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Abstract

Zinc oxide nanopowder was made using an auto-combustion method, and oxygen vacancies were formed using a thermally
activated procedure under vacuum treatment. The structural and morphological properties of ZnO,_y samples were deter-
mined by using X ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and scanning
electronic microscope (SEM) characterizations. XRD studies revealed that the ZnO,_y samples had a hexagonal wurtzite
structure, with nanoparticle sizes ranging from 40 to 47 nm. The growing quantity of oxygen vacancies was confirmed by
XPS tests. SEM images showed a spherical nanometric particle with high porosity especially for ZnQy) o,. Optical measure-
ments with spectroscopy UV—Visible revealed that oxygen vacancies increase absorption of the material in the visible region.
Also, the photoluminescence properties of the prepared samples were investigated by PL. and PLE measurement, which
indicate a high presence of oxygen vacancies and other defaults in the structure of ZnO, 4, more than pure zinc oxide. The
electrical conductivity proportional to the temperature showed that the conduction process was thermally activated and that
the carriers had long-distance mobility. Thus, we found that the conductivity of ZnO,, o, was lower than that of ZnO, which
can be explained by the introduction of oxygen vacancies which allows the creation of electron trapping centers localized
by the presence of the deep-levels. Spraying an aqueous solution of ZnO,_y nanoparticles over alumina substrates with pre-
deposited gold interdigitated electrodes resulted in gas sensors. At ambient temperature and under white light illumination,
the manufactured sensors showed excellent sensing responses to 0.5 ppm NO,. The presence of oxygen vacancies improves
sensor performance, which the sensor based on ZnO, o, showed a high response of 76.

Keywords ZnO, y - Room temperature NO, sensing - Electrical conductivity - X-ray photoelectron

1 Introduction

Nitrogen dioxide (NO,) is a toxic and hazardous gas as it can
have a negative influence on the health of human beings at
elevated NO,concentrations in ambient air can cause chronic
lung disease and respiratory infections [1]. It is imperative
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to strengthen the monitoring of NO, to protect the health of
people and promote the sustainable development of the soci-
ety [2]. The signal is a simple variable resistance measured
by a pair of electrodes deposited on an insulating substrate
and covered by the sensitive material. These sensors easily
fit into conventional electronic circuits. Moreover, this type
of sensor is particularly suitable for the use of the current
microfabrication technologies.

The exploited sensitive layers can consist of a mineral
semiconductor, essentially metal oxides, or an organic semi-
conductor. Metal oxide gas sensors are so far the most used
materials because of their competitive advantages: low cost,
high sensitivity, quite long lifetime, simplicity of prepara-
tion, in-line monitoring potential and reproducibility in
practical applications [3]. For the detection of NO,, sev-
eral types of metal oxides have been studied such as ZnO
[4], NiO [5], SnO,[2], WO; [6], In,05 [7], CuO [8], Fe,04
[9].Thanks to its numerous advantages such as its low cost,
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high sensitivity, wide band gap energy (3.37 eV) and large
exciton binding energy (60 meV), ZnO-based gas sensors
have been intensively studied [10]. ZnO also exhibits high
conduction electron mobility, high dopant solubility, non-
toxicity, and good thermal stability [11, 12]. Ca-, In-doped
and Ca-In-codoped ZnO-based sensors had been used to
enhance CO and CO, gas detection performances when
operating temperature was in the range between 150 and
500 °C [13]. Traditional ZnO gas sensors typically operate
at high temperature (between 150 and 500 °C) because the
adsorption—desorption phenomena are usually slow at room
temperature leading to very long response or recovery times
and low sensitivity. However, the high operating conditions
pose several problems, such as distortion of sensor stability,
high current consumption... [14]. Moreover, the develop-
ment of ZnO gas sensors at a low temperature is promising
because it saves energy consumption and does not require
a heating element for high temperature operation, temper-
ature-resistant substrates and packaging which simplifies
the design of the sensor and thus reduces its manufactur-
ing cost. Several researchers have reported that zinc oxide
is one of the most interesting materials for NO, detection
which exhibits excellent response to this gas even at low
concentration [15].

To activate the surface reactions, it was proposed to use
light as the source of energy instead of heat. In the case of
ZnO, pristine ZnO has a large band gap (3.37 eV), so it is
active only under ultraviolet (UV) illumination [16]. The UV
light source usually requires customization that is difficult to
obtain and can damage the sensor components or decompose
the tested gases (it is precisely the case for NO,) [17]. It is
however interesting to reduce the band gap energy of ZnO
sensor material or to dope it to extend the light absorption
to shorter wavelengths, in the aim to allow the sensors to
react in the visible light region [18]. It has been reported
that implanting oxygen vacancies in ZnO effectively reduces
its band gap [19]. It has also been shown that the oxygen
deficiency has a strong effect of oxidative gas adsorption
site and that the detection reactivity of the ZnO surface gas
will be improved as its oxygen deficiency concentration
increases [20]. Therefore, the preparation of ZnO sensitive
materials with oxygen deficiency is an effective approach to
improve the detection performance at ambient temperature.
The oxygen vacant ZnO had good NO, responses under light
illumination [18].

In this study, we have prepared ZnO nanoparticles,
using autocombustion method, and then, the as-obtained
product was treated with a thermally activated process to
create oxygen vacancies in their structure and therefore
obtain ZnO, x nanopowders. Three samples have been
prepared: as-obtained ZnO and treated nanopowders with
two oxygen vacancies concentrations, ZnQ o5 and ZnQOy ¢
which correspond to x=0.05 and 0.1, respectively. We have
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investigated the structural, morphological, optical, and
electrical proprieties of all samples by XRD, Raman, SEM
and UV-Visible spectroscopy, PL and impedance spec-
troscopy characterizations. Moreover, the performance and
sensing properties of ZnO,_yx sensors toward 0.5 ppm NO,
gas have also been investigated.

2 Experimental details
2.1 Preparation of nanoparticles

Pure zinc oxide was prepared by autocombus-
tion method. Analytical grade zinc acetate dihydrate
[Zn(CH;COO0),.2H,0; 99%] and glycine (NH,CH,COOH)
were completely dissolved in distilled water until a homo-
geneous solution is obtained. Glycine was used as a fuel
with a ratio (1:2) taken according to stoichiometries pro-
portion of zinc acetate. The aqueous solution was then
stirred for about 1 h to mix the solution uniformly. By
using hotplate, the mixed solution was evaporated on at
80 °C under constant magnetic stirring and concentrated
by heating when the excess of water was evaporated with
the formation of a viscous gel. The viscous gel was ignited
by raising the temperature to 300 °C. The loose and burned
powder samples were obtained. The burnt powder was cal-
cined at 600 °C for 7 h. Finally, the synthesized nanopo-
wders were ground for 1 h.

In order to create vacancies in oxygen sites, the pre-
pared ZnO compound was placed in a quartz tube which
contains a portion of metallic Titanium. The tube was
sealed under vacuum and heated at 600 °C for 1 week. The
ZnO, x samples were obtained from parental oxide, ZnO
by extracting oxygen. ZnO was placed in a quartz tube
with 5 mm in diameter and 15 mm in length. The present
tube was introduced in a second quartz tube (8 mm diame-
ter and 30 mm length) containing a stoichiometric propor-
tion of metallic titanium which has the role of absorbing
oxygen described by the following equation:

ZnO + %(Ti - Zn0,_y + %( TiO, )

with X=0.05 and 0.10 in this work.

The external tube was pumped for a primary vacuum
(1073 Torr), sealed and annealed at 600 °C for one week.
The oxygen deficiency, X, was measured using an induc-
tively coupled plasma spectrometer.

In order to control the reaction, the products obtained
were equilibrated by ultra-micro balance and the rate of
oxygen vacancies was determined according to the fol-
lowing equation:



Study of room temperature NO, sensing performances of ZnO,_, (x=0, 0.05, 0.10)

Page3of18 31

Am-M
X = m mol (2)
Myged * M, 0
where

Am: Mass difference in the compound before and after
the reaction,
M,,;: Molar mass of the stoichiometric ZnO compounds,

m,.q: Weight of the used ZnO compounds,

used*
M Atomic mass of oxygen.

2.2 Sensor fabrication and measurements

250 mg of the prepared nanopowders was dispersed in
2.25 ml of distilled water. The prepared solution was then
sonicated during 15 min until a uniformly dispersed sus-
pension was obtained. The suspension is then deposited at
200 °C by spray technique on alumina substrates (Al,05)
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equipped with a pair of interdigitated gold electrodes on
one side and a Pt heating coil on the back side (Fig. 1a). The
fabrication steps of the sensor are more explained in Fig. 1b.

The gas detection tests were carried out using a home-
made gas system consisting of a Teflon cell containing the
sensors flown by a mixture of gases (Fig. 1c). The mixture
of gases was prepared by mixing gases from cylinders with
the help of flow controllers driven by a computer. The total
gas flow is kept at 1 I/min. The humidity is generated in
a bubbler. The sensors are linked to an electrical board to
operate the sensors in a controlled temperature and perform
resistance measurements while varying the concentration of
nitrogen dioxide. To activate the sensors, a white LED lamp
was placed in the cell in front of the sensors. The light inten-
sity was 3 mW/cm?. The relative sensitivity of the sensor
is defined as the ratio §= (R,,-Ryir/Ryir Where R, and Ry,
are, respectively, the electrical resistance of the sensor, with
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Fig. 1 a Sensor substrate. b The steps for fabrication of gas sensor. ¢ Synoptic of gas testing station
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50% relative humidity in the air, and at different target NO,
gas concentrations. The response and recovery times were
evaluated at 90% of the resistance change after exposure to
the target gas and back to air, respectively.

2.3 Characterization measurements

To obtain information about, crystalline structure, morphol-
ogy, optical and electrical proprieties, we have performed
the measurements by X-ray diffraction (XRD), Raman
spectroscopy, scanning electronic microscopy (SEM), pho-
toelectron spectrometry (XPS), UV—Visible-NIR spectra,
photoluminescence (PL), and impedance spectroscopy. The
crystal structure of the prepared ZnO powder was detected
by X-ray diffractometer (XRD, D8 Advance, Bruker AXS,
Germany) and Jobin—Yvon Raman spectrometer with green
exciting light (A=532 nm). The morphology of the synthe-
sis nanopowders and the phase constitution were observed
by field-emission scanning electron microscopy (FE-SEM,
S48001I, Hitachi, Japan) and X-ray photoelectron spectros-
copy (XPS, ESCALAB 250Xi, Thermo Scientific, USA),
respectively. The light absorption and reflection proprie-
ties were carried out using UV—Visible spectrophotometer
(Shimadzu UV-3101PC) in the wavelength range of 200 to
800 nm. For PL and PLE measurement, a NanoLog Horiba
modular spectrofluorometer was used which it was equipped
with an Xe lamp with 330 nm excitation light source wave-
length. An Agilent 4294 analyzer was used to extract the
electrical properties of the samples. It was investigated in the
temperature range between 200 and 310 K and the frequency
of the applied ac field is between 100 Hz and 1 MHz. Those
measurements were done in a helium atmosphere in order to
improve the heating transfer and avoid moisture.

3 Results and discussion
3.1 XRD and SEM characterizations

XRD analysis was performed to study the microstructure of
non-stochiometric zinc oxide nanopowders. The average size
(D) of the crystallites was calculated using Debye—Scherrer’s
equation.

The obtained D values for all samples are ranging
between 40 and 47 nm and presented in Table 1. The X-ray
diffraction patterns of the ZnO, , (x=0, 0.05 and 0.10)
nanoparticles are further refined using Rietveld analysis
using fullproof program [21] and are shown in Fig. 2a—c.
The values of different structural parameters are calculated
and listed in Table 1. The obtained refined lattice param-
eters confirm the formation of hexagonal wurtzite struc-
ture (hcp) ZnO with the P63mc space group. The oxygen
vacancies do not lead to the appearance of any extra peaks
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Table 1 Structural, optical, and electrical parameters of ZnO, y sam-
ples

Parameter Zn0O 7Zn0y 95 Zn0y)
a(A) 3.2493 3.2502 3.2503
c(A) 5.2049 5.2052 5.2059
V (A% 47.589 47.618 47.630
c/a 1.6018 1.6015 1.6016
R 0.9999 0.9998 0.9999
x> 1.81 10.53 6.17
Rp %) 8.87 12.30 9.43
Ry, (%) 11.0 13.4 9.8

R, (%) 8.19 4.12 3.94

S (m¥/g) 24.00 22.70 26.96
Prray (gCM™) 5.67915 5.6199 5.56275
£.107° 89 5.5 15
Dy (nm) 61.35 725 49.5
Dy (nm) 83 98 42

E, (eV) 3.17 3.22 3.23

E, (meV) 22 25 31

E, (meV) 88 65 72

or the disappearance of any peak related to the hexagonal
wurtzite structure of pure ZnO, which indicated that all
samples have high crystalline purity. The low value of X2
shown in Table 1 suggests that the refining of the samples
is effective and that the samples obtained are of good qual-
ity. The unit cell volume is calculated via [22]:

V =0.866 * a° * c 3)

It is clear from Table 1 that the size of lattice parameters
a and c and the volumes of the unit cell slightly increase on
increasing the oxygen vacancies due to a linear mismatch
of ionic size between in a tetrahedral coordination. Moreo-
ver, the oxygen vacancies may change the lattice param-
eters values, but the crystal system (hexagonal) and space
group (P63mc) remain unchanged. However, the perfect
wurtzite unit cell has a hexagonal configuration with two
network parameters, a and c, with c/a ratio equal to 1.633.
The distortion degree (R=1.633 a/c) can calculate the
deviation of crystal from the perfect arrangement, where
R =1 gives an ideal wurtzite structure with c/a=1.633
[22]. The value of the degree of distortion R suggests that
the oxygen vacancies do not change the wurtzite struc-
ture. In this work, the obtained value of the c/a ratio is
listed in Table 1. Further, the crystallite size and lattice
strain of the ZnO nanoparticles were evaluated using a
well-known Williamson—Hall (W-H) method [23]. Rep-
resentative Williamson—Hall plots of ZnO,_, samples are
shown in Fig. 2e, f—sg. The plot between fcosO and 4sin6



Study of room temperature NO, sensing performances of ZnO,_, (x=0, 0.05, 0.10) Page50f18 31
(a) (b) | =
- = @ Yobs | — -@-Yobs
?— — Ycalc ; —Ycalc
— difference - ) — difference
Bragg-position - v Bragg-position
=
s 8 1 g
= 4 2 g
— 'E g'
) 5
2 =
3
£
A A A Rk o 1._,+ ‘}—-————A——-——/‘—-&d‘f\-
=T L L&
L] ] ] ] L] ¥: L] " L} L
30 40 50 60 70 30 40 50 60 70
2 Theta (degree) 2 Theta (degree)
(c) (d)
] s
— @ Yobs
] 9 — Yealc
d — difference
Bragg-position
5
g
21
0
=
&
=
by i T_ " 3 " 4
L] L] v Ll L]
30 40 50 60 70
2 Theta (degree)
W () S— @)
o2 | 20911 [@ znoges (@ Znog g
00027 | [——Linear Fit| — Linear Fit| 009 1 | Linear Fit

Wﬂq/_r,#"

0.00208

0.00200 4

erqr’f’”"

0.004

M’a_,,-oﬂ

B coso

0.0024

p cosd

0.00192 4

0.0021 0.00184 4

f coso

0.002

1.6 20

4sino

24

186

1.6
4sino

2.0 2.4 20 24

4sino

Fig.2 Rietveld refined X-ray diffraction patterns of ZnO,_, nanoparticles with a x=0, b x=0.05, ¢ x=0.10. d The unit cell of the ZnO sample.

Williamson—Hall plot for € ZnO, f ZnO, o5 and g ZnO, o, samples

provides the strain through the slope of the line and parti-
cle size (Dyy) can be evaluated from the intercept of the
line (on the y axis). Average crystallite sizes, for all syn-
thesized samples, calculated by using Scherrer’s formula
and the Williamson—Hall plot are presented in Table 1.
As can be seen in Table 1, the average crystallite size esti-
mated from the Scherrer equation is quite different from

that obtained by the W—H plot. This difference between
the average crystallite size estimated from the Scherrer
equation and from the W—H plots can be explained by the
fact that the micro-stress can induce a larger widening of
the diffraction peak, whereas in the Scherrer equation, the
total width of the diffraction peak is taken into account in
the calculation. X-ray density (px.,,) of the samples was
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calculated by considering that a basic unit cell of the cubic
spinel structure contained eight ions using the following
equation [23]:

2M
PX—ray = m )

where M is the molecular weight of each compound, N, is
the Avogadro’s number, V is the volume and 2 represents the
number of molecules in a unit cell of the hexagonal wurtzite
lattice (Fig. 2d). The X-ray density decreased almost in a
linear way with the increase in the oxygen vacancies. This
can be explained on the fact that the X-ray density is directly
related to the molar mass and inversely related to the unit
cell volume of the material. Assuming all the nanoparticles
to be spherical, the specific surface area is calculated from
the relation [23]:

g 6000

- D'pX—ray (5)

where the constant 6000 is called form factor for spherical
particles, D is the diameter of the particle. The auto-com-
bustion process is known for synthesizing materials with
high surface area (S). However, it is interesting to note that
the high surface area of nanoparticles is needed for sensing
applications [24].

To determine further information about the effect of oxy-
gen vacancies on the change in crystal structure of ZnO,
measurements of Raman spectra are also performed and
shown in Fig. 3. There are two peaks observed with high
intensity located at 100 and 440 cm™! which represent the
two modes of atomic displacement E,; and E,y attributed
to the typical characteristic ZnO [25]. Meanwhile, a new
vibrations mode located at 194 and 520 cm™' was also
observed, which were attributed to oxygen vacancies [26,

J Zn0, 4,
&
Aos
2
w
c
3
E
. Zn0
100 200 300 400 500 600

Wavenumber (cm™)

Fig. 3 Raman spectra of ZnO,_x (with X=0, 0.05 and 0.10)
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27]. Moreover, it can be observed that the peak intensity at
194 and 520 cm™" was increased except ZnOy oo The high-
est peak intensities were obtained in ZnO,, o, indicating the
maximum oxygen vacancy concentration.

The morphology of ZnO samples has been studied by
SEM analysis and the results with nanoparticles size dis-
tributions are shown in Fig. 4. The obtained images indi-
cate porous materials and the presence of agglomerates
composed by non-uniform distribution of hexagonal shape
grains, sized between 33 and 100 nm. This result is expected
because grain, with morphology commonly determined
by SEM, may be formed by an agglomeration of crystal-
lites. Therefore, in the most probably case, the crystallite
is smaller than a grain. Table 1 presents the crystallite and
grain size of all ZnO,_y samples deduced from XRD and
SEM investigations. The SEM images reveal a smaller grain
size of ZnOy o, nanopowders. By comparison with particle
size values estimated from SEM (Table 1), the average par-
ticle size agrees with the average crystallite size estimated
from W-H. model. Therefore, the W—H model is more suit-
able method than the Scherrer’s formula in the present study.

3.2 XPS spectra measurement

X-ray photoelectron spectroscopy (XPS) is considered one
of the most important materials characterization techniques
to have information about elemental identification, chemi-
cal state of elementary and relative composition of the con-
stituents in the surface region. XPS was recorded using Al
Ka, as a source with hv=1486.6 eV under a vacuum of
about 2 107% Pa. The XPS was calibrated using sputtered
references material Ag (for peak position, work function),
Au and Cu (for retard linearity). Charge compensation was
done using dual compensation (electron and very low energy
ion gun (Ar)). Charge compensation was checked using a
reference PET sample. The spectra corresponding to the
Ols and the Zn2p3 of the ZnO, x samples are calibrated
by the binding energy of the Cls (284.6 eV) as internal
reference spectra [28]. However, it is worthwhile noticing
that recently a study of XPS measurements outlined certain
controversy concerning the choice of the binding energy of
Cls as reference in XPS spectra, because of the dispersion
observed in the Cls binding energy which may depend on
the carbon source used taken as reference [29]. XPS was
used to characterize all prepared samples, and results are
presented in Fig. 5 for oxygen and zinc elements. The Ols
spectrum was deconvoluted and fitted using the Lorentz-
ian composite function. The spectra Ols core level of all
samples ZnO,_y, shown in Fig. 5, indicates the presence of
two peaks, in all samples, centered at 529.87-530.26 and
531.16-531.71 eV, which are attributed to the presence of
0~ ions in Zn—O bonding of ZnO wurtzite structure and
to oxygen-deficient regions in the matrix, respectively, of
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Fig.4 SEM images and the representative histograms of size distribution for ZnO,_x samples

our ZnO,;_x samples [30]. The pure ZnO presents a supple-
mentary peak with lower binding energy (528.3 eV) which
is attributed to oxygen in=CO groups [31]. The calcula-
tion of the ratio between peak related to oxygen vacancy
to the total Ols spectral area of ZnO, ZnO,, g5 and ZnOy o
samples gives, respectively, 0.156, 0.231 and 0.414 prov-
ing the increasing concentration of oxygen vacancies. Those

oxygen vacancies may play an important role for the elec-
trical properties, as well as for their gas sensing properties
as they act as preferential adsorption sites. The obtained
ratio values may indicate that ZnO, o, coatings had maxi-
mum oxygen vacancy concentration. We have also shown
the XPS spectra of Zn2p3 core level in Fig. 5. Very simi-
lar shape of Zn2p3 core levels was observed and peaks
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Fig.5 XPS spectra: O 1 s with C 1 s (inset) and Zn 2p3 of the ZnO, x samples

centered at 1021.1, 1021.6 and 1021.6 eV for ZnO, ZnOy ¢5
and ZnO,) o, respectively. It indicates the presence of Zn**
in the structure of ZnO [32]. The main core level Zn 2p3
spectra of ZnO, 95 and ZnO, o, centered at~1021.6 eV
show slightly asymmetrical features, as shown in Fig. 5,
respectively. This behavior indicates the existence of Zn in

@ Springer

its multiple-oxidation states. The deconvoluted Zn 2p3 core
levels XPS spectra show two peaks: for ZnO, o5, it was cen-
tered at~1021.52 eV and~1022.90 eV and for ZnOy o, it
was centered at~1021.56 eV and ~ 1023.14 eV. These peaks
were corresponding to different oxidation states of Zn. The
lower energy peak in the deconvolved spectrum is attributed
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to the network of Zn** ions surrounded by O~ ions in the
hexagonal ZnO and is called the oxide form of Zn [33]. The
deconvolved peak centered on the side of the highest binding
energy is linked to metallic zinc [34]. We can conclude, from
the XPS of Ols and Zn2p3, that the elements O and Zn were
detected from all samples. In addition, we have detected the
presence of oxygen vacancies (V,) for all samples.

3.3 Optical properties

The gas detection tests are carried out under visible light
illumination; the optical properties of the ZnO samples
must therefore be characterized to prove the extension of
the absorption spectrum to the visible part of the spectrum.
To highlight the effect of oxygen vacancies on light absorp-
tion, UV—Visible characterization has been performed on
compressed powder disk, in the range 200-800 nm, and
results concerning the absorbance curves are presented in
Fig. 6a. Very high absorbance can be observed in the UV
range (200-400 nm); however, for wavelengths higher than
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400 nm, remarkable increasing in the absorbance may be
observed with increasing oxygen vacancies. This behavior
is probably due to the creation of energy levels between the
valence and conduction bands, facilitating the transition of
the electrons between the two bands, which then makes it
possible to absorb more light [35].

The optical reflectance of the ZnO,_x nanoparticles was
measured at room temperature and illustrated in Fig. 6b. In
the visible range, the reflectance decreases as a function of
the increase in the rate of oxygen vacancies, which proves
that the scattering power optics of this type of material is
quite important in this range. In contrast, it is minimal in
the UV range, which shows that absorption is highest in
this region. The variation spectra of the first derivative of
the reflectance as a function of the wavelength (A) (dR/
dA) for the ZnO,_yx samples are shown in Fig. 6¢c. We can
estimate the energy gap values which present an increase
as a function of the increase in oxygen rate (Table 1).
Therefore, the band gap was closely related to oxygen defi-
ciency; it was enlarged according to the increase in oxygen
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Fig.6 a Absorbance and b reflectance spectra of ZnO,_yx samples. ¢ dR/dA vs. wavelength and d Ln () vs. hv of ZnO,_y samples
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vacancies. This can be explained by the effect of vacating
oxygen sites. The valence band of transition metal oxide
semiconductors mainly consists of the 2p orbital of O.
The conduction band (CB) comes from the d orbital of the
metal. Oxygen defects cause a change in the valence band
of the semiconductor material (shifting upwards).

In fact, it is probable that the variation in the parameters
of the crystal lattice causes the creation of states of elec-
tronic imperfections in the forbidden band. The localized
defect near the valence (BV) and conduction (BC) two bands
created several energy levels in the form of a tail band called
Urbach energy [36]. According to Urbach’s law, we can esti-
mate Urbach’s energy from the following equation.

Eu

In(a) =In (&) + - (6)
where E, and aj are the Urbach energy and a constant,
respectively [37]. The curves of Ln (o) as a function of hv
are presented in Fig. 6d. The estimated E, values, for the
ZnO, x samples, are the inverses of the slopes of the linear
part of the curves and they are presented in Table 1. The
Eu value increases for the samples with oxygen vacancies.
Compared to pure ZnO, this implies the creation of other
defects due to the presence of vacant sites.

The PL spectra of ZnO,_, are studied and shown in Fig. 7.
Gaussian fit was used to deconvolute the normalized PL
spectra. It is clear from the curve in Fig. 7 that the ZnO pure
has a large band in the visible range which shows a green
emission refer to the oxygen vacancies (V,) and zinc intersti-
tial (V,) [38], and an orange-red emission attributed to an
excess of oxygen [39]. The deconvoluted curve of ZnO,) s,
shown in Fig. 7, indicates a shift in which there is a more
big green emission and a little orange-red emission which
indicate the creation of more of oxygen vacancies (V,) and
less oxygen interstitial. For the sample ZnO,) o, the disap-
pearance of orange-red and a high green emission confirmed
a high presence of oxygen vacancies in our structure [40].

The PLE spectra of ZnO,_ samples, in the UV range,
were also studied. Figure 7 presents the PLE spectra decon-
voluted by a Gaussian equation of ZnO, ZnO 45, and
Zn0y g, respectively. Figure 7 shows the deconvolution
of the PLE spectrum of ZnO by several peaks (290 nm,
343 nm, 365 nm and 375 nm). The first peak at 292 nm
(4.25 eV) is attributed to the excitonic emission confined. A
large peak at 343 nm (3.61 eV) is also present with two other
peaks at 365 nm (3.39 eV) and 375 nm (3.31 eV) which
are redshifted from the exciton emission. There is a shift
toward higher wavelength for the samples treated by oxygen
vacancy defects (ZnO, g5 and ZnQy o,) which refer to the
reducing of the gap energy and subsequently the presence
of many defects in the structures of treated zinc oxide such
as oxygen vacancies and interstitials of zinc [41].
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3.4 Electrical property

We propose to detect the electrical properties of ZnO, x
compounds to highlight the impact of the creation of the
oxygen deficiency. The ac conductivity spectra of the ZnO, x
samples are shown in Fig. 8a. The electrical conductivity
strongly depends on the variation in the frequency. Increas-
ing the frequency serves to increase the conductivity of
each sample. While the electrical conductivity decreases
with increasing oxygen deficiency rates, this is due to the
high presence of charge carrier trapping centers in the sam-
ples ZnQO ¢ and ZnO,, ¢5 compared to pure ZnO. We can
conclude that oxygen vacancies could act as charge carrier
traps. Also, conductivity measurements are carried out in dc
mode, in a wide temperature range [200-310 K]. Also, the
dependence of the conductivity dc (6,.) on the temperature
is shown in Fig. 8b. The observed increase in 6,4, with tem-
perature showed that the conduction process was thermally
activated and that the carriers had long-distance mobility.
Likewise, we found that the conductivity of ZnO, ¢, was
lower than that of ZnO, which can be explained by the intro-
duction of oxygen vacancies which allows the creation of
electron trapping centers localized by the presence of the
levels. Deep free Zn>* ions or oxygen vacancies (single or
double ionized) caused the creation of those levels. There-
fore, the increase in conductivity was related to the increase
in the concentration of electrons at shallow depth. In addi-
tion, the increase in oxygen deficiencies led to increases in
local interior stresses. Thus, it is clear that the representative
curve of In (o) as a function of 1000/T, presented in Fig. 8b,
is an affine line segment and hence Arrhenius law can be
applied to determine the activation energy of this conduction
mechanism [42]. The expression of Arrhenius law making
it possible to adjust the dependence of the conductivity (o)
on the temperature is as follows:

Ea
60T = Aexp <- kBT> )

where is the pre-exponential factor, E, is the activation
energy, kg is the Boltzmann constant (k;=8.617 107 eV.
K~!) and T is the temperature. The good linear behavior sug-
gests that the conduction mechanism is thermally activated.
The values of the activation energy (E,) determined by fit-
ting the curves in Fig. 8c are grouped together in Table 1.
Referring to electrical neutrality, the increased oxygen defi-
ciency in the system leads to an increase in the number of
Zn?* ions. This increase is accompanied by an improvement
in the mechanism of the double-exchange interaction (DE),
therefore, a reduction in the activation energy.

The Nyquist diagrams of the samples ZnO and ZnQ, o, at
room temperature are presented in Fig. 9a. The appearance
of the semicircles indicates the semiconductor behavior of
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Fig.7 PLE Spectra of a ZnO, ¢ ZnO,) ¢5, and e ZnOy, o, samples. PL Spectra of ZnO,_, with b x=0.00, d x=0.05, and f x=0.10

the samples in the temperature considered. The resulting  the heterogeneity of the material. The electrical responses
semicircles were centered below the Z' axis indicating a  of the ZnO,_x samples are modeled by an equivalent cir-
non-Debye dielectric relaxation which can be attributed to  cuit formed by a two-series combination of grain boundary

@ Springer



31 Page120f18

M. Benamara et al.

(a)
1E-4+
o i Zn0
G
g 0
2
;.é 1E-6; Zn0y o5
1E.7 Zn0y g9
100 1000 10000 100000 1000000
Frequency (Hz)
(b)

200 220 240 260 280 300 320

T (K)
©) ‘
: [} E,= 88 meV — Linear fit
1E-34
2
E 1E-45
=
6 ]
1E-5
1E-6 5

32 36 40 44 48 52
1000/T (K™

Fig.8 a Frequency dependence of c,., b Temperature dependence of
o and, ¢ 6.T vs. 1000/T for ZnO, x samples

resistance-grain boundary capacity (Ry,~CPE,,) and grain
resistance (R,). According to the Koops model [43], the con-
ductivity of a semiconductor is governed by grain bounda-
ries, at low frequencies (right side) and highly conductive
grains, at high frequencies (left side). The ZnO,, o, sample
shows a semicircle of larger diameter compared to that of
ZnO. This indicates the presence of oxygen deficiencies
for the ZnOy o, sample which can play the role of grain
boundaries.
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The spectra of the impedance real part (Z') for the sam-
ples ZnO and ZnO, , are presented in Fig. 9b at low fre-
quency, Z' is maximum for the two samples and it decreases
sharply as a function of the increase in frequency value.
At high frequencies, Z' exhibits minimal values due to the
presence of space charge polarization. For ZnOy ¢, Z' has a
large value compared to that of ZnO. This behavior is linked,
mainly, to the presence of more barriers due to the introduc-
tion of oxygen vacancies. The vacancies improve the surface
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effect, the formation of interfaces, and the Schottky barriers
to contacts. Figure 9c shows the spectra of the imaginary
part of the impedance (Z"), for the samples ZnO,_, at room
temperature. Each curve presents a relaxation peak which
depends on the relaxation frequency which attributes to the
mobility of the jump charge carriers. The presence of grain
boundaries, which are generally more resistive than grains
and due to the presence of oxygen vacancies and dangling
bonds at grain boundaries, causes active charge carrier traps
in the structure of the material. Therefore, grain responses
are expected to occur at higher frequencies compared to
those of grain boundaries. Thus, the ZnO relaxation peak
is present at high frequencies compared to that for ZnQ
which is present at low frequencies. This behavior can con-

3.5 NO, sensing tests

The synthesized powders were sprayed on alumina sub-
strate to fabricate chemoresistive sensors. The room tem-
perature ZnO, x resistances vs. time, to 0.5 ppm NO,
under white light illumination, are shown in Fig. 10. Under
a white light illumination, the base resistance decreased
as the oxygen vacancy concentration increased (Table 2).
The electrical resistance of pure zinc oxide is higher than
those with oxygen vacancies. The significant reduction in

Table 2 Room temperature sensing characteristics of ZnO,_, sensors
under 0.5 ppm NO, with white light illumination

. ) Sample Resistance in ~ Response Response Recov-
firm the high presence of oxygen vacancies for the ZnOy g, air (Ohm) time (min)  ery time
samples compared to the parent compound. (min)

ZnO 8.3310° 22 1.30 5.8
Zn0y, g5 5.78 10° 45 1.95 3.1
ZnOpgy  3.89 10° 76 1.50 2.7
(a) (b) c
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Fig. 10 Sensor resistances vs. time under white light illumination of ZnO, y sensors with a X=0.00, b X=0.05 and, ¢ X=0.10. Schematic illus-
tration of the gas sensing mechanism for ZnO, yx gas sensor exposed in air and transferred to NO, atmosphere, illuminated by white light
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electrical resistance is mainly due to the presence of oxy-
gen vacancies which act as donors. The oxygen vacancies
concentration had a remarkable influence on the electrical
properties of the ZnO samples. As can be seen, from this
figure, all tested samples are sensitive to nitrogen dioxide
under white light illumination. The samples with oxygen
default have a good response and better than pure sample
such as shown in Fig. 10b and c. Furthermore, all samples
with oxygen default have a response and recovery times
smaller than those of pure zinc oxide. The response and
recovery times of ZnO,_y simples are given in Table 2.

Oxygen plays a very important role in the gas detection
mechanism for ZnO. At room temperature, when ZnO,_y is
exposed to air, the O, molecules can adsorb on the surface
and capture electrons from the ZnO,_yx conduction band
becoming then ionized to O,~, O~ and O~ species [44].
O, is mainly the majority specie when the operating tem-
perature is below than 150 °C, while O™ and 02~ become
the majority for a temperature above 150-200 °C [45].
As the global resistivity of the layer is conditioned by the
contact resistance between the grains, the conductance for
this kind of structure can be expressed by:

eV
G = Gyexp <—m> 8)
where G is a constant, eV, is the potential barrier and kg
is the Plank constant. Equation (8) shows the role of the
potential barrier which is directly linked to the amount of
adsorbed molecule par surface unit. These reactions are
explained by the following relationships [46]:

Os = Osads) ©)

Osags) + € = Oy (10)

Under light and at room temperature, dioxygen (O,)
is adsorbed on the surface of the material to form light-
generated oxygen ions, O, (hv), which capture electrons
from the conduction band following the equation:

Osaq) +€ = O3 (hv) (1D

But the opposite reaction (photodesorption) also
happens.
o-

2(ad)+h\/—>Oz+E (12)

The process of generating oxygen vacancies is mainly
accompanied by physical/chemical changes, for example,
changes in the Fermi level, breaking and reshaping of links,
and distortion of the crystalline network. The presence of
oxygen vacancies in the structure of ZnO could create a
new sub-level energy in which the concentration of oxygen
vacancies reaches more than 0.1%, the energy bands can be
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profoundly modified compared to pure material. The valence
band (VB) of the transition semiconductor metallic oxides
consists mainly of the 2p O orbital. The conduction band
(CB) comes mainly from the orbital d of the metal. Then,
the presence of donor defects such as oxygen deficiencies
provokes a change of the valence band (VB). These changes
in the energy band cause changes in the optical absorption
properties of the material.

These defects were created; thanks to the non-stoichio-
metric relationship between the anions (0*7) and the cations
(Zn**) of ZnO material. Due to these defects, discrete energy
levels have been introduced in the band gap of the material.
Depending on the nature of the defect, the new levels can
be donor or acceptor. Subsequently, the addition of defects
causes the creation of additional charge carriers, free elec-
trons, or holes. This induces changes in the electrical and
optical properties of the material. For n-type metal oxides
(eg ZnO), the levels formed by oxygen vacancies function as
a bridge in the transition of electrons and act as donors levels
of electrons. As a result, a new level of donor vacancy has
been formed between valence and conduction bands [47].

The absorption of oxygen vacancies is important for the
transition of electrons inside the material which are excited
after having absorbed the energy of the photons [48]. There-
after, less energy is introduced for the electronic transitions
as the material has a wider range of visible light absorption,
which is reflected in the macroscopic change in the color
of the material. Oxygen vacancies in the material can also
modify the surface reactivity, which influences the adsorp-
tion—desorption phenomena.

The mechanism for improving the electrical conductiv-
ity of semiconductor materials can be summarized in two
aspects: the presence of oxygen vacancies can accelerate
the rate of charge carrier transport (electrons in our case)
[25], the presence of vacancies of oxygen can increase sup-
port concentration within the material [49]. Under light illu-
mination, the oxygen vacancies present at the interface act
as electron trapping sites gathering many electrons, which
allow having a metallic conductivity in the material. Conse-
quently, the presence of oxygen vacancies has reconstructed
an electronic interface which produces metallic conduction
and subsequently allows an increase in the rate of conduc-
tion of the charge carriers. Under illumination, the differ-
ent concentrations of oxygen vacancies have effects on the
conductivity of the material: The higher the concentration of
oxygen vacancies, the higher the conductivity of the metal
oxide.

In this context, oxygen vacancies are considered as donor
defects. So, they are strong adsorption sites for oxygen mol-
ecules [19, 50]. Increasing oxygen vacancies concentration
can increase the number of adsorption sites per unit of area.
Then, more oxygen species O, will be adsorbed on the
ZnO, _yx coatings by taking electrons from the CB of ZnO,
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which significantly reduce the number of free electrons. The
following expressions may be used to describe this:

X — *
Oty + Vg = Oggy + Vo (13)

Orat) Vo = Oaqy + Vo~ (14)
By illumination with white light, even though ZnO cannot
be excited, the donor levels.
resulted by oxygen vacancies are excited to generate free
electrons in the conduction band. Therefore, V; ionized into
V; and V?° by releasing electrons in the conduction band as
explain by reactions (15) and (16) [51, 52].

Vi Vite (15)

Vo= Vi +e (16)

Those electrons can participate to photo-adsorption pro-
cesses and to conduction that is why the resistivity decreases
under illumination and thus why the sensitivity is increased.
These results indicate that the sensitivity, the response and
recovery rates were improved when oxygen vacancy con-
centration was increased. Under white light illumination,
oxygen vacancy VX would positively charge V; and V2 by
releasing electrons into the conduction band which was ben-
eficial for the chemisorption of gas molecules. Thus, more
O, molecules can be adsorbed on the vacant oxygen surface
than a stoichiometric molecule with fewer electrons [53].

The light effect on the detection mechanism is considered
by the change in electrical resistance. The ZnO sensor was
exposed to air in the dark condition; the free electrons in
the conduction band have been captured by oxygen species
adsorbed on the surface of ZnO and subsequently create a
depletion layer.

The global resistance is high. After illumination, photode-
sorption takes place, electrons are released, and the resist-
ance decreases (see Table 2). Of course, the effect is most
visible in for the sample with more oxygen vacancies. The
electron affinity of NO, is higher than that of oxygen [54]
and the trap is a deeper meaning that when NO, replaces
oxygen on the surface, the energy barrier is even higher.
The adsorption energy of NO, molecules on metal oxides
containing oxygen vacancies is much lower than that on pure
oxides, which reveals that NO, molecules could be chem-
isorbed to a surface containing vacant sites in oxygen more
easily [51]. Therefore, oxygen deficiency has been shown
to be a suitable site for oxidative gases [36, 47]. In addition,
when the oxygen vacancy concentration increased, more
NO,™ species may readily adsorb to the sample surface by
capturing the electrons of the CB, resulting in a higher and
more rapid response. When NO, is injected, the light-gener-
ated NO, ™ (hv) molecules, since it is a reducing gas, formed

by capturing electrons photo-generated from oxygen vacan-
cies or from O,~ (hv) (oxygen is replaced by NO,) due to the
electronic affinity difference is larger for NO, (2.27 eV for
NO, and 0.44 eV for O,) [54]. In the first time, NO, can be
adsorbed in the ZnO, y surface by capturing electrons from
conduction band and reacting with neutral or simple ionized
oxygen vacancies via the following equations:

NOy,q +€ < NO; (hv) 17)
NOyq + Vo < NO; () + Vg (18)
NOyq) + Vg < NOj(hv) + V§* (19)

In the second time, NO, can reacted with oxygen species
(O,7) adsorbed on the surface and with electrons from the
surface to give NO, and O™ adsorbed species on the surface
via

NO,(gas) + O; (ad) + 2e — NO;j (ad) + 207 (ad) (20)

The reaction presented in Eq. (20) caused more emission
of the electrons from the material to the species adsorbed in
the surface which that can increased the electrical resistance
and so that increasing the sensor response. The detection
mechanism, in the three cases (under air in the dark, under
air in the illumination and under air & NO, in the illumi-
nation), is more explained in Fig. 10d in which we have
explained the role of oxygen vacancies in the NO, sensing
mechanism.

In the illumination condition, the short response time is
due to the photodesorption process of the oxygen species
which may induce the release of the trapped electrons on the
adsorbed NO,™ species. Always, the illumination can help to
increase the adsorption and desorption kinetics and therefore
reduce the response and recovery times. After illumination,
shortest response time is due to the photodesorption process
which may induce the release of the trapped electrons on the
adsorbed NO,™ species. We can deduce that the presence of
oxygen vacancies improves the NO, detection performance
at room temperature. The introduction of oxygen vacancies
can form optical traps which improve the absorption capac-
ity of white light and allow to have a high efficiency of use
of light in ZnO.

Table 3 shows the room temperature performances of
Zn0,) oy and other ZnO-based NO,sensors studied in the lit-
erature. According to C. Zhang et al. [53], investigations,
conducted at room temperature under white light illumi-
nation, on ZnQ, ¢5,-based sensor, revealed a response of
approximately 5.3 toward 0.9 ppm NO, concentration, with
2.7 and 1.8 min as recovery and response times, respec-
tively. It is worthwhile noticing that lower oxygen vacancy
sensors: ZnO 57, ZnOy g3 and ZnOy o, exhibited lower
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Table 3 Performances of ZnQO, o, as room temperature (RT) NO, sensor in comparison with ZnO literature results

Materials Fabrication method Light illumination/ NO, (ppm)  Response Response/Recov-  References
sensing temperature (Ryor-Ryin)/ ery times (min)
Ryi)
Zn0O H,0, treatment & annealing White/RT 0.9 53 1.8/2.7 [49]
ZnO Print screened thin film& annealing ~ —/200 °C 5 400 1.68/0.9 [50]
ZnO Liquid plasma spray —/300 °C 1 9.2 8.7/over 20 [58]
ZnO Drop-cast UV/RT 5 1.1 1.5/5 [53]
ZnO Soft e-beam lithography UV/RT 20 22 15/5 [54]
ZnO Chemical deposited Thin film —/RT 20 119 1.42/1.76 [55]
ZnO Sputtering UV/RT 0.5 8 —/- [59]
ZnO nanorods Hydrothermal method UV/RT 0.5 8.9 2.5/3 [60]
7ZnO nanowalls  Thermal reduction —/RT 5 3.5 0.5/0.25 [61]
ZnO nanosheet ~ Thermal evaporation UV/RT 1 2.1 0.25/4.5 [62]
ZnO nanowires  Hydrothermal method UV/RT 1 7.1 0.5/2.5 [63]
ZnO Auto-combustion White/RT 0.5 76 1.572.7 This work

responses 4.45, 4.08 and 2.57, respectively. However, an
increase of response and recovery times was observed [53].
Higher, response 9.2, response and recovery times, respec-
tively, equal to 8.7 min and over 20 min, were obtained on
sprayed ZnO sensor for working temperature of 300 °C [55].
J. H. Jun et al. [54] obtained higher response 400 toward
5 ppm NO, gas in operating temperature of 200 °C, and the
response and recovery times were, respectively, 0.17 and
0.22 min with no used activation light. These performances
were obtained on the annealing sensor with patterned necked
ZnO nanoparticles at 400 °C during 12 h. There is no doubt,
that a high working temperature is a major inconvenience for
a gas sensor, leading to the excessive energy consumption,
and limitations of the places and use conditions. Further-
more, the high sensing temperature may affect the device life
and the long-term stability, which makes room temperature
as a working temperature, a main quality of a gas sensor.
From given results in Table 3, and on focusing on room tem-
perature sensors, and for all reported in the literature, NO,
concentrations were less than 5 ppm, the responses were less
than 8 ranging between 1.1 and 8, with response and recov-
ery times in the range 0.5-1.8 min and 1.5-5 min, respec-
tively. For higher concentration of 20 ppm of NO, gas, S.
Fan et al. [56] reported a response of 2.2 and higher response
and recovery times 15 and 5 min, respectively, obtained on
sensor made by Soft e-beam lithography, even under UV
activation light. R.K. Sonker et al. observed a high sensi-
tivity 119 toward 20 ppm of NO, gas at room temperature,
on nanopetal structured ZnO thin film sensor, fabricated by
chemical route [57].

In our study, ZnO, 4,-based sensor exhibited best perfor-
mances compared to the other fabricated ZnO,_, sensors. It
is important to note that the ZnQ) o, sample has the smallest
grain size confirmed by SEM images and a relatively higher
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absorption in the visible range, which may give it a bet-
ter specific surface area and more effective light activation,
leading to better sensitivity in the detection process. Fur-
thermore, the observed behavior may also be related to an
excess of free electrons, this assumption may be confirmed
by the observed lower resistance of ZnQ o, sensor. Higher
specific surface area in nanostructured surface may play
an important role in the adsorption mechanisms; however,
on supposing sensitivity/ppm as comparing parameter, we
can deduce that ZnO,) ¢, sensor has better performance, 152
against 5.95 for nanopetal structured ZnO thin film [57] and
80 for screen printed necked ZnO nanoparticles at 200 °C
as working temperature [54].

4 Conclusion

In this study, ZnO,_y was prepared by the auto-combustion
method and treated by a thermally activated process, based
on a vacuum treatment, to create oxygen vacancies in the
structure of ZnO nanopowders with different percentages.
X-ray diffraction measurements indicated that the structure
of the pure and treated ZnO was hexagonal wurtzite and the
size of nanoparticles was ranged between 40 and 47 nm.
SEM images exhibited the presence of hexagonal agglom-
erates consisting of nanoscale particles. Optical investiga-
tions in the UV-Visible range highlighted higher absorp-
tion in visible range of treated ZnO samples and the band
gap energy slightly increased from 3.17 to 3.23 eV with
increasing oxygen vacancies. XPS measurements proved
the increasing amount of oxygen vacancies. The electri-
cal conductivity was proportional to the temperature which
showed that the conduction process was thermally activated
and that the carriers had long-distance mobility. The sensing
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test under 0.5 ppm of NO, and white light illumination at
room temperature was investigated and outlined an enhance-
ment in sensors performances due to the presence of oxygen
vacancies which may improve, under illumination, electrons
pumping from the material to the interface. The obtained
sensor performances seem to be promising for the develop-
ment of low-cost room temperature NO, gas sensors.
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