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Zinc oxide (ZnO) nanostructures were deposited on glass substrates by physical vapor deposition tech-
nique. To improve the crystallinity of ZnO, oxidation treatment was conducted at 400° for 1 h in
an atmospheric environment. The films characteristics of the films were examined by X-ray diffrac-
tion, ultraviolet—visible spectroscopy, atomic force microscopy, and scanning electron microscopy. The
X-ray diffraction results illustrated that the deposited films have a polycrystalline hexagonal structure.
The ultraviolet-visible spectrum showed that the transmittance of the ZnO film has an energy gap of
about 3.225 eV. The atomic force microscopy images indicated that the films have good homogeneity,
and the scanning electron microscopy images reveal that they consist of spherical nanosized grains with
a granular surface. The ZnO films revealed good sensing performance to acetone and ethanol gases at
an operating temperature of 25°C with suitable recovery and response times. The sensitivity measured
by homemade gas sensor system was approximately 21.39, 29.63, 23.8% for acetone gas, and 15.96,
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21.28, 20.97% for ethanol gas, at 125, 250, 500 ppm concentrations, respectively.
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1. Introduction

In the last decade, ZnO nanostructures have be-
come worthwhile because of their significant physi-
cal and chemical properties as well as various tech-
nological applications. ZnQO is an n-type II-VI group
compound with a hexagonal crystalline (wurtzite)
structure with a direct energy gap of 3.37 eV at
room temperature and a high exciton voltage bond-
ing of 60 meV [1-3]. ZnO nanocrystalline is es-
sential for many applications in electrochemical,
electromechanical, electronic and optoelectronic de-
vices [4-8] such as solar cells [9-12], ultraviolet (UV)
lasers [13, 14], field emission devices [15-17], light-
emitting diodes [18], nanosensors [19-21] and nano-
piezotronics [22-24].

Zinc oxide thin films are grown by chemical
and physical techniques. Physical methods such
as evaporation by electron beam epitaxy tech-
nique [25], pulsed-laser evaporation [26], reactive
magnetron sputtering [27], physical vapor depo-
sition (PVD) [28] etc. allow the production of
high quality polycrystalline-crystalline nanostruc-
tures with homogeneous surface, high efficiency
and safe. There are a variety of chemical methods
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used to deposit ZnO films, for example, chemical
bath deposition (CBD) [29], electrode position [30],
thermal evaporation [31], spray pyrolysis [32] and
multi precipitation method [33]. The zinc oxide thin
film has a high electrical resistance when annealing
is done in atmosphere air because of oxygen adsorp-
tion/desorption process of surface, thus, electrical
resistance of the sensing material changes [34].

Acetone and ethanol gases are usually classified
as volatile organic compound (VOC) [35]. Acetone
evaporates when exposed to the atmosphere and ex-
hibits slight toxicity in normal use. There is also
some evidence of chronic health effects if no precau-
tions are followed. Although ethanol is a common
material used, it is also a toxic chemical and highly
flammable. In alcoholic beverages, for example, the
consumption of ethanol alone can cause coma and
death. Therefore, it must be treated with great care
at home or in the work.

According to the above, gas sensors should be
small in size, quick reacting, have a long lifetime
and good sensitivity to detect acetone and ethanol
gases in low concentrations. The particle size and
surface morphology are the main variables relevant
for the gas sensing properties for the metal oxide
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gas sensors [36]. The aim of this study is to use
PVD technique to grow polycrystalline-crystal ZnO
thin films for acetone and ethanol gas detection by
a homemade gas sensing system prepared at room
temperature (25°C).

2. Materials and methods

Edward 306 (UK) system was used for deposit-
ing zinc powder of 99.999% high purity from Palin-
test Ltd, UK. The pressure was 2 x 10~% mbar, and
a 2 x 2 cm? glass substrates were used for deposit-
ing at room temperature. Glass substrates were ul-
trasonically cleaned, vibrated both in a steel tank
with acetone and in ethanol for 10 min, and rinsed
off with distilled water at each step. Finally, the
glass substrates were dried with a gas flow of nitro-
gen. The obtained distance between the molybde-
num boat containing Zn powder and the substrate
was 100 mm. After the deposition process, the sam-
ples were oxidized at T = 400°C for 1 h in a fur-
nace with an air atmosphere ensuring that tem-
perature did not exceed 400°C, which would lead
to an undesirable increase in the crystal size. The
samples were then left to be cooled down to room
temperature [37-39]. The zinc oxide deposited films
were examined via FESEM. The atomic force mi-
croscopy (AFM) scans were used to study morphol-
ogy and average roughness of the prepared ZnO
thin films. The sensing parameters: dynamic resis-
tance, response time, and recovery time were tested
by a laboratory testing system, as shown in Fig. 1.
The zinc oxide films were exposed to many con-
centrations of acetone gas and ethanol gas at room
temperature.

The system unit of gas sensor testing consists of
a cylindrical stainless—steel chamber with vacuum-
tight of a 20 cm diameter and a 16 cm height, hav-
ing a volume of 5540 cm?. In addition, the electrodes
needles were used to connect to the samples by flex-
ible contact, as these needles contain a spring. The
test chamber had a sealed O-ring as a removable
bottom base, and it has an inlet for allowing the
test gas to flow in, and the air valve for allowing the
atmospheric air to go in after evacuation. Acetone
gas was injected at various concentrations in the
closed sealed chamber by opening the inlet valve,
and air is pumped in the chamber. The same pro-
cedure was repeated for ethanol and all gas sensor
tests are done at room temperature.

3. Results and discussions

3.1. Structural properties

Figure 2 shows the X-ray difraction (XRD) pat-
tern of ZnO thin film prepared by the PVD tech-
nique which confirms the hexagonal (wurtzite)
structure, and it is in agreement with JCPDS card
No. 00-036-1451. The peak reflection 260 = 34.5°
indicates polycrystalline—crystalline diffraction at
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Fig. 2. The XRD pattern of ZnO thin film pre-

pared by the PVD technique.

the (002) plane. The intensity and full-width half-
maximum of the (002) plane shows that the crys-
tallite size D of zinc oxide nanostructure film
is 39.61 nm. It is calculated by the Scherrer
equation, i.e.,
K\
b= Bcos(0)’ (1)
where A = 1.54056 A, 6 is the diffraction plane an-
gle, B is defined as the half width at half maximum
(FWHM) of the main peak and it equals to 0.210°.
When K is constant, D depends on the nature of
material (in our experiment K = 0.9).

The microstrain ¢ was evaluated during the
growth of the nanostructure film. The value of €
for the ZnO film is equal to 9.149 x 10~*/line?. It is
determined as follows

Bcos (0)
=220 2)
where § is the density of dislocation that indi-
cates a crystal imperfection related to the lattice
distortion.
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The dislocation density ¢ for the ZnO nanostruc-
ture is 6.372 x 10'* m~?2 and determined as
1

6= s (3)

The structural variables of ZnO film in Fig. 2 is also
reported in [39)].

3.2. Optical properties

The spectral transmittance of the ZnO thin film
oxide at 400° was recorded for the range of wave-
lengths 300-900 nm using the ultraviolet—visible
(UV-VIS) spectrometer, as illustrated in Fig. 3a.
The result shows that the optical transmittance in-
creases with increasing the incident wavelength and
is grater than 90% in the 400-900 nm region because
of homogeneous crystallinity of the films. The ab-
sorption coefficient («) can be determined from the
spectral transmittance by [40]

1 (1)7 @)

a7
where d is the thickness, and T is the percent-
age transmittance. The calculated value of absorp-
tion coefficient o was greater than 10* cm~!, which
means that the electronic transitions are direct.

In Fig. 3b, the absorption coefficient « as a func-
tion of incident wavelength A for the ZnO film de-
posited on glass substrates and oxidation at 400°C
is illustrated in Fig. 4. The absorption coefficient
decreases sharply in the UV and VIS regions and
then gradually decreases in the VIS region as it is
proportional to the transmittance. These decreases
may be attributed to the low roughness and incident
light scattering effect. The increase in the a coeffi-
cient indicates a high probability of direct electronic
transitions.

At the absorptance edge and with high photons
absorption potential, the absorption coeflicient « in-
creases in the high energies’ direction. The energy
gap value Fy of the thin film may be determined
using [41]

ahv = A(hv — Eg)n, (5)
where A is an independent constant, E, is the en-
ergy gap, hv is the incident photon energy, and
« is the absorptance coefficient. Figure 3c shows
the spectral energy gap of ZnO film deposited by
PVD technique. The value of F/; may be determined
by linear extrapolation of (ahv)?. It is found that
E, = 3.225 eV which is in agreement with Malek
et al. [42] and Zaier et al. [43].

The surface morphology images of zinc oxide
films with the scanning electron microscopy (SEM)
are illustrated in Fig. 4. The surface of the ZnO
film in Fig. 4a consists of spherical nanometric
grains of almost regular size covering the sub-
strate. A high homogeneity of the surface can also
be observed. The average grain size is approxi-
mately 34.44 nm. In the SEM cross-section of ZnO
deposited films(see Fig. 4b) one can see that the
larger size of particles seems bright. This may be

a (M)
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Fig. 3. Illustration of (a) the spectral transmit-
tance 7', (b) the absorption coefficients « as a func-
tion of the incident wavelength A and (c) a spectral
energy gap E, of ZnO film deposited by PVD tech-
nique.

due to the agglomeration of nanoparticles that scat-
ter the incident electrons in the same phase. The
grain size that observed from SEM analysis seems
smaller than the crystallite size obtained from the
XRD analysis by using Scherrer’s equation. In fact,
these results agree with Ayouchi et al. [44].

Figure 4c and d represents, respectively, the 2D
and 3D AFM images of ZnO nanostructure film
with a 10 x 10 um? area. The obtained results re-
veal that the grain size is approximately 34 nm
which is in line with the SEM analyses. The aver-
age roughness of 5.091 nm indicates a good homo-
geneity. Moreover, the grain size affects the resis-
tivity, so that the conductive properties of the films
mightily depend on the character of the material
morphology [45, 46].
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Fig. 4. The morphology images in (a, b), the cross and surface view by SEM scanning in two and three
dimensions (c)—(e), the histogram diagram by AFM of ZnO film deposited by PVD technique (f).

Concerning the gas sensing applications, semi-
conductor metal oxides (SMO) have a well-known
characteristic that their surface may absorb the
oxygen molecules when exposed to an oxidizing
gas. For example, the atmosphere air has the 22%
oxygen. For the ethanol gas sensing by oxygen ab-
sorption and determining the electrical transport
properties of the ZnO nanostructures, it turns out
that the absorption of the oxygen ions decrease the
conductance of ZnO and removes the conducted
electrons [47]. Further, the atmospheric-oxygen in-
teraction causes absorption of the ions as atomic
(0=, 0?) and molecular (O%~) species [48].

The concentration ¢ [ppm]| of acetone and ethanol
vapor can be expressed by [36, 37, 48]

Vta et gas —
BB _ % 1076, (6)
V;:est chamber

where the volumes Viarget gas and Viest chamber are
typicaly given in cm.

Figure 5a and b shows the change in dynamic
resistance with a production time of ZnO films by
PVD technique exposed to various concentrations
(125, 250, 500 ppm) of acetone and ethanol gases
at room temperature. The gas sensor resistance of
the samples was low and attributed to the increased
sensitivity due to the increased surface area and
thus lower resistance. The resistance of the ZnO sen-
sor gradually increases with time as concentrations
of both gases increase. In the case of the prepared
ZnO thin films, they reveal n-type semiconductor
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nature (i.e., increasing the resistance when exposed
to the oxidizing gas). So in fact, the resistance of the
7ZnO film is increased by increasing the acetone con-
centrations first and then ethanol secondly inside
the chamber [49]. This behaviour can be explained
as follows: the electrons are taken from the ionized
donors in the conduction band and the majority of
charge carriers’ concentration will increase at the
gas—solid interface. This leads to a higher potential
barrier and, as a result, to a decrease of the ZnO
surface oxygen ions density. The potential barrier
and the depletion layer provide the highest elec-
trical resistivity that depends significantly on the
concentration of the oxygen ions absorbed on the
surface. The pumping of either acetone or ethanol
gas to the ambient chamber varies the concentration
of the ions and the resistance increases [47].

The disposal of the oxygen vacancies during the
annealing process is due to dissociative Oy adsorp-
tion and uptake of oxygen to the subsurface. Inter-
stitial oxygen diffusion leads to spontaneous anni-
hilation between the oxygen vacancy and the inter-
stitial oxygen in the zinc oxide substrate, as well as
enhances the zinc oxide substrate resistivity. The
uptake of oxygen into zinc oxide substrate, followed
by teh elimination of the vacancies, was confirmed
by a change in color of the zinc oxide substrate with
annealing [34]. ZnO substrate shows a yellow tinge
which is attributed to oxygen vacancies and it has
been found that the oxygen vacancies decrease with
the annealing of zinc oxide films.
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Fig. 5. The change in dynamic resistance versus
production time of ZnO films with (a) acetone and
(b) ethanol.

The gas sensor sensitivity is measured accord-

ingly [36-38]
Ry — R,
5=~ (7)
where S is the sensitivity of the sensor, R, is the re-
sistance of the sensor in air, and R, is the resistance
of the sensor in a gas.

Figure 6a and d illustrates the sensitivity per-
centage of the ZnO nanostructure thin film via gas
concentrations [ppm] for acetone and ethanol gases.
The measured sensitivity is approximately 21.39,
29.63, 23.8% for acetone gas, and 15.96, 21.28,
20.97% for ethanol gas at 125, 250, 500 ppm concen-
trations, respectively. The two gases were operated
at room temperature. The sensitivity percentage is
calculated assuming the interaction between target
gas and the surface area of the gas sensor. AFM
measurements show a larger surface area to nanos-
tructure films which confirm the interaction activity
between the sensor surface and the adsorbed ace-
tone and ethanol gases, i.e., higher sensitivity per-
centage for the gas sensor. The ZnO film sensitivity
percentage depends significantly on the changes in
the adsorbed oxygen ions concentration located on
the ZnO film surface. This agrees with Ge et al. [50].

Response time is defined as the time interval over
which the resistance of the sensor material reaches
a particular percentage of the ultimate value (usu-
ally 90%) when the sensing material is exposed to
the full concentration of the target gas. The short
response time in a lot of applications such as detec-
tion of the flammable gases [35, 36] is very desired.

x 100%,
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Fig. 6. (a, b) The sensitivity, (¢, d) the response

time and (e, f) the recovery time, respectively, for
acetone and ethanol gas concentrations.

Figures 6b and e shows the response time of ZnO
samples as a function of acetone and ethanol con-
centrations. The measured responses time were ap-
proximately 34.59, 20.93, 20.4 s for acetone gas,
and 52.08, 54.1, 57.58 s for ethanol gas at 125, 250,
500 ppm concentrations, respectively. The two gases
were operated at room temperature. The sensor re-
sponse magnitude for the two gases increases with
increasing the concentrations of the two gases. The
results demonstrate that the sensor response time
is stable, and they are in line with Hsueh et al. [51].

The ions of the adsorbed oxygen in a 2 elec-
tron valence state are accountable for acetone gas
and ethanol gas sensing. The contributory oxygen
forms in acetone and ethanol sensing are either O?~
or ng. However, the last form is less probable when
taking into account the thermal dismantling of oxy-
gen molecules on a ZnO film surface, which is widely
accepted. The experiment revealed that the desorp-
tion/adsorption of the ions of adsorbed oxygen are
reversible on the zinc oxide film surface, whereas
the adsorbed oxygen is partially combined into the
implied subsurface and so the ZnO film resistance
depends on annealing process [34].

Yang et al. [52] explained the oxidation mech-
anism of ethanol gas on an oxygen-adsorbed zinc
oxide surface and revealed that the oxidation of
ethanol gas to acetaldehyde is likely only on the
zinc oxide film surface with thermal dissociation of
the atomic oxygen. Thus, the reaction rate of the
ethanol gas depends on the concentration of ad-
sorbed oxygen ions. In this study, the behaviour of
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surface oxygen (desorption, adsorption, interdiffu-
sion, decomposition, ionization, and deionization)
controls the sensing properties of ZnO sensor. The
recovery time for the gas sensor should be as short
as possible so that it is ready for the next detec-
tion [35, 36].

Figure 6¢ and f represents the recovery time for
acetone and ethanol gases. This recovery time can
be estimated directly from the change in the dy-
namic resistance of ZnO films and plotted as a func-
tion of the gas concentrations [ppm]. The measured
recovery times are approximately 15, 24, 20 s for
acetone gas, and 21, 37.1, 70 s for ethanol gas
at 125, 250, 500 ppm concentrations, respectively.
Both gases were operated at room temperature.
note that the recovery times vary with increasing
concentration of two gases which is an expected fea-
ture in sensing applications.

4. Conclusions

ZnO nanostructured thin films were successfully
prepared using PVD technique and measured by
a locally manufactured system for gaseous sen-
sors applications. The films were oxidized at 400°C
for 1 h in the atmospheric air. The structural and
morphological analysis revealed that the nanostruc-
tures have a hexagonal (wurtzite) nanostructure
with polycrystalline crystal diffraction at (002) ori-
entation and a crystallite size of =~ 39.6 nm. The
optical band gap for ZnO was 3.225 eV. Surface
morphological investigations reported a granule size
of ~ 40 nm. The results of ZnO thin films revealed
to be suitable for optoelectronic implementations.
These ZnO nanostructured samples were tested at
room temperature via acetone and ethanol gases,
showing fast recovery-response time, and excellent
sensitivity. The highest sensitivity percentage value
is approximately 30% for acetone gas and 22% for
ethanol gas at 250 ppm concentrations when the
two gases operated at room temperature. The best
response time at 500 ppm concentration was 20.4 s
for acetone and 52 s for ethanol. In turn, the best
recovery time at 125 ppm concentration was 15 s
for acetone and 21 s for ethanol.

The atomic arrangement and accurate stoichiom-
etry of the zinc oxide polycrystalline—crystalline
substrate enabled good analysis of acetone gas
and ethanol gas sensing mechanism. The ZnO sub-
strate tends to show high resistance with anneal-
ing in air. This behaviour was due to the ad-
sorption/desorption of surface oxygen types. The
acetone sensing sensitivity was larger with higher
resistance of the zinc oxide substrate. This can
be noticed through the relationship between the
charge carrier’s concentration governed by oxygen
ionosorption and the sensitivity of the sensor. This
study shows that a ZnO polycrystalline crystal
is appropriate for understanding the gas sensing
mechanism, which may be provided with best ideas
into the design of new gas sensors manufactured
from semiconductor materials.
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