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A B S T R A C T

Pure and copper-doped zinc oxide thin films at different contents x (Zn1-xCuxO; 0≤x ≤ 0.125) were synthesized
by sol–gel spin coating process and investigated using various techniques. All samples exhibited a polycrystalline
with wurtzite hexagonal phase, which wasn't altered and getting relaxed by Cu-doping. The grain size increased
and changed its growth mode from c-axis growth to lateral one and the surface morphology was strongly influ-
enced with increasing level of Cu doping. As x increased, the transparency of films was generally increased in the
visible region and the band gap energy (Eg) presented a slight shrinking, indicating that the prepared films are
suitable for use in opto-electronic applications. Ferromagnetic phase was adopted within density functional the-
ory corrected by Hubbard method (DFT + LDA + U) to investigate the structural, electronic, magnetic and opti-
cal properties of pure and CZO structure. The closest Cu impurities gave the more stable configuration. Cu3d
states were distributed around Fermi level inducing a major contribution to the magnetic moment. A mix of ionic
and covalent bonding was remarked. DFT + LDA + U enhanced significantly the calculated Eg, which pre-
sented a narrowing with x. The imaginary part of the dielectric functions presented three main peaks and their
static constants were slightly influenced by Cu doping.

1. Introduction

In the last decade there has been an increasing interest in Zinc oxide
(ZnO) doped with transition metal (TM; i.e., Mn, Fe, Co, Ni, Cu and Ag)
[1]. This is due to its recognized potential in many applications. Among
the variety of TM, copper (Cu) has been used as dopant [2–4]. It ex-
hibits an ionic radii close to that of the Zn and then can easily substitute
it in ZnO host lattice. Cu dopant, as an economical option, has been
chosen to enhance the properties of ZnO host lattice such as photocat-
alytic activity, conductivity and tuning of the green emission [5,6].

ZnO thin films have been fabricated by many techniques like mag-
netron sputtering [7], sol–gel process [8,9], chemical vapor deposition

[10], spray pyrolysis [11], molecular beam epitaxy [12], pulsed laser
deposition (PLD) [13] and microwave plasma growth [14]. Sol–gel
technique attracts much attention because of its advantages including
safety, low cost, simple deposition equipment on a large-area films with
uniform thickness. Properties of copper-doped zinc oxide thin films
(CZO) at different contents x (0≤x ≤ 0.125) thin films have been fre-
quently investigated [15–26]. However, most of the published articles
are restricted to low Cu-doping and some elaboration methods.

To achieve a prior knowledge on the properties of materials, a theo-
retical framework are needed. Plane-wave pseudopotential (PWPP)
density functional theory (DFT) has been successfully used to predict
the electronic ground states. Moreover, the localization of strongly cor-
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Fig. 1. ZnO primive cell (a) and 2 × 2 × 2 ZnO supercell (b): O atoms are in
red, the first Cu atom (yellow) is taken to be fixed and the second one substi-
tutes Zn atom (gray) at different geometry configurations for x = 12.5%. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the Web version of this article.)

related d and f electrons of the metal oxides are not well described by
the traditional theory DFT, which underestimates their band gap [27].
Thus, DFT–LDA + U approach becomes a necessity to significantly im-
prove such calculations [27–30]. There have been several theoretical
studies on Cu-doped ZnO [31–43], which have provided some new in-
sights into the understanding of the effect of doping on the properties of
ZnO. However, the calculated band gap of CZO was found much smaller
than the experimental band gap value, although some studies have used
the DFT + U approach. So, further calculations with convenient Hub-
bard U values are still justified to enhance the band gap, which is the
main motivation for the present work.

There have been several experimental studies on Cu-doped ZnO.
However, most of these studies are restricted to low Cu-doping of ZnO
thin films. The present study is devoted to the fabrication of pure ZnO
and copper-doped zinc oxide (CZO) thin films with somewhat higher Cu
contents (x) (x = 1%, 3.12%, 6,25% and 12.5%) and low thickness.
The structural, morphological, electronic and optical properties of CZO
thin films are then characterized using various techniques. In order to
linking of experimental results with theory, usually separated in the lit-
erature, and to enhance the energy band gap, DFT–LDA + U approach
was used to predict the properties of pure and CZO wurtzite structures,
which were compared, wherever possible, with their corresponding
measured values.

2. Computational and experimental details

First-principles calculations of structural, electronic, magnetic and
optical properties of pure and CZO wurtzite materials (x = 6,25%,
12.5%) were performed by DFT as implemented in CASTEP code [44].
The generalized gradient approximation (GGA) in the scheme of
Perdew–Burke–Ernzerhof (PBE) was employed to describe the ex-
change-correlation function [45]. 2 × 2 × 4 and 2 × 2 × 2 ZnO su-
percell model, derived from the optimized ZnO primitive cell (Fig. 1
(a)), and substitutional method [46] were used to achieve the consid-
ered Cu content of 6,25% and 12.5%, respectively (Fig. 1(b)). The va-
lence-electron configurations for the O, Zn and Cu atoms are chosen as
2s2 2p4, 3 d10 4s2 and 3 d10 4s1, respectively. The energy cut-off was
fixed at 400 eV, which is enough to perform the present calculation
with plane-wave ultrasoft pseudopotential method [47]. The Brillouin
zone is sampled by k-point meshes of 3 × 3 × 1 and 5 × 5 × 3 for
2 × 2 × 4 and 2 × 2 × 2 ZnO supercell, respectively. The optimiza-
tion convergence for maximum force, energy change, maximum dis-
placement and maximum stress were fixed at 0.05 eV/Å, 5 × 10−6 eV/

atom, 10 × 10−4 Å and 0.05 GPa, respectively. The SCF convergence
threshold was 5.0 10−6 eV per atom.

The semiempirical LDA + U approach [27] was used with effective
Hubbard U values of 5.5, 6.0 and 8.0 eV for Zn 3d, Cu 3d and O 2p elec-
trons, respectively. Furthermore, ferromagnetic phase of CZO
(x = 6.25% and 12.5%) was adopted in which two Cu atoms substitute
two Zn atoms according to five different geometry configurations (Fig.
1); for x = 12.5%, the first Cu atom is taken to be fixed and the other
Cu atom changes its place. The ferromagnetic phase adopted here was
supported by previous studies [36,48].

Experimentally, Copper (II) chloride [CuCl2·2H2O], Zinc acetate di-
hydrate [Zn (CH3COO)2.2H2O] and 2-Methoxyethanol were used as a
dopant source and starting material and stabilizer, respectively, to pre-
pare pure and CZO thin films (x = 1%, 3.12%, 6.25%, 12.5%) on glass
substrates using sol–gel spin coating method. The concentration of
metal ions was fixed at 0.6 M and the molar ratio of the solvent (Mo-
noethanolamine-MEA) to metal ions was 1.0. After stirring at 65 °C for
2 h, the solution was then aged at room temperature for 24 h. The solu-
tion was deposited on a clean and dry substrate at a rate of 2800 rpm
for 30 s. The films were then preheated at 250 °C for 10 min. These tow
last processes were repeated several times. The obtained films were fi-
nally annealed for 1.5 h at 480 °C. In order to have the desired content
of Cu dopant in the range from 0 to 12.5 at.%, the precursors are mixed
together with different appropriate molar ratios as described in Ref.
[49] for low concentrations. Also, the Copper (II) chloride
[CuCl2·2H2O] was used instead of copper (II) nitrate trihydrate (Cu
(NO3)2·3H2O) as source of Cu.

Many techniques were employed to investigate the fabricated sam-
ples such as X-ray diffractometer XRD (Broker advanceSolution D8 X-
ray diffractometer with Cu-kα radiation λ = 1.5406 A°), Atomic Force
Microscopy AFM (NanoNavi/SPA 400), Field emission scanning elec-
tron microscopy FESEM (Carl Zeiss Aurga) and Ultraviolet–visible
UV–vis spectrophotometer (VARIAN Carry 50).

3. Results and discussion

3.1. Experimental results

The XRD pattern (Fig. 2(a)) confirms the formation of polycrys-
talline with wurtzite hexagonal phase for pure and CZO thin films
(x = 1, 3.12, 6,25 and 12.5%). No other phases are observed, indicat-
ing that hexagonal wurtzite structure of ZnO films isn't altered by Cu-
doping. Unlike the intensity of (002) peak, the intensity of (100) and
(101) peaks are generally enhanced, especially at high Cu-doping,
which leads to the degradation of the (002) preferential orientation of
ZnO thin films. Similar results have also been reported earlier for CZO
in other reports using various techniques; Syed Zahirullah et al. (thin
films with x up to 10%) [15], Saidani et al. (thin films with 1 wt%
≤x ≤ 5 wt%) [16], Osali et al. (thin films with 0 wt% ≤x ≤ 6 wt%)
[17], Sreedhar et al. (thin films with 0 at.% ≤x ≤ 7.5 at.%) [18], Joshi
et al. (thin films with 0 at.% ≤x ≤ 10 at.%) [19]. However, some other
workers found that a CuO phase has been appeared with emerging a
(111) new peak at high Cu doping; x = 10 at.% [19], x ≥ 15 at.% [20]
or even at low Cu doping [21].

The lattice constants a = b and c for pure and CZO thin films are
calculated using XRD patterns (Table 1). It is found that both a = b and
c are slightly decreased with Cu content. This is due to incorporation of
Cu into ZnO host lattice where the ionic radius of Cu2+(0.73A˚) is
slightly smaller than that of Zn2+ (0.74A˚).

The lattice strain is estimated using the formula ,
where β is the full width at half maximum of the corresponding peak
[17]. In addition, The Scherrer formula was used to esti-
mate the average crystallite size (D), where K is the shape factor
(K = 0.9), λ is the X-ray wavelength (λ = 1.5406 Å), is the full width
at half maxima of a given diffraction peak and θ is the Bragg angle [17].
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Fig. 2. X-ray diffraction patterns (a), Strain (b), crystallite size (c) and texture coefficient (d) of pure and CZO thin films (x = 1, 3.12, 6,25 and 12.5%).

Table 1
Structural and optical parameters of pure and CZO thin films (x = 1, 3.12, 6.25, 12.5%).

x (%) 2θ (°) c (Å) a (Å) FWHM (°) Peak intensity Grain size (AFM) (nm) Thickness (nm) Rrms (nm) εo (no)

0 34.43 5.205 3.249 0.4731 (002) 74.22 357 116.78 4.517 (2.125)
1 34.37 5.213 3.257 0.4141 (002) 78.76 350 129.45 3.443 (1855)
3.12 34.38 5.212 3.257 0.3982 (002) 85.94 343 157.76 3.378 (1.838)
6.25 34.40 5.209 3.254 0.3664 (002) 105.47 332 186.00 3.376 (1.837)
12.5 31.75 5.203 3.251 0.2498 (100) 117.19 318 209.52 2.736 (1.654)

Undoped thin films possess a high strain value which goes on de-
creasing as x increases (Fig. 2(b)), suggesting that the films are getting
relaxed due to replacement of the host (Zn2+) by the dopant (Cu2+)
cations. Lee et al. [25] observed the same behavior, who explained this
phenomenon by the presence of excess Cu dopant located at grain
boundaries.

The obtained crystallite size increases with increasing Cu doping
(Fig. 2(c)). Similar behavior was also tabulated in the literature: Joshi
et al. [19] observed an increase from 33.06 nm to 43.65 nm for Cu dop-
ing from 0% to 10%, Shewale et al. [23] estimated a crystallite size val-
ues of around 37.47 nm and 48.28 nm for undoped and 2 at.% CZO
thin films, while Chen et al. [24] noticed an increase from 20 to 50 nm
and then a decrease to 29 nm for Cu content of 2%, 6%, and 10%, re-
spectively.

To investigate the texture of a given plane, the texture coefficient
(TC(hkl)) is needed. This coefficient is estimated by using

, where and are
the measured relative intensity of a diffraction peak and the intensity of
the standard powder diffraction peak taken from the JCPDS data, re-
spectively, and N is the number of diffraction peaks [8]. The higher val-
ues of TC (greater than unity) for a given (hkl) direction indicate the
abundance of crystallites in this direction. The TC values are presented

as function of Cu doping for all peaks observed in the XRD pattern (Fig.
2(d)). It is observed that all films present highest TC values for (002)
plane indicating a preferred growth along c-axis, which is converted to
(100) plane for higher Cu content. This does mean that the degree of
preferred growth orientation of the prepared thin films depends on the
Cu concentration. Also, the higher value of texture coefficient reveals a
better crystallinity of the prepared thin films. These findings are in
agreement with the obtained crystallite size.

The energy dispersive spectroscopy (EDS) technique is used to con-
firm the presence of Cu in ZnO thin film. EDX spectra of pure ZnO (Fig.
3(a)) and CZO thin films with x = 6.25% (Figs. 3(b)) and 12.5% (Fig. 3
(c)) are shown. The EDX spectrum of all samples exhibits an oxygen
peak at around 0.529 keV and a Zinc peak at around 1.009 KeV. How-
ever, extra peak at around 0.939 KeV corresponding to the copper is
also revealed together with the previous observed peaks for CZO thin
films. Other peaks are also observed indicating the presence of other el-
ements such as Si and C, which belong to the glass substrate and other
residues. The significant decrease in Zn peak intensity with Cu doping is
accompanied with the increase of its coinciding Cu peak intensity. Be-
sides, the O peak intensity is still unchanged with Cu doping. This
clearly suggests that Zn has been successfully substituted by Cu into the
ZnO host lattice. Based on these findings, it is possible to suppose the
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Fig. 3. EDX spectra of pure ZnO (a) and CZO thin films; x = 6.25% (b), 12.5% (c).

stoichiometric films of the form Zn1-xCuxO [20]. Then, it is found from
the quantitative analysis that the Cu concentrations of 8.56% and
10.81% are comparable to the actual Cu doping contents of 6.25% and
12.5% added during the preparation.

1.0 × 1.0 μm2 two and three-dimensional AFM images are shown
for pure and CZO thin films with Cu content of 1, 3.12, 6,25 and 12.5%
(Fig. 4 a, b, c, d and e). The grains, extracted using WsXM software
[50], are round shape (two dimensional AFM images) and their average
size increases with Cu doping (Table 1). This is consistent with the
changes occurred in (002) preferential orientation observed from XRD
patterns, where the growth mode of grains translates from c-axis
growth perpendicular to the substrate to the lateral one with increasing
level of Cu doping. The pure ZnO films exhibit smooth surface. How-
ever, surface morphology is strongly influenced by the Cu doping and
the surface becomes rough (three-dimensional AFM images), which is
traduced by the increasing values of the root mean squared roughness
(Table 1). The results of root mean squared roughness and average
grain size are found to be consistent, i.e. thin films with small grain size
exhibit a smooth surface. Joshi et al. [19] remarked an increase in both
crystallite size and grain size and a decrease in strain with Cu doping.
Sreedhar et al. [18] also reported results which exhibit a similar behav-
ior except at high Cu concentration. Hashim et al. [21] reported that
the type of substrate also affected the grain growth and shape. Salem et
al. [51] noticed that the high doping concentration can lead to large
grain size and rough surface morphology.

Field emission scanning electron microscopy (FESEM) 2D images
and their corresponding cross-section images of pure ZnO and CZO thin
films are shown (Fig. 4(f, g, h, i) and j). All the FESEM images were ob-
tained at 20,000 × magnifications. It can be seen from these images
that the morphology shows irregular sized aggregated clusters for pure
ZnO, while it exhibits a randomly distributed mixer of spheroid-like
and rod-like nanoparticles (granules) for CZO thin films. Moreover, the
particles tend to agglomerate together to form large clusters (agglomer-
ates) by increasing x. These agglomerates are held together by weaker
forces arising from electrostatics, Van der Waals, solvation or capillary
effects [52], in such case the Cu doping play an important role to
strengthen these forces. The film thicknesses, estimated from cross-
section images, were found to be about 318–357 nm, which seem
slightly changed by Cu doping (Table 1). These findings are in agree-
ment with other previous results [20,53–55]. Some other reports no-
ticed no change in the film thickness with increasing level of Cu concen-
tration [24,56].

The absorbance (A) of CZO thin films is calculated
from measured transmittance (T) and reflectance (R) spectra [57]. The
absorption coefficient is then calculated for the sam-
ple with thickness d. For measurement with normal incidence, the ex-
tinction coefficient k ( ) and the refractive index n

( ) of film can then be deter-
mined for the incident wavelength (λ) from the surface of the sample.
The real and imaginary ( ) parts of the com-
plex dielectric function can also be estimated.

The transmission spectra of pure and CZO thin films in the wave-
length range 350–1000 nm (Fig. 5(a)), were also exploited to deduce
the band gap Eg Refs. [58,59]. It can be seen that the transparency of
films generally increases from 72% to 80% in the visible region with in-
creasing of x. This is due to the increase of grain size with Cu doping,
which leads to reducing the grain boundary density or scattering cen-
ters. Saidani et al. [16] found that the transmittance have increased
from 77% to 92% when the concentration of Cu was increased from 0%
to 5 wt%. Sreedhar et al. [18] also measured a transmission greater
than 83% for Cu doping less than 6.2 at.% and transmission of 80% for
Cu doping of 7.5 at.%. The observed sharp absorption edge in the UV
region (350–400 nm) for all films shifts to longer wavelengths by in-
creasing Cu content leading to the decrease in the experimental band
gap energy from 3.34 eV to 3.25 eV. Similar trend has been observed
for ZnO thin films prepared at various Cu-doping range
[15,17,18,20,22,24,26,51,60–62].

The dependence of the optical parameters ( , k, n, and ) on the
photon energy is presented for pure and CZO thin films (Fig. 5(b), (c)
and (d)). The dispersion formulae of DiDomenico and Wemple [63] is
commonly used to calculate the refractive index in E = hv < Eg range,
where E is the photon energy. In such formulae the factors 1/(n2-1) are
plotted versus photon energy squared (E2). Using straight line fitting
technique to these plots (Inset in Fig. 5(c)), static refractive index n0=
(1+Ed/Eo)1/2 (n when E~0, where Ed and Eo are the dispersion energy
and the average oscillator energy, respectively) and static dielectric
constant εo = (no)2 are then estimated for CZO thin films (Table 1).
Eo/Ed is the intercept of the straight line fitting and −1/(EoEd) is its
slope.

The analysis shows that the value of absorption coefficient is still in-
variant with the increase in the incident energy for all thin films up to a
certain value in the visible region (optical absorption edges) depending
on the Cu doping. After that, increases sharply and generally shifts to
lower values of energy with Cu doping, which predicts a decrease in the
band gap energy. The refractive index is found to be increased with en-
ergy in the visible light range and sensitive to Cu dopant concentration.
Also, static refractive index n0 decreases with Cu doping. This may be
due to the decrease in film density caused by the increase in crystallite
size (Table 1). These findings are in agreement with those reported by
other researchers for pure ZnO [57,64,65] and CZO thin films [55]. Fur-
thermore, the dielectric function follow the same pattern as the refrac-
tive index from which is derived.
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Fig. 4. 1.0 × 1.0 μm2 Two and three-dimensional AFM images of thin films for x = 0% (a), 1% (b), 3.12% (c), 6.25% (d) and 12.5% (e) and FESEM 2D images and
their corresponding cross-section images of thin films for x = 0% (f), 1% (g), 3.12% (h), 6.25% (i) and 12.5% (j).

3.2. DFT + U calculations

The difference in total energy ( ) correspond-
ing to third geometry configuration ( ), taken as an energy reference,
is estimated for the various geometry configurations from substitution
of Zn by Cu, marked as 1, 2, 3, 4 and 5. The values of are summa-
rized for CZO (x = 12.5%) as follows; , ,

, and the
distance between two Cu atoms (

) , ,
, and , respectively. This

does mean that the third configuration (symmetry group Cm ( )) is the
more stable state (ground state) where Cu atoms are at a short distance
around the O atom. This agrees with the results reported by Estrada et

al. [48], Nayek et al. [34] and Wang et al. [40]. The configuration cor-
responding to the stable state will also be considered for studying the
effect of the Hubbard U values on the band gap energy.

Based on previous studies [28,31–33], we focus on the effective
Hubbard U values for Cu 3d state, which was found to be distributed
around Fermi level and it was responsible for the shrinking of the band
gap. The increase of effective Hubbard U values for Cu 3d state tends to
enhance significantly the calculated electronic energy gap (Eg) com-
pared to that deduced from experiment; U Cu 3d = 6, 8 and 10 eV give
Eg = 1.860, 2.537 and 3.315 eV, respectively, for Cu-doped ZnO
(x = 12.5%). Furthermore, U Cu 3d = 10 eV gives Eg = 3.380 and
3.328 eV for pure and Cu-doped ZnO (x = 6.25%). This enhancement
in Eg is due to the improved localization of Cu 3d states. Then, the effec-
tive Hubbard U values of 5.5, 10 and 8eV for Zn 3d, Cu 3d and O 2p elec-
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Fig. 5. Optical transmission and reflectance spectra (a), absorption coefficient (b), complex refractive index (c) and dielectric function (d) of pure and CZO thin
films (x = 1%, 3.12%, 6,25%, 12.5%). Inset in (a) shows (αhν)2 versus photon energy hν and band gap versus Cu content. Inset in (c) shows 1/(n2-1) versus photon
energy squared (E2) and its fitting for different Cu content of CZO thin films.

trons, respectively, will be taken into account to evaluate the theoreti-
cal properties of the CZO structure. Earlier calculations of band gap
have been reported in the literature [31,32,34–39,41], but most of
them exhibited underestimation of the experimental band gaps of semi
conductors. So, further calculations with convenient Hubbard U values
are still justified to enhance the band gap. The present findings of band
gap from theoretical calculation are in good agreement with the present
experimental values (maximum relative deviation does not exceed
1.96%), in which a direct band gap is observed for pure and CZO struc-
ture (Fig. 6 middle). It confirms that the Cu doping can induce narrow-
ing in the band gap where the bottom of the conduction band is mainly
originated from Cu spin down states while Cu spin up states shift deeply
into the bottom of the valence band (Fig. 6 right). This has also been ob-
served by Fang et al. [36].

The partial density of Zn 4s, Zn 3d, Cu 4s, Cu 3d, O 2s and O 2p spin
up and down states (PDOS) for pure and CZO wurtzite structures
(x = 6,25%, 12.5%) are shown (Fig. 6 left). The valence band states is
mainly originated from a strong mixing among the Zn3d and O2p
states. The valence band states are extended down to −7.8 eV and
−9.2 eV for pure and CZO structure, respectively, while Cu3d states
contribution is appeared in the bottom of valence band for the doped
case. This large region is followed by a narrow band, centered at
−14.6 eV and unaffected by Cu doping, which is mainly originated
from O2s orbitals with a weak mixing between the Zn3d and Zn4s
states. The downward shift of the conduction band, dominated by Zn4s
with a little contribution of Cu3d states near the Fermi level (Inset in
Fig. 6), leads to the decrease of the optical band gap with the increase of
x. It is also found that Cu3d states were found to be distributed around
Fermi level for Cu-doped structures (x = 6,25%, 12.5%) with ferro-

magnetic phase in which Cu atoms are close to each other around the O
atom.

Spin-polarized calculations indicate that the Cu doping induces a
magnetic moment of about 0.96 μB/Cu with a small contribution from
its nearest-neighboring O atom (0.04 μB/O) (Fig. 7 (a)). Magnetic mo-
ment value from our calculation is in agreement with that deduced
from exchange split and crystal field theories. The splitting of the Cu+2

d-states in the wurtzite structure (Cu atom is tetrahedrally surrounded
by four oxygen atoms) is due to exchange split into spin up and spin
down states and crystal field split into a doublet and a triplet (Fig. 7
(b)). This configuration leads to a net spin equal 1 μB/Cu [66].

The charge density difference of slice containing Cu atoms and their
neighbors ((010) surface) for pure and CZO structures, is mapped (Fig.
7 (c)). Blue, yellow and red colors indicate a region with charge accu-
mulation (around O atom), minimal difference and charge loss (around
Zn or Cu atom), respectively. The charge density difference demon-
strates that the atom with high electronegativity tends to attract more
electrons and vice versa (Zn:1.7, Cu:1.8 and O:3.5). This is consistent
with the values of the average Mulliken atomic and bond populations
(Table 2). The difference between the formal ionic charge and the cal-
culated effective valence charge refers to the mix of ionic and covalent
bonding in both pure and CZO structures (x = 6,25%, 12.5%) with
more covalency for Cu–O bonds than Zn–O ones, which is consistent
with the charge density difference, i.e. the smaller the charge density
difference, the smaller the charge loss. This covalency decreases with
Cu doping. .

Unlike the optimized lattice constant a = b, the lattice constant c is
slightly decreased with Cu concentration (Table 2). Both optimized lat-
tice constants exhibit an excellent comparison to the experimental ones;
the maximum relative deviation is 0.46% and 0.21% for a = b and c,
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Fig. 6. PDOS of Zn 4s, Zn 3d, Cu 4s, Cu 3d, O 2s and O 2p spin up and down states (left panels), band structures (middle panels) and their corresponding spin up
(blue) and spin down (red) total density of states (right panels) of pure and CZO wurtzite structures (x = 6,25%, 12.5%). Insets in PDOS show Cu 3d spin up, spin
down and net spin states near Fermi level for CZO wurtzite structures (x = 6,25% and 12.5%). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

respectively. The decrease in lattice constant c is consistent with our re-
sults extracted from XRD patterns. This decrease has been also observed
by Zhao et al. [41]. In addition, the bond length was slightly changed
when going from pure ZnO to Cu-doped structure, because of the com-
parable sizes of Zn and Cu atoms. Similar change has been found by
Nayek et al. [34].

The calculated complex dielectric function is presented (Fig. 8(a))
for pure and CZO structures (x = 6,25 and 12.5%). The imaginary part
consists of three main peaks. Generally, the first peak, located at around
~ 5 eV eV, corresponds to electron excitation of O-2p state to Zn-4s
state or Cu-3d state. The intensity of this peak is slightly increased with
Cu doping because of the replacement of Zn atoms by Cu ones. The sec-
ond peak, located at around ~9.9 eV eV, results from electron excita-
tion of Zn-3d state near the top of valence band to O-2p state near the
bottom of conduction band. Similar results were observed by Xia et al.
[35] and Lon et al. [41] and further explanations can be found therein.
The excitation of Zn-3d state to O-2s state constitutes the third strong
peak, which is located at around ~14.9 eV eV and decreases with Cu
doping. This causes the decrease of Zn-3d states which are responsible
for the concerned transition. Besides, an inappreciable shift of dielectric
function toward the lower energy is due to the slight shrinking of band
gap energy when going from pure structure to doped one. Also, the cal-
culated static dielectric function ε1 (0) is slightly affected by Cu doping;
ε1 (0) = 2.455 for x = 0%, 2.457 for x = 6.25% and 2.454 for
x = 12.5% (Inset in Fig. 8(a)) while a significant change is observed for

the experimental static dielectric function (Table 1). This may be due to
the surface morphology not taken into account in the DFT + LDA + U
calculations. Other optical properties, such as complex refractive index
(Fig. 8(b)), complex conductivity function (Fig. 8(c)) absorption coeffi-
cient (Fig. 8(d)), optical reflectivity (Fig. 8(e)) and energy-loss function
(Fig. 8(f)) are also presented. It is observed that the absorption is near
zero below absorption edges, which correspond to the band gap values,
and presents tow more pronounced peaks at about 16.6 and 34.6 eV.
Furthermore, the strong peak of the energy loss function (around
22.0 eV) corresponds to the abrupt reduction of the reflectivity. The re-
fractive index seems unchanged by Cu doping (around 1.56) and tends
to be constant for lower photon energy in the visible light range (Inset
in Fig. 8(b)), which is inconsistent with the experimental findings
(Table 1). In addition, the refractive index and the absorption coeffi-
cient exhibit a similar behavior to those obtained experimentally in this
work within the considered energy range (energy corresponding to the
visible range).

4. Conclusion

Experimental and theoretical investigations of pure and CZO thin
films are performed. Structural results show that all samples exhibited a
polycrystalline with wurtzite hexagonal phase. The (002) preferential
orientation is degraded and leads to the enhancement along (100) ori-
entation by increasing Cu-doping. The crystallite size, strain and
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Fig. 7. Oxygen atoms are arranged with tetrahedral symmetry around copper atom in the wurtzite structure (a), exchange splitting (Δ0) and crystal field splitting
(Δc) into a doublet (e2) and a triplet (t2) Cu+2 d-states (b), distribution (010) surface of charge density difference for pure and CZO structures (c).

Table 2
Average Mulliken atomic, effective valence, bond populations, bond length and lattice constants of pure and CZO wurtzite structures (x = 6,25 and 12.5%).

x (%) Atomic Population (e) Effective valence (e) Bond Population (e) Bond length (A°) Lattice constants (A°)

Zn Cu O Zn Cu Zn–O Cu–O Zn–O Cu–O a = b c

0 0.950 – −0.950 1.050 – 0.402 – 1.9717 – 3.236 5.204
6.25 0,967 0.690 −0.949 1.033 1.310 0.397 0.430 1.9721 1.9785 3.239 5.199
12.5 0.985 0.705 −0.949 1.015 1.295 0.395 0.425 1.9724 1.9791 3.243 5.192

growth mode are significantly influenced by the increasing level of Cu
doping. Surface morphology reveals that grain size is strongly affected
by the Cu-doping and the surface becomes more rough. The film thick-
ness is slightly influenced by Cu doping. The transparency of films pre-
sents an increase in the visible region and the band gap energy slightly
shrinks as the Cu content increases, indicating that the doping process
by Cu makes these films suitable for use in opto-electronic devices, in
which CZO thin films can absorb the ultra violet wave range in the spec-
trum and it is transparent to visible light.

Calculations reveal that DFT + U with convenient effective Hub-
bard U values enhance the band gap. The ferromagnetic ground states
at a geometry configuration with the closest Cu impurities in CZO struc-
ture is found the more stable and Cu3d states are distributed around
Fermi level. Besides, the covalency for both Cu–O and Zn–O bonds is af-
fected by Cu doping. The imaginary part consists of three main peaks
whose intensity is slightly influenced by impurity doping. The static re-
fractive index is found unchanged by Cu doping.
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Fig. 8. Complex dielectric function (a), complex refractive index (b), complex conductivity function (c) absorption coefficient (d) optical reflectivity (e) and en-
ergy-loss function (f) for pure ZnO and CZO wurtzite structures (x = 6,25%, 12.5%). Inset in (a) shows the evolution of real part of the complex dielectric
( ) and inset in (b) exhibits the refractive index n for lower photon energy.
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