rapidly removed 
from the furnace and allowed to cool naturally in 
ambient, air-conditioned laboratory conditions 
(~20 °C) until thermal equilibrium with the 
surroundings was achieved (see Fig. 1(B)). This 
controlled annealing procedure was designed to 
induce phase transformation, improve crystallinity, 
and alter the microstructural and surface 
morphological characteristics of the films. 

Multiple characterization techniques were 
employed to systematically evaluate the influence of 
thermal treatment on the structural, optical, and 
morphological properties of the ZnO films. XRD 
measurements were performed in the thin-film 2θ 
scanning mode with a grazing incidence 
(~2°) configuration. This approach was selected to 
enhance surface sensitivity and to accurately 
determine phase composition, crystallite orientation, 
and lattice characteristics of the thin films. Optical 
properties were examined using a UV–Vis 
spectrophotometer, where the absorption spectra 
were recorded over the relevant wavelength range to 
estimate the optical bandgap and to study possible 
changes in electronic transitions as a function of 
annealing temperature. The absorption coefficient 
was determined using the formula α = 2.303A/t with 
A being the absorbance measurement and t 
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representing the thickness of the film. The optical 
properties were analyzed by means of the Tauc 
equation (αhν)n = B (hν − E). For this, the team chose 
a direct-allowed mode of (αhν)2 versus hν. 

Additionally, SEM was utilized to capture high-
resolution images of the film surface, allowing a 
detailed assessment of microstructural features, 
grain morphology, and surface uniformity. 

 

 
 
 
Fig. 1: The schematic images of (A) ZnO layer on glass substrate, and (B) the annealing process at different temperatures. 

 

 
Fig. 2: Optical images of ZnO thin films annealed at (A) 400 °C, (B) 500 °C, and (C) 600 °C, showing a progressive 

enhancement in optical transparency with increasing annealing temperature. The film treated at 600 °C displays the greatest 
transparency. 

 

3. Results and Discussion 
As described in the Method section, the as-

deposited ZnO films were subjected to post-
annealing processes at different temperatures. Fig. 2 
shows the visual appearance of the films annealed at 
(a) 400 °C, (b) 500 °C, and (c) 600 °C. A distinct 
change in optical transparency is observed as the 
annealing temperature increases. The film annealed 
at 400 °C appears brownish and relatively opaque, 
indicating that the microstructure may still contain a 
high density of structural defects or residual 
impurities, which act as scattering and absorption 
centers. When the annealing temperature is 
increased to 500 °C, the film exhibits a lighter 
coloration and reduced opacity, suggesting partial 
improvement in crystallinity and reduction of defect-
related absorption, although the film still does not 
reach full optical clarity. At the highest annealing 
temperature of 600 °C, the ZnO thin film becomes 
highly transparent and visually clear. This 
improvement is consistent with a substantial 
enhancement in crystal growth, together with the 
possible removal of residual hydroxyl groups, 
adsorbed species, and defect states such as grain 
boundaries, oxygen vacancies, or dislocations that 
commonly deteriorate optical performance. The 
marked increase in transparency at elevated 

annealing temperatures highlights the importance of 
thermal treatment in promoting a more ordered 
microstructure and reducing defect density. 

The crystallinity of the films was evaluated using 
XRD analysis. Fig. 3(A) presents the diffraction 
pattern of the sample annealed at 400°C. The 
diffractogram displays a single distinct diffraction 
peak located at approximately 2θ ≈ 34.4°, which 
corresponds to the (002) plane of the hexagonal 
wurtzite ZnO structure, in agreement with the 
standard reference pattern (JCPDS No. 36-1451) [31]. 
However, the overall peak intensity is relatively weak, 
and the pattern is dominated by a broad amorphous 
halo in the 2θ range of ~10°–30°, indicating that the 
film contains a large proportion of disordered 
material. In addition, a minor peak at 2θ ≈ 28.7° is 
observed and may be associated with a hydroxide-
containing phase; however, the assignment remains 
tentative because of the weak intensity and possible 
overlap with other reflections. These observations 
suggest that the film remains largely semi-amorphous, 
with limited development of long-range order, and 
that the conversion into crystalline ZnO is incomplete 
under the 400 °C annealing condition. 

Several additional diffraction features are 
observed at 2θ ≈ 12.7°, 21.1°, 21.9°, 25.4°, 28.7°, and 
33.8°. Comparison with reported reference patterns 
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suggests contributions from zinc hydroxide-related 
phases. Orthorhombic ε-Zn(OH)₂ (wülfingite, space 
group P2₁2₁2₁) has been reported according to 
JCPDS/PDF No. 38-0385, whereas β-Zn(OH)₂ has 
been associated with PDF No. 00-001-0360. Because 
several reflections may overlap with ZnO and other 
zinc-containing phases, the assignment of individual 
peaks to specific Zn(OH)₂ polymorphs is treated as 
tentative unless supported by unique reflections. 
Accordingly, the diffraction pattern is interpreted as 
evidence of a structurally heterogeneous ZnO-
derived oxide–hydroxide system rather than 
unequivocal proof of complete conversion into a 
single Zn(OH)₂ polymorph. The estimated degree of 
crystallinity was approximately 39%; however, this 
quantity represents the relative crystalline 
contribution to the diffraction pattern and should not 
be interpreted as the quantitative phase fraction of 
Zn(OH)₂. 

 
Fig. 3: XRD patterns of ZnO thin films annealed at (A) 

400 °C and (B) 600 °C. The film annealed at 400 °C shows 
a dominant ZnO (002) peak characteristic of the hexagonal 

wurtzite structure, whereas the 600 °C sample exhibits 
additional peaks, indicating the presence of mixed ZnO 

and Zn(OH)₂ phases. 

 
The formation of coexistence of Zn(OH)₂ and ZnO 

phases were also observed in the sample prepared 
via aqueous precipitation [35]. In contrast, the 
characteristic reflections of wurtzite ZnO, typically 
appearing at 2θ ≈ 31.7°, 34.4°, and 36.2°, are not 
significantly observed in the diffractogram. Only 
weak features attributable to ZnO are present. A weak 
reflection is also observed near 47°. Because 
reflections from different zinc-containing phases may 
overlap in this region, an unambiguous assignment 
cannot be made solely from this peak [36, 37]. The 
absence of pronounced ZnO peaks, combined with 
the strong presence of hydroxide-related reflections, 
suggests that the ZnO phase did not form extensively 
and that the marked reduction of the characteristic 
ZnO reflections, together with the emergence of 
additional hydroxide-related reflections, indicates 
substantial structural evolution of the ZnO-derived 

film. However, the present measurements do not 
permit a quantitative determination of the fraction of 
ZnO converted into crystalline Zn(OH)₂. 

The origin of the hydroxide-related diffraction 
features observed after the 600 °C treatment cannot 
be uniquely established from the present ex-situ 
measurements. In particular, the thermally induced 
dehydration of Zn(OH)₂ toward ZnO makes a direct 
interpretation of the observed evolution as a bulk 
reverse transformation of ZnO into Zn(OH)₂ during 
heating inappropriate. One possible contribution is 
the interaction of the ZnO-derived surface with 
atmospheric water during the subsequent cooling 
period. Such an interaction may promote surface 
hydroxylation; however, surface hydroxylation 
should be distinguished from the formation of a bulk 
crystalline Zn(OH)₂ phase. The stronger hydroxide-
related diffraction features observed after the 600 °C 
treatment may instead reflect changes in surface 
morphology, defect population, surface energy, 
crystallographic reorganization, or chemical 
reactivity induced by the higher thermal budget, 
which could influence subsequent reactions with 
ambient species. The absence of comparable 
hydroxide-related features at 400 °C may indicate 
that the higher thermal treatment is required to 
produce the surface or microstructural state 
favorable for these post-annealing reactions. 
Nevertheless, controlled-atmosphere cooling, 
humidity-dependent experiments, and surface-
sensitive or in situ characterization would be 
required to distinguish these possibilities. 

The surface microstructure of the films was 
examined by SEM, as shown in Fig. 4. Fig. 4(A) 
presents the SEM micrograph of the deposited ZnO 
thin film, displaying a distinctly rough morphology 
consisting of irregularly shaped particles distributed 
non-uniformly across the surface. The variation in 
particle size indicates heterogeneous nucleation and 
growth during the deposition process, which is 
consistent with the incomplete coalescence of grains 
and the presence of structural defects. Additional 
insight is obtained from the surface topography 
analysis, shown in Fig. 4(B), which provides a three-
dimensional representation of the surface intensity 
distribution derived from image processing. The color 
map spans from blue to red, where the red regions 
denote the highest intensity (corresponding to 
elevated surface features), while blue regions 
represent lower areas. The average surface intensity 
is 126.29, with a maximum value of 225, 
demonstrating significant surface height variation 
across the film. The calculated coefficient of variation 
(CV) for intensity-based roughness is 13, reflecting a 
moderately rough surface texture. Such a level of 
roughness could be associated with non-uniform 
crystal growth, insufficient surface diffusion during 
deposition, or local compositional fluctuations. The 
observed morphological features are expected to 
affect the functional performance of the ZnO films. 
Such surface roughness can influence photon 
scattering, charge transport, and adsorptive 
interactions, which are critical factors for 
applications such as gas sensors, optoelectronic 
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devices, and transparent conductive coatings. 
Therefore, understanding and controlling the growth 
conditions that govern surface texture is essential for 
optimizing the structural quality and device-relevant 
properties of ZnO thin films. 

Fig. 4(C) shows the SEM micrograph at 5000× 
magnification of the film annealed at 600 °C, which, 
based on the XRD results, is predominantly composed 
of the β-Zn(OH)₂ phase. The surface is covered with 
plate-like and flower-like assemblies, which are 
characteristic morphologies commonly associated 
with zinc hydroxide systems. These hierarchical 
structures suggest anisotropic crystal growth, may be 
associated with anisotropic growth and post-
annealing surface restructuring; however, the growth 
mechanism cannot be resolved from SEM alone. A 
well-defined flower-like cluster can be observed, 
composed of aggregated nanoscale platelets on the 

surface of the crystal. The formation of these micro-
flowers leads to a substantial increase in effective 
surface area, which is highly advantageous for 
surface-driven applications. Fig. 4(D) displays the 
corresponding surface topography map, revealing an 
uneven spatial distribution characterized by 
numerous protruding peaks (represented in red) and 
deep valleys (gradually transitioning to blue). The 
measured average surface depth intensity is 119.33, 
with a maximum intensity of 229. The calculated 
coefficient of variation (CV) of 51.79 indicates 
significant roughness and large fluctuations in surface 
height across the film. Such pronounced roughness 
and the presence of flower-like Zn(OH)₂ structures 
can provide mechanical and chemical interaction 
sites, which may further improve adhesion and 
disruption of microbial membranes. 

 
 

 
 
Fig. 4: (A) The SEM image of the as-deposited ZnO film, and (B) its corresponding surface topography, (C) that of the film 

annealed at 600 oC and (D) the corresponding surface topography. The as-deposited film appears to exhibit a relatively 
smooth and compact morphology with uniformly distributed nanoscale grains and scattered brighter agglomerated particles. 

While the film annealed at 600 °C exhibits a rougher surface topography, composed of densely packed plate-like and flake-
like structures interspersed with elongated rod-like features and granular particles. 

 
Nevertheless, while the morphology offers 

potential functional advantages, the thermal and 
chemical stability of Zn(OH)₂ must be taken into 
account for long-term applications. Hydroxides are 
generally less stable than their oxide counterparts, 
especially under elevated temperature or humid 
environments, where dehydration or structural 
transformation may occur. Therefore, optimizing the 
annealing protocol and post-treatment conditions is 
essential to ensure both functionality and durability 
of Zn(OH)₂-based coatings. 

As explained previously, the optical properties of 
the films were evaluated using UV–Vis spectroscopy. 
Fig. 5(A) presents the absorption spectra of the ZnO-
based thin films annealed at 400, 500, and 600 °C. The 
results show distinct absorption characteristics that 
evolve systematically with annealing temperature. At 
400 °C, the film exhibits relatively low absorption 
over the measured wavelength range. This suggests 
that only partial improvement in crystallinity 
occurred, with some structural defects still present 
that may contribute to light scattering and non-
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radiative recombination. When the annealing 
temperature increases to 500 °C, the absorption 
intensity rises, indicating further enhancement in 
structural order and reduced defect density. The 
absorption edge also becomes more defined, 
implying a clearer electronic transition. At 600 °C, the 
absorption reaches the highest level among the 
samples. The sharpest absorption edge is also 
observed at this temperature, suggesting the 
development of a more well-defined bandgap. The 
changes in absorption may originate from a 
combination of structural evolution, phase 
heterogeneity, disorder, and defect-related electronic 
states. Because no direct defect-sensitive 
measurement was performed, changes in the 
concentrations of oxygen vacancies or zinc 

interstitials cannot be quantified from UV–Vis data 
alone. The decrease in scattering and absorption 
losses at higher temperatures reflects improved 
structural homogeneity of the film surface, which is in 
agreement with the morphological observations. 

Overall, these findings indicate that annealing 
temperature plays a key role in determining the 
optical response of the films. The enhanced 
absorption and sharper absorption edge observed at 
higher temperatures demonstrate improved optical 
quality of the Zn(OH)₂ thin films. This enhancement 
provides potential benefits in applications where 
efficient light interaction is required, such as in 
optoelectronic devices, UV-blocking coatings, and 
antimicrobial surfaces where light-induced activity is 
advantageous. 

 

 
Fig. 5:  (A) UV-Vis spectroscopy spectra of ZnO thin films annealed at different temperatures: 400 °C, 500 °C, and 600 °C, 

respectively. (B) Direct-allowed Tauc plots, (αhν)2 versus hν, of ZnO thin films annealed at different temperatures 400 °C, (C) 
500 °C, and (D) 600 °C, respectively. 

 
Table 1: The Tauc-derived optical transition energy for different annealing temperatures from 400 to 600 °C.  

Annealing 
Temperature 

Transition model Fitting range 
(eV) 

R2 Apparent 
transition  

Energy 
400 °C  direct allowed 3.35 – 3.55 0.98 2.75 eV 
500 °C direct allowed 2.36 – 2.50 0.99 2.10 eV 
600 °C direct allowed 2.38 – 2.50 0.99 2.00 eV 

 
To assess the apparent optical transition energy of 

the films, Tauc plot is performed to the absorption 
spectrum. As explained in the Materials and Method 
chapter, the direct-allowed transition model was 
selected because wurtzite ZnO is commonly treated 
as a direct-bandgap semiconductor. However, 
because the annealed films may contain mixed oxide–
hydroxide phases, the resulting Tauc intercepts are 

interpreted as apparent optical transition energies 
rather than phase-specific fundamental bandgaps. Fig. 
5(B)-(D) presents the Tauc plots of ZnO thin films 
annealed at temperatures of 400 °C, 500 °C, and 
600 °C, respectively, which also experienced 
conversion to Zn(OH)2, causing a difference in data 
from pure ZnO. These plots are used to determine 
each film's low-energy transition energy by 
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extrapolating the curve's linear region to the x-axis 
(hν). As the annealing temperature increases, the 
apparent optical transition energy values exhibit a 
decreasing trend. At 400 °C, the estimated Tauc-
derived optical transition energy is approximately 
2.75 eV. At 500 °C, it decreases to around 2.10 eV; at 
600 °C, it reaches its lowest value of about 2.00 eV. 

The apparent transition energies obtained from 
the direct-allowed Tauc representation decrease 
from approximately 2.75 eV at 400 °C to 2.00 eV at 
600 °C. These values are substantially lower than the 
reported fundamental bandgaps of crystalline ZnO 
and pristine Zn(OH)₂ and therefore should not be 
interpreted as intrinsic phase-specific bandgaps. 
Instead, the low-energy intercepts may reflect sub-
bandgap absorption associated with defect states, 
structural disorder, interfacial states, residual ZnO, or 
mixed oxide–hydroxide phases. The present UV–Vis 
measurements do not allow these contributions to be 
quantitatively separated. 

The progressive reduction in the apparent optical 
transition energy with increasing annealing 
temperature indicates that thermal treatment 
significantly modifies the electronic structure of the 
ZnO-derived thin films. Rather than being solely 
attributed to improved crystallinity, this behavior is 
more likely associated with the combined effects of 
phase evolution, microstructural changes, and defect-
state formation induced during annealing. As 
demonstrated by the XRD analysis, higher annealing 
temperatures promote the emergence of Zn(OH)₂-
related phases, resulting in a mixed oxide-hydroxide 
system with electronic properties that differ from 
those of pristine ZnO. 

In addition, thermal treatment can alter the 
concentration of intrinsic defects, such as oxygen 
vacancies and zinc interstitials, which introduce 
localized electronic states within the forbidden 
bandgap. These defect-related states facilitate lower-
energy optical transitions and consequently reduce 
the apparent optical transition energy determined 
from the Tauc plots. Grain growth and the reduction 
of grain-boundary scattering during annealing may 
further contribute to the observed optical response 
by improving carrier transport and increasing optical 
absorption near the absorption edge. 

The enhanced absorption observed at higher 
annealing temperatures is therefore likely the result 
of the combined influence of structural evolution and 
defect-assisted electronic transitions rather than a 
simple improvement in crystallinity alone. Such 
tunability of the optical transition energy through 
post-deposition annealing demonstrates that thermal 
processing can effectively modify the electronic and 
optical characteristics of ZnO-derived thin films. 
These findings suggest that controlled annealing 
provides a practical approach for tailoring the optical 
response of oxide–hydroxide thin-film systems for 
potential applications in optoelectronic devices, UV 
photodetectors, and photocatalytic coatings. 
 
4. Conclusions 

This work investigated the structural, 
morphological, and optical evolution of thermally 

evaporated ZnO thin films subjected to post-
deposition annealing at 400, 500, and 600 °C. XRD 
revealed substantial structural changes with 
increasing annealing temperature. The 400 °C sample 
was characterized by a dominant wurtzite ZnO (002) 
reflection together with a broad amorphous 
contribution, whereas additional hydroxide-related 
diffraction features emerged after the 600 °C 
treatment. The coexistence of ZnO and hydroxide-
related phases is supported by the diffraction data, 
although the available ex situ measurements do not 
permit quantitative determination of the phase 
fractions or definitive demonstration of complete 
bulk conversion of ZnO into Zn(OH)₂. SEM revealed 
pronounced morphological restructuring at 600 °C, 
including plate-like and flower-like surface 
assemblies, which are morphologically consistent 
with hydroxide-containing systems but are not 
sufficient for phase identification on their own. The 
Tauc-derived apparent optical transition energies 
decreased from approximately 2.75 eV at 400 °C to 
2.10 and 2.00 eV at 500 and 600 °C, respectively. 
These values should not be interpreted as the 
intrinsic fundamental bandgaps of crystalline ZnO or 
Zn(OH)₂, but rather as low-energy optical transitions 
that may include contributions from defects, disorder, 
interfacial states, residual phases, and sub-bandgap 
absorption. The emergence of hydroxide-related 
features after high-temperature treatment may 
involve post-annealing interaction with ambient 
species during cooling, although the exact mechanism 
cannot be established from the present ex situ 
measurements. Controlled-humidity experiments 
and complementary surface-sensitive or in situ 
techniques will therefore be required to determine 
the origin and depth distribution of the hydroxide-
related phases. 
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