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cability in optoelectronic devices. For this purpose, well adherent films with x = 0, 0.25, 0.50, 0.75, and 1, were
deposited by spray pyrolysis technique on glass substrates heated at 400 °C. Nickel chloride hexahydrate and
zinc acetate dihydrate were used as precursors. Structural, electrical, optical and morphological properties of

films have been studied. The obtained results indicate the formation of NiO and ZnO phases mixed in defined pro-
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portions for intermediate compositions and the lattice constant of NiO increases with the nominal fraction x of
Zn. The dark electrical conductivity at room temperature varied between 10~° and 107> Q cm™ . A transmit-
tance in the visible region situated between 50% and 80% was observed. The band-gap changes of the samples
are situated between 3.21 eV and 3.74 eV.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The deposition of thin films from solutions such as spray pyrolysis
methods, catches the attention of researchers because these methods
have several advantages namely: low-cost setup, ability to deposit
large area layers, vacuum-less equipments, cost effectiveness, and flex-
ibility over the conventional plasma film deposition methods [1]. This
technique is used to deposit several metal oxide films including nickel
oxide (NiO) and zinc oxide (ZnO) [1,2].

NiO has been under extensive investigations for decades due to its
interesting electronic structure, strongly affected by Ni 3d electrons
which are localized in space but spread out over a wide energy range
because of strong Coulomb repulsion between them [3-5]. In spite of
its partially filled 3d orbitals, NiO has a low electrical conductivity of
p-type with a band-gap energy reported to be in the ultraviolet range
(>3.5 eV) and has the NaCl crystal structure [5-7].

Recently, deposition of NiO thin films has attracted much attention
due to their interesting electrical, magnetic and optical properties lead-
ing to a large number of technological applications such as: transparent
conducting films, chemical sensors, magnetoresistance sensors, and
electrodes in electrochromic smart windows [8-11].

ZnO films have good electro-optical properties suitable for optoelec-
tronic applications. They are potential candidates for transparent front
face electrodes and windows on solar cells and on flat panel displays
[12]. Their high electromechanical coupling, hexagonal phase stability,
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and high piezoelectric constant make them useful in transducers [13].
Also, very sensitive ZnO gas detectors can be achieved by controlling
the pore size in films microstructure [14].

Transition metals have many attracting properties and their alloys
lead to new interesting features [15-17] which may improve optoelec-
tronic properties. In this context, several authors [5,18-20] have
prepared Zn:NiO and Ni:ZnO thin films by sol-gel method, pulsed
laser deposition and spray pyrolysis, where their structural, optical,
magnetic and electrical properties were characterized. The purpose of
this study is to use the fact that the difference between NiO and ZnO
structures may increase the porosity making their mixture useful for
several applications such as gas sensor [21,22]. Also, NiO is a p-type
material while ZnO is an n-type, thereafter, the conductivity type can
be controlled by simply varying the nominal fraction x of Zn by deposit-
ing (NiO);_.(Zn0O)y films. The conductivity evolves then from p-type
with x = 0 towards n-type for x = 1. The aim of the present work
is the preparation by spray pyrolysis technique of NiO, ZnO, and
(NiO)1.x(Zn0)y alloys thin films and the study of the influence of the
x values on their structural, electrical, optical and morphological
properties.

2. Experimental procedure

(Ni0O)1.x(Zn0)j thin films were deposited by pneumatic spray pyrol-
ysis technique from nickel chloride hexahydrate and zinc acetate
dihydrate dissolved in doubly distilled water. Different values of the
nominal fraction of Zn defined by x = Zn / (Ni + Zn) were used (with
x =0, 0.25, 0.50, 0.75, and 1) and controlled through the variation of
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the solution concentration of precursor source of zinc and nickel sepa-
rately. The experimental set up was previously described [23]. The
layers have been deposited onto chemically cleaned microscopy glass
substrates. Solution concentration, nozzle-substrate distance, substrate
temperature, and spraying flow rate were kept constant during the
whole deposition process at 0.05 mol/l, 30 cm, 400 °C and 9 ml/min, re-
spectively. An estimated deposition time leading to a film thickness of
about 0.3 um was retained. The overall reaction process can be
expressed as heat decomposition of nickel chloride hexahydrate or
zinc acetate dihydrate to clusters of NiO or ZnO, respectively, in the
presence of water and air oxygen [1,2,23].

Well adherent and transparent (NiO)_,(ZnO)y films were obtained.
The film thickness was measured with a surface profilometer (Dektak
3st). The film structure was investigated by X-ray diffraction (XRD)
using Philips X'Pert system and the Bragg-Bretano configuration (6-26)
operated at 40 kV, 40 mA with a filtered Cu:K,, radiation (\ = 1.5418 A)
at room temperature. The scanning angle 26 is ranged from 20° to 80°.
The electrical conductivity of (NiO),_x(ZnO), thin films was measured
using two-point probe, at room temperature, assuming homogenous
conduction throughout the film depth. For this purpose two gold elec-
trode stripes spaced by a gap of 1 cm were deposited on the film. The
current-voltage characteristics were measured using a Keithley 616
digital electrometer and a stabilized direct current (DC) power supply.
The film optical transmittance was recorded in the wavelength range
from 300 to 1500 nm using an UV-Vis-NIR double beam spectropho-
tometer (SHIMADZU UV 3101 PC). Surface roughness of the films was
observed by profilometry and atomic force microscopy (A100-AFM).

3. Results and discussion
3.1. Structural properties

The recorded XRD patterns of pure NiO (x = 0) and pure ZnO (x = 1)
films, prepared with two substrate temperatures 400 and 450 °C, are
reported in Fig. 1. As can be seen, the structure of ZnO thin film is not
altered by the substrate temperature. On the contrary, the NiO film
structure is degraded with increasing substrate temperature, according
to the noticeable decrease in intensity of the peak located at 37.18°
assigned to (111) plane. This decrease in the peak intensity with
increasing substrate temperature of NiO films was observed by Kamal
et al. It is related to the film thickness reduction caused by the reverse
reaction which leads to the formation of amorphous nickel hydroxide at
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Fig. 1. XRD diffractograms of ZnO and NiO samples prepared at different substrate
temperatures.
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Fig. 2. XRD patterns of (NiO);.x(ZnO), thin films as deposited on the amorphous sub-
strates at 400 °C and 0.05 M for different x values. (hkl)* for NiO and (hkl)* for ZnO.

higher temperature [2]. According to this, we have fixed substrate
temperature equal to 400 °C in the following.

Fig. 2 shows the XRD pattern of (NiO);.4(ZnO)j thin films deposited
by spray pyrolysis at 400 °C on glass substrates for different x values. The
diffraction patterns indicate that the deposits are polycrystalline. At
x = 0, only the NiO peaks of cubic phase are observed (ASTM
04-0835) and at x = 1, only the ZnO peaks of hexagonal phase (ASTM
36-1451) are present [24,25]. For intermediate compositions
(x = 0.25,0.50, and 0.75) the presence of both NiO and ZnO peaks indi-
cates the formation of NiO and ZnO phases mixed in defined propor-
tions, the relative intensity of the NiO peaks decreasing when the
nominal fraction of Zn is increased. This observation is similar to the
results obtained by other authors [26-28].

Fig. 3 shows the evolution of average grain size versus the ratio x in
(NiO)1.x(Zn0), deposited at 400 °C and 0.05 M. We can note that
the ZnO grains are larger than NiO ones. This behavior may be due to
the difference in energy formation of ZnO and NiO. The formation en-
thalpy of ZnO (AH; = —350.9 kJ/mol) being less than that of NiO
(AHf = —239.9 kJ/mol), the NiO formation is less favorable than the
ZnO formation [29]. In addition to that, the ZnO and NiO crystallites
size in mixture compound decreases when the nominal fraction of Zn
increases in the precursor solution. This suggests that the growth of
ZnO crystallites is easier in NiO matrix than in ZnO one. This is more
consistent with the higher value of bulk modulus of NiO than that of
ZnO. This parameter can be determined if we examine the relation
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Fig. 3. Evolution of average grain size versus the ratio x in (NiO);_,(ZnO), films deposited
at 400 °C and 0.05 M.
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(1), where the bulk modulus B(T, P) depends both on the crystal
structure and the elastic constants [9,12,19]:

(C11 + C12)C33—C25

h
B(T,P)=—V, (@> _aireprzenae; P (1)
ov/)r (€11 +2¢12) (feo)
3

We can deduce the following bulk modulus values by using the elas-
tic constants values (c;; = 209.7, ¢ = 121.1, ¢;3 = 105.1, ¢33 = 210.9,
C44 = 43 GPa for Zn0O [30], and ¢;; = 450, ¢;, = 163, and c44 = 163 GPa
for NiO [31]):
{BZno =143 GPa 2)

BNiO =258 GPa

One can see from Fig. 3 that the NiO grain size decreases when the
nominal fraction of Zn increases. The effect of the compression being
the volume reduction and because Byio is greater than Bgz,o, this
means that it is more difficult to compress NiO than ZnO. This situation
is more favorable to the growth of ZnO grains at the expense of NiO
grains which are fragmented and have small-size.

The lattice constants (a and c) for both ZnO and NiO phases were
calculated using Eq. (3) in the case of the hexagonal structure [32],
and Eq. (4) for the cubic structure [33]:

a
Ay = 7 = (3)
2 2 2
\/g(h Tk +hk>+l =
a
Ay = —F———- 4)
W 4+ Kk 4 PP

The interplanar spacing “dpy” was determined by the Bragg's law (5)
[34,35]:

Zdhkl sin ehkl =nA (5)

azno and cz,o values were deduced from (100) and (002) reflection
peaks, respectively, while average ay;o value was evaluated from
(111) and (200) peaks using Eq. (6).

Azmo = L
2.sin6gg
C = —)\
210 sin 0002 (6)
)\<\/§ sin 0117 + 2 sin 6200)
anio = .

8\/§ sin 0111. sin 6200

Fig. 4 shows the evolution of the lattice constants in (NiO);_x(Zn0O),
films deposited at 400 °Cand 0.05 M for different x values. The variation
in ayjo is situated between 4.18 A and 4.22 A (Aayio = 0.04 A) which is
greater than the variation in azno and cz,0. This can be related to the
difference of 0.05 A in ionic radius of Ni and Zn (r§;" = 0.69 A and
17,7 = 0.74 A). The larger variation of the lattice constants in NiO and
the reduction of NiO crystallite size by comparison with ZnO is in
good agreement with Fiévet et al. [36] who found that the lattice
constant increased when the crystallites became small and also with
Park et al. who found that the lattice constant apjo in Ni;_Zn,0
increased linearly with the nominal fraction of Zn [5].

3.2. Electrical conductivity

The dark electrical conductivity of the (NiO);_,(ZnO) films was mea-
sured using the conventional two-point probe. The current-voltage char-
acteristics revealed a linear relation indicating an ohmicity of the electrical
contacts. Fig. 5 shows the variation of the electrical conductivity (o) of
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Fig. 4. Evolution of lattice constants versus the ratio x in (NiO);_,(ZnO), films deposited at
400 °C and 0.05 M.

(NiO)1.+(Zn0), samples formed at different x values. As can be seen, the
conductivity increases noticeably by three orders of decades (10~ °-
10> Q= ! cm™ ") with increasing the nominal fraction of Zn. On the
one hand, we note that NiO is a p-type material and has a low conductiv-
ity [5-7,18,37], while ZnO is a n-type and has a high conductivity [23,38]
due to the difference in hole and electron mobilities. Thereafter, the con-
ductivity type of the deposited (NiO)_4(ZnO)y films can be controlled by
simply varying the nominal fraction x. The conductivity evolves then from
p-type with x = 0 towards n-type for x = 1.

On the other hand, as mentioned in §3.1, the presence of small
crystallites, when x # 1, increases the grain boundaries which leads to
a decrease in mobility and the degradation of the conductivity [39].

3.3. Optical and morphological properties

Spectral transmittance of (NiO);_,(Zn0O), films deposited by spray
pyrolysis technique onto glass substrates at 400 °C and 0.05 M are
shown in Fig. 6. The front edges of the curves represent the intrinsic ab-
sorption. The obtained films exhibit high transparency in the visible-NIR
spectral region. The transmittance of ZnO (x = 1) is high while the
transmittance for x # 1 is low between 400 and 600 nm due to the
light scattering caused by the surface roughness [40]. This is consistent
with AFM images, presented in Fig. 7, of the different samples of
(NiO)14(Zn0), which show that the maximum depth (6Z = 194 nm)
is minimum for x = 1 (Zn0) corresponding to the maximum of trans-
mittance. For x = 0 (NiO) and x = 0.75, the values of Z are almost
the same (6Z = 280 nm and 6Z = 303 nm, respectively) so the
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Fig. 5. Variation of electrical conductivity (linear and logarithmic scales) versus the ratio x
in (NiO);_,(ZnO), films deposited at 400 °C and 0.05 M.
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Fig. 6. Spectral variation of transmittance for (NiO);_,(ZnO), films prepared at 400 °C and
0.05 M for different x values.

transmittance spectra are almost identical. For x = 0.5, the sample has a
non-uniform thickness leading to a maximum depth (6Z = 602 nm)
giving a higher transmittance and an XRD pattern with low intensity
peaks (Fig. 2).

From these spectra we deduced the values of the optical energy gaps
using Tauc's formula for direct band semiconductors [41]:

(ah)? = A(hv—Eg) (7)

where A is a constant depending on the electron-hole mobility [28,42,
43]. From (athv)? vs. hv plot (Fig. 8.), E, is obtained when achv=0. a is
the absorption coefficient deduced from the measured transmittance
T(\) using Beer-Lambert law [23]:

8)

where d is the film thickness.
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Fig. 8. The dependence of (athv)? on the incident photon energy (hv) for (Ni0);.,(Zn0O),
films prepared at 400 °C and 0.05 M.

The optical band gap energies of (NiO);_,(ZnO), samples formed at
different x values are summarized in Table 1. The values found are locat-
ed between 3.3 eV for ZnO (x = 1) and 3.7 eV for NiO (x = 0). For
(0 <x < 1), there are two gap values, indicating the presence of two
phases of ZnO and NiO as suggested by XRD analysis.

4. Conclusions

Well adherent (NiO);_(Zn0), films have been prepared by pneu-
matic spray pyrolysis technique on glass substrates from zinc acetate
and nickel chloride solutions at 0.05 mol/l and 400 °C. The obtained re-
sults indicate that the films have surface roughness and their properties
can be controlled through the nominal fraction of Zn. The XRD patterns
indicate that the films are polycrystalline and show the presence of only
one phase of NiO or ZnO when x = 0 or 1, respectively. For intermediate
compositions (x = 0.25, 0.50 and 0.75), the (NiO);.x(Zn0O), films are
composed of two phases mixed in defined proportions. The optical

602 nm
500
400
300
200
100

0

231 nm

Fig. 7. AFM 2D images of (NiO);_(Zn0), films with different x values (a: x = 0, b: x = 0.25, c: x = 0.50,d: x = 0.75,and e: x = 1).
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Table 1

Optical band gap energies of (NiO); _(ZnO), samples formed at different x values.
X 0.00 0.25 0.50 0.75 1.00
Eg, (eV) / 3.21 3.21 3.22 3.29
E,, (eV) 3.65 3.74 3.71 3.67 /

transmittance and electrical conductivity increase with the nominal
fraction of Zn.
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