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a b s t r a c t

In this article, we report a comparative study of the influence of pressure-assisted (1.72 MPa) versus
ambient pressure thermal annealing on both ZnO thin films treated at 330 °C for 32 h. The effects of
pressure on the structural, morphological, optical, and gas sensor properties of these thin films were
investigated. The results show that partial preferential orientation of the wurtzite-structure ZnO thin
films in the [002] or [101] planes is induced based on the thermal annealing conditions used (i.e.,
pressure assisted or ambient pressure). UV–vis absorption measurements revealed a negligible variation
in the optical -band gap values for the both ZnO thin films. Consequently, it is deduced that the ZnO thin
films exhibit different distortions of the tetrahedral [ZnO4] clusters, corresponding to different con-
centrations of deep and shallow level defects in both samples. This difference induced a variation of the
interface/bulk-surface, which might be responsible for the enhanced optical and gas sensor properties of
the pressure-assisted thermally annealed film. Additionally, pressure-assisted thermal annealing of the
ZnO films improved the H2 sensitivity by a factor of two.

& 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
1. Introduction

Nanocrystalline zinc oxide has been extensively studied in re-
cent years due to its widespread application in many fields of
nanotechnology (e.g., photocatalysts, piezoelectricity, gas sensors,
and optoelectronic devices) [1–3]. Under ambient conditions, the
bulk ZnO materials preferentially crystallize in the hexagonal
wurtzite-type configuration [2], unlike other members of the
semiconductor II–IV family (e.g., bulk zinc sulfide that pre-
ferentially crystallizes in the cubic zinc blende-type structure) [4].
For this reason, hexagonal ZnO nanostructures are excellent sub-
jects for theoretical and experimental studies due to their unique
physical and chemical properties that are ascribed to the high
surface-to-volume ratio. These features lead to enhanced optical,
electrical, catalytic, and magnetic properties [5–7]. Recently, pure
and doped nanostructured ZnO thin films have been developed for
the detection of toxic pollutant gases, ozone gas, combustible
.l. All rights reserved.
gases, and other compounds using nanoscale devices, which is a
subject of growing importance in the domestic and industrial
environments [8–10].

Detection of hydrogen (H2) has gained importance given that
hydrogen is an alternative fuel source that generates clean energy
and water as the main products of its combustion. In particular, H2

can be obtained by different routes, and one of the best known is
the electrolysis of water [11,12]. However, H2 leakage is a com-
monly encountered issue given that H2 is the smallest molecule
and may explode at a certain concentration. For this reason, con-
siderable effort has been expended in the structural design of new
complex materials for application as gas sensors for precise de-
tection of H2 with high sensitivity and rapid response. Such sys-
tems are required for the development of the hydrogen energy
economy, for environmental protection, and human safety [12,13].
In this context, ZnO is one of the pioneering and most promising
H2 sensing materials due to its high chemical stability and easy
fabrication [14]. Furthermore, it was reported that the operating
temperature of ZnO could be reduced by doping with other ele-
ments, such as Sn, Fe, Ni, Mn, Al, Cr, Ga, In, and Sb [15–20]. Most
previous ZnO gas sensors operate only at high temperatures (200–

www.sciencedirect.com/science/journal/02728842
www.elsevier.com/locate/ceramint
http://dx.doi.org/10.1016/j.ceramint.2016.05.148
http://dx.doi.org/10.1016/j.ceramint.2016.05.148
http://dx.doi.org/10.1016/j.ceramint.2016.05.148
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2016.05.148&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2016.05.148&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2016.05.148&domain=pdf
mailto:felipe_laporta@yahoo.com.br
mailto:felipelaporta@utfpr.edu.br
http://dx.doi.org/10.1016/j.ceramint.2016.05.148


D. Berger et al. / Ceramics International 42 (2016) 13555–1356113556
500 °C) [21–23], or work at room temperature under ultraviolet
irradiation [24,25]. Detailed and in-depth evaluation of the effect
of the degree of structural order–disorder on the electronic
structure and optical properties of ZnO nanostructures has been
reported in previous studies [26].

It is well-established that ZnO thin films grow as n-type or
p-type semiconductors due to intrinsic defects whose modulate
the physical and chemical properties. In order to achieve na-
noscale devices with tunable physical characteristics based on ZnO
materials, a high quality crystalline n-type ZnO thin film must first
be fabricated. Enhanced electrical properties can be achieved by
the intrinsic electron conduction ascribed to oxygen vacancies (VO)
and interstitial zinc ions (Zni) that respectively act as donor and
acceptor level states [26–28]. Furthermore, adsorption and deso-
rption of oxygen molecules occurs on the ZnO surface and grain
boundaries, leading to a significant increase in the ZnO con-
ductivity [29].

In this context, high quality layers of ZnO have been grown and
evaluated mainly via vapor phase techniques such as molecular
beam epitaxy (MBE), metal-organic chemical vapor deposition
(MOCVD), and RF-sputtering [30–32]. However, these growth or
deposition methods are very expensive and are not flexible as far
as growth conditions are concerned. Therefore, solution deposition
techniques such as hydrothermal, dip coating, and spin coating
methods have been evaluated as alternatives [9–11]. Compared to
other preparation methods, the spin-coating method for deposi-
tion of ZnO films has some important advantages (i.e., simplicity
and low cost of the materials and equipment) and hence has at-
tracted considerable attention in recent years [33]. More recently,
some authors have reported the effect of high pressure-assisted
thermal annealing on the structural design of thin films with en-
hanced physical/chemical properties [34–38].

Considering the recent research trends, the focus of this study
is to investigate the influence of pressure-assisted thermal an-
nealing on the hydrogen chemisorption sensitivity as well as on
the photoluminescence properties of ZnO thin films. The as-pre-
pared ZnO thin films are analyzed by X-ray diffraction (XRD),
atomic force microscopy (AFM), field emission scanning electron
microscopy (FE-SEM), micro-Raman (MR) spectroscopy, ultravio-
let–visible (UV–vis) spectroscopy, and by evaluation of the pho-
toluminescence (PL) and gas sensing response of these thin films.
The experimental results suggest that pressure-assisted thermal
annealing enhances the physical and chemical properties of ZnO
thin films.
2. Experimental procedure

ZnO thin films were prepared by spin-coating deposition of a
ZnO-based polymeric precursor solution on a silicon substrate
followed by thermal annealing at 330 °C for 32 h according to a
documented method [39]. In the typical procedure, the viscosity of
zinc citrate solution was adjusted at 20 cP and deposited onto
substrates by spin-coating in a Model 400B–6NPP/Lite spinner,
using a speed of 4000 rpm for 15 s This procedure was sequen-
tially performed ten times for layer-by-layer deposition, and then
the films were heat-treated at 350 °C for 4 h in a tubular furnace to
remove residual organic material, followed by annealing at 500 °C
for 2 h using a heating rate of 2 °C/min under ambient atmo-
sphere. Subsequently, in order to evaluate the effect of pressure on
the processing of such materials, in particular, each thin films was
treated as follows: (i) the thin film were annealed at 330 °C for
32 h under atmospheric pressure (denoted CF), and (ii) in an al-
ternative process, the thin filmwere subjected to pressure-assisted
thermal annealing (using high pressure gas of 1.72 MPa) (denoted
PF) into a hermetically closed heating chamber. A heating rate of
2 °C/min was employed for both CF and PF samples.
The ZnO films were characterized by X-ray diffraction (XRD;

Rigaku, DMax2500PC, Rigaku Corporation, Tokyo, Japan) at 42 kV
and 120 mA and using CuKα radiation in the 2θ range of 20–60° in
steps of 2°/min. The AFM technique was used to analyze the sur-
face of the films (AFM, NanoScope V, Bruker) using tapping mode
(probe type NCH, resonance frequency of 290 kHz). The mor-
phology and thickness of the thermally annealed films were ana-
lyzed using a field emission gun scanning electron microscope
(JEOL, Model 7500F, JEOL Ltd., Tokyo, Japan). The MR spectra (T-
64000 Jobin-Yvon triple monochromator coupled to a CCD de-
tector) were obtained using the 632.81 nm beam of an He�Ne
laser as excita on source, with the maximum output power
maintained at 8 mw.

The optical properties of the samples were analyzed by means
of UV–vis reflectance spectra and PL measurements. UV–vis diffuse
reflectance spectra were collected using a spectrophotometer
(Varian, Cary 5 G, Agilent Technologies, Santa Clara, CA) operating
in the range of 200–800 nm with a scan step of 600 nm/min, and
the measurements were taken using an integrating sphere cali-
brated with standard Labsphere samples in the reflectance range
of 0.2–99%. The PL spectra were collected using a Thermal Jarrel-
Ash Monospecmonochromator and a Hamamatsu R446 photo-
multiplier. The 350.7 nm (3.54 eV) excitation wavelength of a
krypton ion laser (Coherent Innova) was used, with a measured
power of 13 mW, on both ZnO thin films. All measurements were
performed at room temperature.

The gas sensing response of the samples was measured using
H2 gas as an analyte and synthetic air as the reference gas. The
electrical resistance was measured by considering the precise time
at which H2 gas was turned on (adsorption) and off (desorption) at
intervals of 10 min. The working temperature was fixed at 300 °C
and the gas flow (H2 and synthetic air) was 100 cm3/min; several
cycles (from 8 to 10 cycles) were performed in order to verify the
reproducibility of H2 gas chemisorption on the ZnO thin film.
3. Results and discussions

XRD patterns were acquired in order to elucidate the long-
range crystalline structure and evaluate preferential orientation of
the ZnO thin films based on the conditions (i.e., CF and PF) used for
thermal annealing at 330 °C for 32 h. The XRD patterns of both
ZnO thin films show well-defined diffraction peaks indexed to the
hexagonal ZnO structure in the P63mc space group (Joint Com-
mittee on Powder Diffraction Standards; JCPDS, card number 36-
1451). However, the analysis of the positions of the diffraction
peaks for both ZnO thin films, in particular, reveals that the PF thin
films is slightly shifted for high angle values in comparison with
the CF thin films that can be attributed to different growth con-
ditions. Similar trends were observed in the growth of others thin
films [40,41]. Notably, the CF thin film was oriented with the c-axis
along the [002] plane, while the PF thin film presented a strong
preferred orientation in the [101] plane. No additional reflections
corresponding to other compounds were found in the XRD profile
of either of the two thin films.

For the wurtzite structure (a¼b≠c) [42], the interplanar dis-
tance of the Miller's index (hkl) plane is related to the lattice
parameters a and c. For the [002] and [101] planes, the lattice
parameters were a¼3.096 Å and c¼5.363 Å for the ZnO CF film.
Pressure compresses the crystal lattice and induces a decrease of
the lattice parameters; thus, a¼2.856 Å and c¼4.947 Å for the
ZnO PF film. These results show that high pressure sintering in-
hibit the grain growth process of these films [43]. To gain more
insights into the slightly different in the [O-Zn-O] bond lengths on
the tetrahedral [ZnO4] clusters, the unit cell volumes can be



Table 1
Crystallite size and lattice parameters (a and c) for ZnO CF and PF thin films ob-
tained using Scherrer's equation.

ZnO thin
films

Lattice parameter a
(Å)

Lattice parameter c
(Å)

Cell volumes (Å)3

CF 3.096 5.363 44.518
PF 2.856 4.947 34.945

Fig. 1. XRD patterns of ZnO thin films formed under two different heat-treatment
conditions: CF and PF.
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calculated by the lattice parameters [42], and in principle, we used
here the unit cell volumes as a strategy to demonstrate this effect
on the complexes clusters. The decreasing observed in the unit cell
volume values for the PF film suggests a greater polarization in the
tetrahedron [ZnO4] clusters, as basic units of ZnO crystals (e.g.,
each Zn atom is surrounded by four O atoms at the corners of the
tetrahedron), and consequently promotes different levels of the
distortions on the tetrahedron [ZnO4] clusters in the ZnO lattice.
These results might suggest a shortening of the [O–Zn–O] bonds in
the tetrahedron [ZnO4] clusters of the PF thin films. The crystallite
size, lattice parameters and unit cell volumes are summarized in
Table 1 and are in accordance with those of ZnO thin films pre-
pared by the spin-coating technique [44–46]. Overall, these small
differences observed in the chemical bonding of the complexes
clusters, in principle, may suggest possible point defects or
structural distortions which have a major impact on its electronic
structure, and hence may provide important hints to a rational
explanation of its physical and chemical behavior at the nanoscale.
These findings are in good agreement with previous theoretical
studies [26].

Fig. 2 shows FE-SEM micrographs of the ZnO CF and PF thin
films, illustrating the formation an irregular spherical-like of a
homogeneous film roughly columnar grains and a complete cov-
erage of the substrate. The particle size distribution of the thin film
treated under ambient pressure ranged from 15 to 70 nm, whereas
that of the film treated under high pressure, ranged from 4 to
22 nm. The ZnO CF film comprised spherical, irregular grains with
a porous structure (see Fig. 2(a)), while the ZnO PF thin film
comprised smaller columnar grains with aspect-elongated sphe-
rical structures (see Fig. 2(d)). Based on this analysis, we believe
that the nucleation and growth processes of the ZnO thin films
involve nuclei formation, growth, and coalescence. In particular,
crystallization of the ZnO thin films is determined by the nuclea-
tion process [45,47,48]. The thin film growth process can be de-
scribed as follows: in the first step, homogeneous and hetero-
geneous nucleation occurs simultaneously while heat is supplied.
This process is accompanied by grain growth and the contact area
between the particles begins to increase. However, the FE-SEM
images indicate that under both pressure conditions, the mass
transportation originates from the surface of the thin film and the
densification process did not occur [49]. In particular, the smaller
grain size in the pressure-assisted thermally annealed ZnO thin
films is due to the fast nucleation. Therefore, the formation of
small particles or clusters reduces the super-saturation and hence
reduces the possibility of particle coalescence.

XRD patterns, as shown in Fig. 1, confirmed preferred or-
ientation along the [002] and [101] planes for the ZnO CF and PF
films, respectively. In this case, the surface energy controls the size
and morphology of the grains. During the respective sintering
processes, the nucleation phase facet will dominate in the ob-
tained crystal morphology. Based on these results, we can show
that the [002] facet dominates for the CF film, while the [101] facet
dominates for the PF film due to the minimum surface energy.
Modifications of the nucleation mechanism as well as the kinetic
coefficients of the different exposed crystal facets caused by the
sintering conditions could reduce the surface energy and thus
govern the crystallographic orientations of these films [50]. Ana-
lysis of the cross-section of both ZnO thin films suggests that the
PF film has a more active region (i.e., better contact between the
nanoparticles and the substrate) than the CF film (see Fig. 2(b) and
(d)).

The AFM images in Fig. 2(c) reveal that the annealing condi-
tions used for fabrication of the ZnO CF film lead to a rather het-
erogeneous lateral size distribution of the grains of approximately
52.3 nm with a maximum surface height of 75 nm, while for the
ZnO PF films (Fig. 2(f)), a significant reduction in the grain size
distribution with an average size of about 18.2 nm and a maximum
surface height of 10 nmwas observed, which is in good agreement
with the FE-SEM results. Note that only exposed grains were
considered, thereby leading to greater precision and accuracy of
the present results. Analysis of Fig. 2(c) and (f) reveals that both
samples present a columnar structure and the CF film consists of
spherical grains, while the BF film consists of grains with an el-
lipsoid-like shape, consistent with the FE-SEM results. The effec-
tive surface area (S*) on average for these grains was estimated
from the relationship between the surface area (SA) and grain area
(SGA) of the spherical and elliptical models by considering the
lateral size and grain height measurements using the lateral (RL)
and vertical (RV) radius values obtained from the AFM images for
an area of 500�500 nm. Fig. 3 shows the estimated S* values
obtained for both ZnO thin films. The S* of the PF film is clearly
higher than that of the CF film, and hence annealing under pres-
sure evidently induces a decrease in the grain size of the ZnO
nanoparticles. These observations suggest a large increase as a
function of higher pressures, which is very interesting for gas
sensing and catalytic applications.

MR spectroscopy was employed to gain insight into the short-
range structural differences of the ZnO thin films (i.e., CF and PF).
From group theory, the hexagonal wurtzite-type structure belongs
to the space group P63mc ( C v6

4 ) with two formula units in the
primitive unit cell (Z¼2) and has six optical modes, according to
the irreducible representation: [51–56]

Γ = + + + ( )A E E B2 2 1opt 1 1 2 1

where the A1, E1, and E2 modes are Raman-active while the A1 and
E1modes are infrared-active. The B1 modes are silent in the Raman
and infrared spectra [50–55]. The MR spectra of the ZnO thin films
annealed under CF and PF conditions are presented in Fig. 4,
showing five Raman active modes at 301, 430, 515, 623, and
928 cm�1, which can be assigned to the 3E2h�E2L, E2(high), A1(LO),
and E1(LO) phonon modes respectively, and the local vibrational



Fig. 2. FE-SEM images of ZnO films formed under CF conditions (a), cross-section (CF) (b), under PF conditions (d), cross-section (PF) (e). AFM images of ZnO CF (c) and PF
thin films (f).

Fig. 3. Models of grain morphology for ZnO thin films: (a) spherical and (b) ellipsoid shape. Lateral radius (RL), vertical radius (RV), surface area (SA), grain area (SGA), and
effective surface area (S*) values for both thin films derived from AFM images of 500�500 nm area.
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mode (LVM) mode located at 928 cm�1 can be assigned to local
vibrations on the Zn and O atoms in the crystalline structure,
which are consistent with previous observations [52–56]. These
results suggest that the CF and PF films are structurally ordered
over the short-range. Notably, narrowing of the 3E2h�E2L mode
and broadening of the A1 mode are the main effects of the thermal
annealing conditions used.

On the other hand, the results indicate random growth of the
columnar grains in the ZnO PF thin films, in accordance with the
growth process observed in the FE-SEM and AFM images (see
Fig. 2). In particular, Souissi et al. observed an increase in the
intensity of the 3E2h�E2L mode for ZnO nanowires grown on (001)
sapphire by metal-organic chemical vapor deposition (MOCVD) at
different partial pressures. This effect was attributed to the A1

symmetry contribution, which is favored for the randomly or-
iented nanowires of the ZnO films, as described previously.

To further understand the structural and electronic order-dis-
order effects, PL spectroscopy is a useful tool for interpretation and
study of order-disorder effects in semiconductor materials over
the short- and medium-range [57,58]. Fig. 4 shows the deconvo-
luted PL emission spectra of the ZnO thin films (i.e., CF and PF)
acquired at room temperature, where the contributing spectra are



Fig. 4. Micro-Raman spectra of ZnO thin films annealed under CF and PF
conditions.

Table 2
PL emission center and Egap values obtained for ZnO thin films prepared by spin-
coating technique treated under CF and PF conditions.

ZnO thin films PL emission center (nm) Egap (eV)

CF 656 3.1
PF 450 3.2
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typical of a multiphonon process. In addition, the UV–vis diffuse
reflectance spectra were used to determine the optical band gap
(Egap) of these materials by the Kubelka-Munk method [4]. The
maxima in the PL emission spectra and the calculated Egap values
for both ZnO thin films are listed in Table 2.
Fig. 5. Deconvoluted PL emission spectra of ZnO thin films: (a) CF and (b) PF. (For inter
version of this article.)
Analysis of Fig. 5 reveals that the broad-band in the PL emission
spectrum of the ZnO CF thin film (see Fig. 5(a)) comprises four
components, where the red component corresponds to the emis-
sion maximum at 650 nm. The red component represents 50.98%
of the PL broad-band emission. The PL emission of the ZnO PF film
is blue-shifted relative to that of the ZnO CF thin film spectrum.
This shift is ascribed to the blue component (460 nm) that
corresponds to 54.6% of this PL emission (Fig. 5(b)). It is note-
worthy that there are several PL emission peaks for the PF film,
which are intimately related with the order-disorder effects in this
film. In general, the factors related to the preparation method
strongly influence the environmental growth conditions, i.e., CF
and PF can give rise to different degrees of structural defects that
are known to modulate the physical and chemical properties of
complex functional materials [26,57]. To observe PL emissions in
the visible region, certain localized states must exist in the for-
bidden band gap, i.e., states derived from defects related to
stresses and strains on the lattice (tilts), cation or anion vacancies,
surface and interface states, and quantum confinement [57]. This
study reveals that the formation of different types of defects (i.e.,
shallow and deep) in both ZnO thin films is strongly dependent on
the thermal annealing conditions, and hence the deconvoluted PL
emission spectra suggest that the PF film is rich in shallow level
defects, while the CF film is rich in deep level defects.

In this context, for the interpretation of the PL measurements
has been demonstrated that the complex cluster notation provide
a better understanding of the charge transfer processes in a
complex functional material with specific structural rearrange-
ments involving electronic transitions from one cluster to another
cluster [57], and they are associated with a symmetry-breaking
process, i.e., to Zn displacement in the wurtzite ZnO type structure.
In particular, we used the Kröger–Vink notation [59] based on the
complex clusters model to explain and represent the oxygen va-
cancy formation (i.e., VO

x, VO
� and VO

��) in the ZnO systems, which
pretation of the references to color in this figure, the reader is referred to the web



Fig. 6. Gas sensor responses of PF and CF ZnO thin films at 300 °C.
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are summarized in the following equations:

− − → + ( )⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦ZnO O ZnO ZnO ZnO V 23
x

3
x

4
x

3 O
x

+ → ′ + ( )
•⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦ZnO ZnO V ZnO ZnO V 34

x
3 O

x
4 3 O

+ → ′ + ( )• ••⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦ZnO ZnO V ZnO ZnO V 44
x

3 O 4 3 O

Here, [ZnO4]′ is a donor, the [ZnO3 �VO
�] is a donor-acceptor, and

the [ZnO3 �VO
��] is an acceptor, in according with the complex

clusters model are a distorted tetrahedral cluster [26]. The present
results reveal that under ambient pressure and during pressure-
assisted thermal annealing, structural rearrangement of ZnO thin
films may occur, thereby promoting redistribution of the inter-
mediary states in the optical band gap (see Fig. 5 and Table 2). This
fact is the main reason for the difference in the optical behavior of
both ZnO thin films at the medium-range. Indeed, we believe that
the great polarization observed in PF thin films are responsible for
modifies the active defect sites as well as favors conditions for the
stabilization of the polar surface (e.g., which are much more re-
active) in the ZnO thin film. In this respect, with the specific aim to
confirm these findings, we also investigated sensing of hydrogen
gas for the both as-prepared ZnO thin films (see Fig. 6).

Fig. 6 shows the electrical resistance of both prepared ZnO thin
films. In this case, the ZnO thin films exhibit n-type sensor beha-
vior in response to the reducing gases. These results are consistent
with other studies [60–63]. Based on these results, it is evident
that the shallow defects are more important than the deep defects
because the shallow defects favor the charge diffusion process and
consequently inhibit carrier recombination, which is in turn fa-
vored by deep defects; this is in good agreement with the de-
convoluted PL emission spectra (see Fig. 5). Therefore, the PL be-
havior may provide clues about the sensor properties of such
films, as general trends observed for the both ZnO thin films, our
results suggest that the major structural polarization observed for
the PF thin films, in principle, may favors the process of the ab-
sorption and desorption of H2 gas on ZnO thin films, leading to an
improvement in the sensor behavior.

In addition to the grain size, the thickness and porosity of the
ZnO thin films are other important factors for enhancing the
sensing response of thin films. With smaller grain size, the specific
surface area is larger and absorption and desorption of H2 gas are
facilitated. With a larger grain size, the ZnO thin film has a smaller
specific surface area, causing the sensing response to be very low
compared to that of the ZnO thin film treated under high pressure
(see Fig. 6). The electrical resistance measurements indicated good
reproducibility of the sensor response to H2 gas. We believe that
the influence of the quality of the ZnO thin films, i.e., contacts
between the nanoparticles with the substrate (as discussed earlier;
see Fig. 2) plays a decisive role in this behavior. However, the
sensing mechanisms of both ZnO thin films under a H2 atmo-
sphere are still not completely clear, and further studies are re-
quired to shed light on this physical phenomenon in order to
provide a deeper understanding of this dynamic process, which is
beyond the scope of this report and therefore will be the target of
future studies.
4. Conclusions

In summary, ZnO thin films were successfully produced via
spin-coating and pressure-assisted thermal annealing. XRD, MR,
FE-SEM, AFM, UV–vis, and PL measurements were employed for
in-depth analysis of the structural, surface chemical composition,
and optical properties of the synthesized ZnO thin films. Our re-
sults indicate that the [O-Zn-O] bonds on the tetrahedral [ZnO4]
clusters is lower for the PF thin films, and therefore, suggest a
strong polarization structural for such thin films. The present
findings confirm that the PL of ZnO thin films is directly influenced
by structural disorders that generate discrete levels in the for-
bidden band gap, which is critical for controlling the chemical
behavior of such materials. In the light of these results the order-
disorder effects induced by pressure-assisted thermal annealing is
responsible, in principle, by modulating of the active defect sites as
well as favors stabilization of polar surfaces in the ZnO thin films,
resulting in improved PL and H2 gas sensing properties. In short,
pressure-assisted thermal annealing provides an enhancement of
the physical and chemical properties of the systems studied, and
offers new possibilities for creating complex functional materials
and devices that can be optimized for a large number of emerging
applications in the future.
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