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Abstract

Pure and Cu doped ZnO films were grown by ultrasonic spray pyrolysis onto glass substrates at 450 °C for 30 min. This
study aims to investigate the influence of Cu doping content [0.02—0.20] on structural, microstructural and optical proper-
ties. X-ray diffraction analysis reveals a structural disorder depending on Cu loading besides the appearance of CuO phase.
The doping effectiveness is revealed by EDX analysis of the chemical composition of the films. The transmittance shows
a decreasing tendency with increasing Cu concentration. The refractive indices increase, whereas the values of forbidden
energy gap decrease with the increase in Cu dopant concentration.

Keywords Thin films - X-ray diffraction - Optical properties

1 Introduction

Zinc oxide semiconductor films have been very useful, par-
ticularly in the field of spintronics, because of their wide
band gap (E,=3.31 eV), exciton band energy (60 meV) at
room temperature [1] besides its significant transmittance
value of 0.9 in the visible region. ZnO crystallizes within a
wurtzite-type structure defined by a hexagonal lattice where
Zn* ions occupy the tetrahedral sites formed by O* ions.
Numerous researches have already fabricated ZnO films
using various techniques, including spray pyrolysis [2],
reactive magnetron sputtering [3, 4], chemical vapor depo-
sition (CVD) [5], sol-gel [6] molecular beam epitaxy [7],
and pulsed laser deposition [8, 9].

Recently, the doping of semiconductors by transition met-
als is of great importance, because of their unusual opti-
cal properties and promising potential for optoelectronic
applications [10-13]. The doping of ZnO with metal ions
has been found to influence its structure and particularly its
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physical properties such as particle size, dislocation density,
bond length, strain deformation, etc.[14, 15].

Copper (Cu) element is of particular interest, thanks to its
low toxicity and large abundance [9, 16]. The incorporation
of Cu within ZnO host lattice has been found to enhance
its physical and chemical properties, such as photocatalysis
activity, gas sensitivity, magnetic susceptibility, optical and
electrical properties [14, 17].

In this work, thin films of pure and Cu doped ZnO films
are deposited by ultrasonic spray pyrolysis (USP) technique
onto glass substrates (30 x 12 x 1.2 mm?) at 450 °C for
30 min. The effects of the doping on structure, microstruc-
ture and optical properties are discussed.

2 Experimental part
2.1 Film preparation

In this study, the use of ultrasonic pyrolytic spray technique
for the deposition of thin films of ZnO, Zn,_ Cu O [x=2,
5, 10, 15 and 20 at%], offers various benefits, such as bet-
ter homogeneity, low-power processing, easy-to-control
stoichiometry, and large surface covering. Zinc acetate
[Zn(CH;C0O0),-2H,0)] (Fulka 99.9%) (0.01 M) and copper
chloride (CuCl,-2H,0) (2-20) (Cu, at%) as precursors are
dissolved in 20 ml methanol (Merck 99.5%), 30 ml ethanol
(Merck 99.5%). This mixture has been chosen for its easy
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processing, fluidity, fast transformation, and precursor fog
in steam. 50 ml deionized water (resistivity = 18.2 MQ cm)
has been added as oxidizing agent. A small amount of acetic
acid is added to the aqueous solution for adjusting the pH to
about 4.8 to prevent the formation of hydroxides. This solu-
tion containing various constituents is then deposited after
being sprayed in fine drops, by an atomizer using a 40 kHz
ultrasonic generator with the power of 130 W. This system
makes it possible to transform the solution into a jet of very
small droplets, i.e. fine drop of 45 um for a frequency of
40 kHz. The remaining experimental conditions are kept
fixed: the distance separating the substrate from the end of
the pipe 5 cm, the solution stream rate 0.1 ml/min, surface
of glass substrate (30 x 12 1.2 mm?), deposition tempera-
ture 450 °C, and deposition time 30 min. The temperature
of the substrate has been monitored by a thermocouple and
electronically registered [18].

2.2 Characterization techniques

The structure of the films is characterized by X-ray diffrac-
tion (Rigaku Ultima IV equipped with Cu—Ka radiation,
0.15418 nm). The morphology of the films was checked by
scanning electron microscopy (Quanta™ 250 FEG-SEM
from FEI company) equipped with energy dispersive X-ray
spectroscopy (EDS) for chemical analysis. The optical prop-
erties are determined by measuring the transmittance of the
films using a SpectroScan 80D spectrophotometer UV—vis
in the 190-1100 nm spectral range.

3 Results and discussion
3.1 Structure and microstructure analysis

The XRD spectra of pure and copper-doped ZnO (2, 5, 10,
15 and 20 at%) are illustrated in Fig. 1, which shows that the
films obtained are zinc oxide (ZnO). We find almost all the
typical diffraction peaks of powdered ZnO which crystal-
lizes in the wurtzite structure with a preferential grains ori-
entation to the ¢ axis which is perpendicular to the surface of
the substrate. This information was obtained using reference
code (01-097-0207) and was easily indexed in hexagonal
wurtzite phase with P63mc space group and JCPDS card
(36-1451) [19]. These diffraction peaks corresponding to
(100), (002), (101), (102), (110), (103) and (112) planes of
ZnO lattice are present in all spectra. No secondary phase
corresponding to copper oxide (CuO) is observed within
doped films (x;, <0.10). For the 15 and 20 at% doped films
we noticed that a new peak emerges respectively at 38.47°
and 38.60° corresponds to (111) that belongs to the CuO
phase (JCPDS#05-0661) [20, 21], which are in agreement
with the literature showing the presence of a wurtzite type
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Fig.1 XRD patterns of ZnO and Zn ,_,Cu,O (with x=2, 5, 10, 15
and 20 at%) films

phase for a copper doping rate lower by 15 at%, while those
with a higher copper content include a tenorite type oxide
phase (Zn,Cu,_,0O) [22]. Which means the Cu-doping con-
centration limit in ZnO is around x, = 0.15 in our experi-
ment settings.

Compared to the undoped ZnO, the intensity and the posi-
tions of the diffraction peaks vary considerably and non-
homogeneously following the increase in the doping level
illustrated by the decrease in the intensity of the peaks in
the doped ZnO, and we note as well that the peak (002) has
been shifted to a higher value of 34.26°-34.29°. This shift
shows the substitution of Zn by Cu in the hexagonal lattice
prompting the decrease in the crystallinity of ZnO [23-25].
On the other hand, the intensity of the peak (101) increases
proportionally with the doping confirming the substitution
of Zn** by Cu®* with the preservation of the preferred ori-
entation in the hexagonal structure of copper-doped ZnO
films perhaps because of the ionic radius difference [26-29].
Moreover, at the doping rate (20 at.%), the presence of impu-
rity in the turn of 35.39° was noticed, which explains, firstly,
that the Cu would not be more interstitial but more likely to
be fused in clusters of metallic copper and, secondly, inter-
prets the dissuasive effect on the peak (002), but it remains
energetically a favorable factor [30-32]. Which confers that
the interstitial substitution of Cu®* influence on the concen-
tration of interstitial Zn, oxygen and Zn vacancies [27, 33].
It is suggested that the incorporation of Cu* into the ZnO
structure is done regularly if enters octahedral interstitial
sites since tetrahedral coordination is not favorable for this
species [22, 34].

For a doping rate < 15 at% we observe the presence of a
single-phase Zn,; Cu, O material having the wurtzite (hex-
agonal) structure of ZnO with a linear variation of the lat-
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20 at% with the presence of additional peaks correspond-
ing to Cu, CuO or any other impurity in X-ray diffraction
patterns at 20=38.47° and 38.60° for 15 at% and 20 at%,
respectively. This indicates that the Cu atoms were scat-
tered in the ZnO and substituted Zn, thus increasing the
lattice parameter (Table 1) [35]. This modification of lat-
tice parameters confirming that the substitution in the tet-
rahedron coordinate is caused by the ionic radius of Cu*
(ionic radius =0.057 nm) which is smaller than the Zn>*
sites (ionic radius =0.060 nm) [27, 36].

The real distance between two Zn atoms in the studied
systems is about 0.326 nm, while the Zn atoms in ZnO
are present in tetrahedral structures with Zn—O distances
of 0.196 nm. For uniformly distributed Cu ions, the mean
distance between Cu ions that have been substituted into
Zn sites within ZnO crystal lattice can be estimated via
[37] N, = (4/3) (Z/V) zr’, where r is the average radius
of an atomic sphere and N, is the number of atoms in
the sphere. Figure 2 shows the number of zinc atoms in
a sphere with a radius of r. The structural parameters for
Zng 93Cuy (o0 are: a=0.3254 nm, ¢=0.5212 nm; volume
of unit cell (V) =47.79 X 10~ nm?; Z=2. For zinc atoms in
a wurtzite structure of Zn, oCug 0,0, Z/Vo=41.84 nm™>. In
Zn 93Cuy 1,0 film, 2% of zinc sites are occupied by Cu ions.
Therefore, the 50th zinc site from the probe atom is occupied
by Cu. Using the above calculation, the average distance
between Cu ions is estimated to be around 0.65 nm, which
means that the nearest Cu ion to a probe Cu ion is located
in the next unit cell. On the other hand, In the Zn, ¢;Cu, ,,O
film, the fifth zinc site from the probe atom is occupied by
Cu, the mean distance of Cu—Cu pairs is 0.30 nm. This is
consistent with the XRD results.

The estimation of the micro-stress (&) using the (Eq. (1))
[38]:

P cos(6)
g= -7

. (M

where f is the angular peak width at half maximum in
radian along (002) plane, and 6 is Bragg’s diffraction angle.

The micro-stress of the Cu-doped sample increases at
Xcy, =15 at%, then reaches the minimum when x, =0.20 at%,
the atoms trapped in the non-equilibrium position could shift
to a greater positional equilibrium [27].

The parameters of the microstructure are calculated using
the Scherrer formula to estimate the average crystallite size
(D) (Eq. (2)) [39]:

094
=~ Beos(0) @)

where A is the wavelength of the incident X-ray (Cu Ka
radiation, 1=1.5418 A), p is the total half-height width
(FWHM) of the peak XRD and 0 is the maximum of the
Bragg diffraction peak (in radians). The calculation (the
results are reported in Table 2) shows that the crystallite
size values are increasing for a doping level (2, 5 and 10
at%) then it goes down at (15 and 20 at%). This decrease can
be interpreted by the segregation of Cu atoms in the grain
boundaries due to the increase in surface energy density. The
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Fig.2 The number of zinc atoms in a sphere with a radius of r for
wurtzite ZnO

Table 1 X-ray diffraction data (26, FWHM, d-spacing, cell parameters ‘a’ and ‘c’, c/a ratio, average crystallite size (D) and micro-strain (¢) of

different Zn,_,Cu,O thin films)

Zn,_,Cu, O “Nomi- 26 (°) value (002) FWHM (§) (°) D value (A°) a=b(A°) c(A°) claratio Average crystal- Micro-strain (%)
nal” Cu content (at) lite size (D) (nm)

x=0 34.234 0.343 2.614 3.256 5.229  1.605 24.3 0.14

x=0.02 34.207 0.247 2.606 3.254 5212 1.601 33.8 0.10

x=0.05 34.301 0.296 2.614 3.245 5229 1.611 28.2 0.12

x=0.10 34.470 0.321 2.601 3.239 5202  1.606 26.1 0.13

x=0.15 34.236 0.442 2.614 3.274 5229 1.597 18.9 0.18

x=0.20 34.350 0.313 2.614 3.275 5229  1.596 26.6 0.13
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Table 2 Composition and stoichiometry of the thin films obtained by
statistical analysis of EDS spectra

Zn;_CuO
“Nominal” Cu
content (at)

Zn (at.%) Cu (at.%) O (at.%) x (Cu) “EDS”
Cu content (at)

x=0.02 61.6 1.5 36.9 0.0237
x=0.05 53.8 3 432 0.0528
x=0.10 49.6 5.9 44.5 0.1063
x=0.15 36.7 6.5 56.8 0.1504
x=0.20 34.5 9 56.5 0.2068

crystallite sizes were in the 18—40 nm range; these results
are in agreement with those found in the literature [22, 27,
40].

SEM images sample pure and copper-doped ZnO (2-20
at%) are shown in Fig. 3. For pure ZnO and Zn,_,Cu,O films
(x< 15 at%) having a homogeneous surface morphology

Fig.3 High-resolution SEM
images of a pure ZnO film and
b—f Cu—doped Zn,_,Cu,O thin
films. The images b—f corre-
spond to the Cu atomic content
of 2%, 5%, 10%, 15% and 20%,
respectively

with the particles containing the mixer of spheroid-like
and rod-like particles with diameters ranging from 20 to
100 nm, confirmed the dominance of the wurtzite phase. For
a Cu doping rate (15 at% and 20 at%) reveal a net change
of the surface with cylindrical shape and size [22], varying
between 90 and 100 nm, with an average particle size of
43 nm due to the presence of defects and deformed crystal-
line structures due to the substitution of Cu [27].

The results obtained from the energy-dispersive X-ray
spectroscopy are given in Fig. 4. The EDX spectra of copper-
doped ZnO show the coexistence of Zn, Cu, O with the pres-
ence of foreign elements in Si, Ca, Mg synthesized deposits
appearing as minor peaks belonging to the soda-lime glass
substrate. The latter varies from one sample to another
because of the variation in the thickness of the Cu-doped
ZnO films [41]. The height of the Cu peak increases with
the doping rate, which shows that Cu has been successfully
doped with ZnO [18, 27].

@ Springer
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Fig.4 EDX elemental composi-
tion analysis of a pure ZnO film
and b—f Cu—doped Zn,_,Cu,O
thin films. The images b—f
correspond to the Cu atomic
content of 2%, 5%, 10%, 15%
and 20%, respectively

51132253

S 125 25N 3

Energy (keV)

Suppose stoichiometric films of the form Zn,_ Cu,O. The
stoichiometric of the films is measured exclusively from
the Cu and Zn signals. According to the following relation

(Eq. 3)):
x=r/(1+r), 3)

where x represents the Cu atom content and r the ratio of
the Zn and Cu EDS signals (see Table 2). The incorporation
of the copper in the high network is very clear, for all the
doping levels, in Fig. 5, which presents the ratio of the EDS
signals of Cu as a function of the calculation of the atomic
content of Cu, which shows the doping efficiency with the
copper.

3.2 Optical properties

Figure 6 shows the transmittance spectra for Cu doped
ZnO thin films with different Cu concentration. The spec-
tra of Zn;_,Cu,O films are taken at room temperature to
study their optical properties. The dispersion parameters of
the films were evaluated using a single-effective-oscillator
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Fig.5 The calculated Cu atomic content (from EDS analysis) plotted
as function of the expected Cu content/doping

fit, proposed by Wemple and DiDomenico [18, 42]. The
solid curves in Fig. 6 correspond to the curve fitting and
the symbols represent the experimental data. The figure
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Fig.6 Transmission spectra of ZnO and Zn,_,Cu,O (with x=2, 5, 10,
15 and 20 at%) and transmittance of the bare glass substrate. Meas-
ured (full circles) and calculated (solid lines) transmittance spectra of
films

Table 3 Dispersion parameters of the films extracted by fitting the
experimental data [18]

3,50
ZnO
3,25 F —Zn3CUg 0,0
Zng 5Cug 050
3,00 ——Zn;6,CUg 4,0
2,75} Cuy.450
—Zng;Clg 20
2,50 |

2,25

Refractive index, n

2,00

1,75

1’50 1 1 1 1 1 1 1
300 400 500 600 700 800 900 1000 1100

Wavelength, nm

Fig.7 Refractive index of ZnO and Zn,_,Cu,O (with x=2, 5, 10, 15

and 20 at%) films

Thickness (nm) E,(eV) nat 598 nm  ng
ZnO 573 3.243 1.71 1.63
7Zn( 93Cuy,0O 422 3.223 1.82 1.75
7Zn 9sCuyysO 300 3.248 1.81 1.74
Zn9,Cuy 100 208 3.254 1.92 1.84
Zn;¢sCuy 50 179 2.430 2.64 2.62
Zn(gCuy,00 178 1.907 2.95 2.44

reveal a reasonably good fitting to the experimental data,
the values of d, Eg, n at 598 nm, and n_, extracted by fit-
ting [18] the experimental data are listed in Table 3. The
transmittance shows a decreasing tendency with increas-
ing Cu concentration. The average value of transmittance
decreases from 75 to 5% as the dopant concentration
increases from 5-20%. This can be attributed to the incor-
poration of Cu?" ions, which replaces the substitutional or
interstitial Zn®>* ions from the host lattice. The dopant ion
(Cu**) transforms the colourless host lattice (ZnO) into
brown. In the visible region when the defects increase the
absorption takes maximum values and the transmittance
decreases [43].

Figure 7 presents the calculated refractive indices [18]
of Zn,_,Cu,O films. It is worthy to note that the refractive
indices of the films increases with increase in Cu dopant
concentration. The refractive index is sensitive to structural
defects (e.g. voids, dopants, inclusions) [18]. Therefore, this
change may be due to the effect of Cu incorporation [44]
which increases the impurities in the host material.
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Fig.8 Energy band gap and refractive index as function of the Cu
concentration

Figure 8 shows the energy band gap and refractive index
as function of the Cu concentration. It is interesting to note
that the band gap of the films decreases with increase in Cu
dopant concentration. The Cu 3d orbital is much shallower
that the Zn 3d orbital. When a Cu atom occupies a Zn site
in ZnO, it introduces two main effects: (1) the strong d-p
coupling between Cu and O moves O 2p up, which narrows
the direct fundamental band gap and (2) the Cu 3d orbital
creates impurity bands above the ZnO valance band. As a
result, this exchange interaction give rise to a negative and a
positive correction to the energy of the conduction band and
valence band respectively. These facts may be related to the
red shift of E, values by Cu-doping in ZnO thin films. The
transitions from the impurity bands to conduction bands are
usually a mixture of direct and indirect. Thus, for heavily
doped ZnO:Cu thin films, their optical band gap contains
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two parts—the direct fundamental band gap and the mixed
impurity band gap [45]. The measured optical band gap for
pure ZnO films was 3.24 eV, which is consistent with the
results reported elsewhere [46]. The direct optical band gaps
measured for Zn,;_ Cu,O films gradually decreased from 3.25
to 1.90 eV with the increase of the Cu concentration, as
shown in Fig. 8. These results are in agreement with the the-
oretical calculations based on the functional density theory
(DFT) which shows the reduction of the Cu-doped ZnO opti-
cal band gap [47]. Finally, the refractive index of Zn,_ Cu,O
thin films increases with decreasing energy band gap.

4 Conclusion

Cu-doped ZnO thin films were deposited on glass sub-
strates by ultrasonic spray pyrolysis. The XRD spectra of
Zn,_,Cu O indicate that the films are polycrystalline in
nature. The Cu doping into ZnO solid solution is found to
influence considerably the film morphology, the grain size,
and the stoichiometry of the oxide. The doping effectiveness
is revealed by EDX analysis of the chemical composition of
the films and it shows good agreement between the expected
and measured Cu atomic content. The transmittance shows
a decreasing tendency with increasing Cu concentration.
The refractive indices increase, whereas the values of for-
bidden energy gap decrease with the increase in Cu dopant
concentration.
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