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Properties of (CuQ)ix(ZnO), thin films deposited by
spray pyrolysis
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The main goal of thiswork is the study of (CuO)1-«(ZnO)x metal oxide thin films to determine their applicability in optoelectronic
devices. For this goal, films with a rough surface and good adhesion to the glass substrates with x = 0, 0.25, 0.50, 0.75 and
1, were deposited by spray pyrolysis technique at 450 °C. Copper (Il) chloride dihydrate and zinc acetate dihydrate were used
as precursors. Structural, optical, and electrical properties of the films have been studied.The obtained results indicate the
formation of CuO and ZnO phases unite together primarily through intra-grain coupling mixed in defined proportions for
intermediate compositions and the lattice constants of ZnO increase with the nominal fraction x of Zn. Also, there is an
increase in the optical gap energy and electrical conductivity in contrast to the Urbach energy which indicates that the defect
density decreases with the mixing of Zn into the host CuO lattice as well as the presence of ZnO phase. Furthermore, it was
observed that optical transmittance of the as-deposited films increased with increasing the Znconcentration. Consequently,
the optical absorption edge gradually shifted towards shortens wavelength side, resulting in the increase of band gap energy.
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1. Introduction

Transition metals have many attracting properties such
as copper oxide (CuO) and zinc oxide (ZnO). Their alloys
lead to new interesting features which may improve
optoelectronic properties [1,2].

CuO is a non-toxic, eco-friendly chemical with a
square planar coordination of oxygen and copper in the
monoclinic structure [3-6]. In addition to its smart
optoelectronic properties as a p-type semiconductor, it has
high solar spectrum absorption due to its 1.3-2.1 eV optical
gap. CuO has been the subject of many researches which
allowed 1its use in several applications such as
photodetectors, gas sensors and photocatalysis [3,7,8]. On
the other hand, ZnO is a biocompatible, green properties,
inorganic compound, low price semiconductor, non-toxic
and cost-effective starting material for generating massive
amount of reactive oxygen species and hot charge carriers
that scavenge organic pollutants from wastewater [9-11].
ZnO has a large bandgap of 3.37 eV at room temperature,
an excellent stability, a high binding energy of 60 meV, and
it exhibits good piezoelectric capabilities [2,9,11].

In this context, several authors [11-17] have prepared
CuO:Zn and ZnO:Cu thin films by electrodeposition, sol-
gel method, solid-state, hydrothermal, co-precipitation, RF
magnetron sputtering, DC magnetron sputtering, pulsed
laser deposition, aerosol assisted chemical vapor deposition
and spray pyrolysis technique. The structural, electrical and
optical properties of the films have been characterized. The
purpose of this study is to exploit the difference between
CuO and ZnO structures and to use their mixture to obtain

a material having a high porosity which makes it useful for
application as agas sensor [18,19]. For example, the
researchers prepared copper doped zinc oxide hence the
achieved irregular structure with dimensions varied from 50
to 100 nm [2]. Also, CuO is a p-type material while ZnO is
n-type [2], the conductivity type can be easily controlled by
changing the nominal fraction x of Zn when depositing
(Cu0)i-(ZnO), films. The conductivity evolves from p-
type when x = 0 to n-type if x = 1. Therefore, the creation
of (Cu0).(ZnO), provides new properties and therefore
enhanced performances [2].

The aim of the present work is the preparation, by spray
pyrolysis technique, of (CuO)i«(ZnO), thin films and the
study of the influence of the x values on their structural,
optical, and electrical properties. The deposition method
was chosen for its many advantages, namely: simplicity,
low-cost setup, ability to deposit large areas of thin films, a
control over material composition, vacuum-less equipment
and being the most versatile technology for coating films
directly onto the substrate [3,20,21].

2. Experimental procedure

(Cu0)1-L(ZnO), thin films were prepared onto
chemically cleaned microscopy glass substrates by
pneumatic spray pyrolysis technique from copper (II)
chloride dihydrate and zinc acetate dihydrate dissolved in
doubly distilled water. Different values of the nominal
fraction of Zn, defined by x = Zn/(Cu+Zn) (with x = 0, 0.25,
0.50, 0.75 and 1), were used and controlled by changing the
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solution concentration of the zinc and copper precursor
source separately. The experimental setup described in
previous works was adopted [1,22]. Solution concentration,
nozzle-substrate distance, substrate temperature and
spraying flow rate were kept constant during the whole
deposition process at 0.025 mol/l, 30 cm, 450 °C and
9 ml/min, respectively. Comprehensive reaction process
can be expressed as heat decomposition of copper (II)
chloride dihydrate and/or zinc acetate dihydrate to clusters
of CuO and/or ZnO in the presence of air oxygen and water
[20,22].

Well adherent and transparent (CuO)i..(ZnO), films
were obtained. Surface roughness was checked and the film
thickness was measured with a surface profilometer
(Dektak 3%, keeping an estimated deposition time to obtain
the same thickness of the films (~0.2 um). The film
structure was investigated by X-ray diffraction (XRD) with
a scanning angle 26 ranged between 20° and 80° using
Philips X'Pert system operating at room temperature,
40 mA and 40kV with a filtered Cu:K, radiation
(A=1.5418 A). The films optical transmittance was recorded

in the wavelength range from 300 to 1500 nm using a
SHIMADZU UV 3101 double-beam spectrophotometer.
The electrical conductivity of (CuO);..(ZnO), thin films
was measured by two-point probe using two gold electrodes
stripes, deposited 2 mm apart on the film.

3. Results and discussion
3.1. Structural properties

Fig. 1 presents the recorded X-ray diffraction patterns
of undoped CuO and undoped ZnO films prepared onto
glass substrates by spray pyrolysis technique with two
substrate temperatures 400 and 450 °C. As can be seen, the
CuO film structure is improved with increasing substrate
temperature, according to the noticeable increase in
intensity of the two peaks located at 35.66° and 38.84°
assigned to the (002) and (111) planes, respectively [2,23]
according the JPCDS 45-0937. The structure of ZnO thin
film is not altered by the substrate temperature at 400°C or
450°C [1].
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Fig. 1. X-ray diffractograms of CuO and ZnO films prepared at different substrate temperatures

The increase in intensity of the two peaks with
increasing substrate temperature of CuO films was
observed by Jhansi et al. [3]. It should be noted that this
increase in intensity of the two peaks was also observed
with increasing annealing temperature even if the copper
oxide thin films were prepared by another deposition
technique [23,24]. The increase in intensity of the two peaks
which is accompanied by a decrease in full width at half
maximum (FWHM) is due to the increase of the crystallite’s
sizes. This can be explained by the fact that the decrease of

copper and/or oxygen defects are favorable to a merging
process to form larger CuO grains when the substrate
temperature is increased, which indicates the improvement
of crystallinity of the CuO thin films due to gaining enough
energy by the crystallites to orient in proper [4,7,23].
According to this, the substrate temperature in this work
was fixed at 450 °C in the following.

Fig. 2 shows the XRD pattern of (CuO);..(ZnO);, thin
films deposited by spray pyrolysis at 450 °C on amorphous
glass substrates for different x values.
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Fig. 2. XRD patterns of (CuO)1+(ZnO)x thin films deposited on the amorphous glass substrates at 450 °C and 0.025 M for different x
values. (hkl)*for CuO and (hkl)* for ZnO (colour online)

The diffraction patterns indicate that the deposits have
a polycrystalline structure. At x = 0, only the CuO peaks of
monoclinic tenorite phase are observed (JCPDS: 41-0254)
without the presence of metallic Cu (JCPDS: 04-0836) [25],
Cu,0O (JCPDS: 05-0667) [25-27], or Cu(OH), (JCPDS: 13-
0420)[28]. Atx = 1, only the ZnO peaks of hexagonal phase
(JCPDS: 36-1451) are present [29,30] with a relatively high
intensity compared to the CuO peaks [11]. For x=0.25,
0.50 and 0.75, the presence of both CuO and ZnO peaks
indicates the formation of CuO and ZnO phases mixed in
defined proportions, the relative intensity of the (111) peak
decreases with the complete disappearance of the (002)
peak belonging to the CuO phase when the nominal fraction
of Zn is increased, a slight shift of the diffraction peaks of
CuO to lower 20 values and the diffraction peaks of ZnO to
higher 20 values was clearly observed. These shifts in the
diffraction peak positions can be ascribed to the substitution
of Cu?* by Zn?" ions. No zinc or copper peak was observed
in any of the diffractograms due to the substitution of lattice
sites between zinc atoms and copper atoms due to the small
difference in the ionic radius of Cu?* (0.73 A) and Zn?*
(0.74 A) manifests that Zn>" easily substitute Cu* [10,16].
It was also observed that all peaks of the zinc oxide phase

are present with their preferred orientation varying. The
stronger intensity of the diffraction peaks of ZnO compared
to CuO indicates that the phase is more organized in ZnO
[31]. This observation is similar to the results obtained by
other authors with significant variations in diffraction
intensity and angles [9-11]. Furthermore, as zinc
concentrations increased, no solid solution formed between
ZnO and CuO and no other peaks or significant shifts were
observed.

Fig. 3 shows the evolution of average grain size versus
the nominal fraction x in (CuQ)i«(ZnO), deposited at
450 °C and 0.025 M. The average crystallite sizes (D) of
CuO and ZnO for each sample was determined from the
XRD pattern using Scherrer equation (Eq. 1) [1]:

_ ki
- B.cos@

(1

where, K is the Scherrer’s constant with a typical value of
about 0.9, A is the wavelength of X-ray used, B is the full
width half maximum, and 0 is the Bragg’s diffraction angle
[11].

The crystallite size was calculated using the peak (002)
of each phase.
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Fig. 3. Evolution of average crystallite size versus the nominal fraction x in (CuO)i1-x(ZnO)x deposited at 450 °C and 0.025 M

It can be noted that the crystallite size of undoped CuO
(x = 0) has a significant value and is larger than the other of
the crystallite sizes of undoped ZnO (x=1) and the
crystallite size of ZnO and CuO in mixture compound. This
is what made the choice of experimental conditions for
preparing the all samples (T =450 °C) as shown in the
Fig. 1. In addition to that, the crystallite size of ZnO and
CuO in the mixture compound decreases when the nominal
fraction of Zn increases in the initial solution which is
explained by the difference in formation energy between
ZnO and CuO. The enthalpy of formation of ZnO
(AHf=-350.9 kJ/mol) is lower than that of CuO (AH;=-156
kJ/mol), the formation of ZnO is more favorable than the
CuO formation which affects the increase in its crystallite
size [1].

For x=0, from (112), (113), (002) and (200)
reflection peaks, the lattice parameters for phase monoclinic
CuO structure were calculated using the Eq. 2 [8,12,32]:
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where the interplanar spacing " dyu " was determined from
the Bragg's law (Eq. 3) [3,13]:

Zdhkl sin Hhkl =1 (3)

It was found that the values of their lattice constants
(acuo = 4.65566 A, bcuo = 3.24344 A,Ccuo = 4.99741 A and
P=183.3675°) are lower than those of copper oxide
nanoparticles powder values (acwo =4.684 A,
bcwo=3425A, ccuo=5.129A and B=99.47°). This
difference is due to the presence of compressive stress, a

negative value was obtained for the strain (-2.56 %),
resulting from the deposition conditions and attributed to
the grain boundaries due to the difference in crystalline size.
The strain is directly proportional to the lattice constant
cxrp and its value is related to the shift from the JCPDS
standard value (¢jcpps), it can be determined using the Eq. 4
[33]:

CXRD—CJCPDS
CjCPDS

Strain =

“

Considering the dy,) paramater of the CuO and ZnO
calculated from Eq. 3, it is evident that the CuO lattice
expands with an increase in the Zn concentration in the sol
while the ZnO lattice expands with an increase in the Cu
concentration (decrease in Zn concentration). Both trends
are likely explained by doping of the two oxide phases. An
increasing Zn content in the sol leads to an increase in Zn-
doping of the CuO structure and at the same time an
increasing Cu content in the sol creates further Cu-doping
of the ZnO structure [13]. While it is true that the Cu®* and
Zn?" ionic radii have nearly the same size, significant
doping may still lead to lattice constant expansion from
other dopant occupation sites besides simple substitution
such as interstitials and antisites (Fig. 3). An increase in
native defect concentrations resulting from a high level of
doping may also contribute to the lattice constant expansion
[12].

The lattice parameters (azio and czno) for hexagonal
phase of ZnO structure (Fig. 4) were calculated using the
Eq. 3 and Eq. 5 [1,12,13]:
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Fig. 4. Evolution of lattice constants of ZnO versus the nominal fraction x in (CuO) 1x(ZnO)x deposited at 450 °C and 0.025 M

The slight increase in the lattice parameters of the ZnO
component from the reported standard values, giving a clue
that the two metal oxides (CuO and ZnO) unite together
primarily through intra-grain coupling rather than inter-
grain coupling [14,21].

3.2. Optical properties

Spectral optical transmittance of (CuO);-«(ZnO), films
deposited by spray pyrolysis technique onto glass substrates
at 450 °C and 0.025 M are shown in Fig. 5. The front edges
of the curves represent the intrinsic absorption [1,10]. The
higher x value, the greater the optical transparency of films
in the Visible-NIR region due to increased Zn content in the
sol due to a higher relative content of ZnO in the (CuO);.
«(ZnO), films and the wide band gap of ZnO as compared
to CuO [12]. Similar increase in the transmittance is due to
decreasing irregular grains on the surface of CuO [12,34].
Also, the surface roughness of the CuO film would also

100

contribute to the reduction of optical transparency through
optical scattering [12,35,36].

Each spectrum can be divided into three regions
according to wavelength (UV, Vis, and NIR). In the NIR,
the obtained films exhibit high transparency (60-80%). In
the visible, the optical transmission of the CuO films (x = 0)
decreases when the wavelength decreases with interference
fringes are not observed, this can be explained by the
surface roughness of the thin films and the oxygen
deficiency in the material resulting from its black color
unlike ZnO (x = 1) which is more stoichiometric than the
rest of the prepared films [10,37,38]. In the UV region
(Fig. 5), the probability of electron transitions from the
valence band to conduction band is directly allowed in zinc
oxide, this is demonstrated by the sharpness of the optical
absorption edge compared to alloys that contain the both of
Cuand Zn (0 <x < 1) [36].
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Fig. 5. Spectral variation of optical transmittance for (CuO)1x(ZnO)x films deposited at 450 °C and 0.025 M for different x values
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From these spectra, the optical absorption coefficient
() of the film of a thickness (d) is deduced as a function of
absorbed light energy (hv) from the measured transmittance
(T) using Beer—Lambert law [1,22,38]:

o=t () 0

The optical gap energy values (Eg)and the Urbach
energy parameter (Ey,,) were deduced from the variations
of the absorption coefficient with the photon energy (hv)
using Tauc’s formula for direct band semiconductors
(Eq. 7) and Urbach's formula (Eq. 8), respectively [38]:

(ahv)? = A(hv — E,) (7)

1

Ina = (E )hv+ In ®)

Urb

where A and @ are constants, h is the Planck’s constant, hv
is the photon light energy [16,35].

Fig. 6 shows the variation of the optical band gap
energy and Urbach energy of (CuO)i(ZnO), films as a
function of the nominal fraction x.

Eg4 values found are located between 2.8 eV for CuO
(x=0)and 3.3 eV for ZnO (x = 1). The increase in the band
gap energy may be due to the sp—d spin-exchange
interactions between the band electrons and the localized d
electrons of the metal ion (Zn) substituting the Cu ion, the
localization behavior of the zinc ions in the lattice planes
leads to an increase of the hopping path of charge carriers
and thus an increase of the band gap energy [13,15,39]. The
highest value of Urbach energy (Ey,) at 0 at. % Zn-doping
concentration (Undoped CuO) can also be confirmed which
has a narrow bandgap because of closely matching energy
levels of 3d and 2p bands of Cu dopant and O atoms which
lead to the exchange interaction between these bands [14].
Whereas, the defect density decreases drastically with the
Zn is mixed in CuO host lattice in addition to the presence
of the zinc oxide phase which is more stoichiometry [14].
Also, Ganesh et al. observed an inverse relationship
between E,; and Euw on Cu-doped ZnO thin films [16].
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Fig. 6. Variation of optical gap and Urbach energy versus the nominal fraction x in (CuQO)i1-x(ZnO)x films deposited at 450 °C and
0.025 M

3.3. Electrical conductivity

The dark electrical conductivity of the (CuO);..(ZnO)y
films was measured using the conventional two-point
probe. The current—voltage characteristics revealed a linear
relation indicating an ohmicity of the electrical contacts
[13,40]. Fig.7 shows the variation of the electrical

conductivity (o) of (CuO)i(ZnO), samples formed at
different x values. As can be seen, the conductivity
increases noticeably with increasing the nominal fraction of
Zn, the zinc ions are no longer able to occupy more Cu sites
and as segregation of Zn ions intra-grain of CuO or
interstices resulting in the formation of a zinc oxide phase
[13].
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Fig. 7. Variation of electrical conductivity versus the nominal fraction x in (CuQO)1-x(ZnO)x films deposited at 450 °C and 0.025 M

On the one hand, the CuO is a p-type material and has
a low electrical conductivity [17], while ZnO is an n-type
and has a high electrical conductivity due to the difference
in electron and hole mobilities [13,17]. On the other hand,
Khalfallah et al. have found that there is a direct relationship
between the optical gap energy and the -electrical
conductivity of zinc oxide doped with different percentages
of copper [15]. The conductivity type of the deposited
(Cu0)1-(ZnO); 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.

4. Conclusions

(Cu0)1-(ZnO), films have been prepared by pneumatic
spray pyrolysis technique on glass substrates from copper
(IT) chloride dihydrate and zinc acetate dihydrate solutions
at 0.025 mol/l and 450 °C. The obtained results indicate that
the prepared films were adhering well onto glass substrate,
have surface roughness and their properties can be
controlled through the nominal fraction x of Zn. The XRD
patterns indicate that the films are polycrystalline and show
the presence of only one phase of CuO or ZnO when x =0
or 1, respectively. For intermediate compositions (x = 0.25,
0.50 and 0.75), the (CuO);«(Zn0O), films are composed of
two phases mixed in defined proportions. The optical gap
energy and electrical conductivity increase with the
nominal fraction of Zn.
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