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Abstract
This study deals with the influence of the concentration and ionic radius of the bivalent dopant on the structural, morphologi-
cal and optical properties of the sol–gel-derived ZnO thin films. For that, different concentrations of dopants with different 
radii (Ni2+, Cu2, Fe2+) have been chosen to synthesize many ZnO thin films. The X-ray diffraction confirms that all the 
obtained films exhibit a pure hexagonal wurtzite structure. Meanwhile, it appears that both the preferential film orientation 
and the crystal quality are strongly affected when varying the ionic radius or the concentration of dopant. We note also that 
the lattice parameters decrease when the electronegativity of the dopant increases. This behavior has been explained at the 
light of a simple schematic model, based on the electrostatic forces involved in chemical bonding. The Scherer formula 
reveals that the average size of the crystallites is ranged between 20 and 35 nm. On the other hand, as confirmed by the SEM 
analysis, all the deposited films present a compact, uniform and nanocrystalline morphology. Nonetheless, the optical analysis 
indicates that the Ni- and Fe-doped films are highly transparent (greater than 90%) in the visible region, while the Cu-doped 
ones exhibit the lowest transmission (about 76%). Additionally, a blue shift of the bandgap is noticed when doping with Ni 
or Fe, whereas the doping with Cu induces a red shift.

1  Introduction

Zinc oxide (ZnO) is an attractive n-type semiconductor and 
technologically important due to its unique properties as 
piezoelectric [1], wide bandgap (3.37 eV) [2], transparent 
in the visible [3] and can be made to conduct with suit-
able dopants [4]. Its piezoelectric properties are exploited 
in thin-film applications for surface acoustic wave devices 
[5] and transducers [6]. Furthermore, its tunable bandgap 
and high transparency have made ZnO an ideal material 
useful for short-wavelength and transparent optoelectronic 
devices including UV lasers [7, 8], LED [9–11], transpar-
ent electrodes [12] as well as window layers [13, 14] in the 
solar cells.

However, in order to enhance the physical behavior of 
ZnO as a versatile material for the above applications, dop-
ing is one of the effective approaches that makes this mate-
rial an excellent subject for theoretical and experimental 
studies. In fact, doping ZnO with selective elements offers 
an effective method to improve and control its electrical, 
structural, magnetic and optical properties [15]. In general, 
the efficiency of one dopant depends strongly on its electron-
egativity, concentration and ionic radius, which need to be 
optimized to afford different industrial criteria.

Recently, a wide variety of 3d transition metals such as 
Mo [16], Ni [17, 18], Co [19], Ti [20], Cu [21–23] and Fe 
[24] were tested as dopants in ZnO to improve its optical and 
electrical behaviors for many applications. Although various 
deposition methods have been developed to produce doped 
ZnO, the effect of dopant concentration on ZnO lattice is 
still not clear and very controverting. Furthermore, it is well 
known that ZnO thin films with hexagonal wurtzite structure 
crystallize preferentially along the c-axis orientation which 
allows the development of transducers operating only in the 
longitudinal mode. Consequently, many researchers have 
studied the influence of diverse parameters on the final prop-
erties of ZnO thin films, particularly the doping effect. For 
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instance, Cu-doped ZnO thin films prepared by the sol–gel 
method: Gómez-Pozos et al. [22], using two copper pre-
cursors, have noticed that the films were nanocrystalline in 
nature with a hexagonal phase having (002) preferential ori-
entation. On the contrary, Jongnavakit et al. [23] by varying 
Cu concentrations (0.1, 0.3, 0.5, 0.7 and 1%) revealed that all 
samples were polycrystalline with no preferential orientation 
whatever the Cu concentration may be. On the other hand, 
Kim et al. [18] elaborated Ni-doped ZnO thin films (0.2, 
0.4, 0.6 and 0.8%) by sol–gel process. They found that NZO 
thin films with a dopant ratio (0.2 and 0.4%) have a preferred 
orientation in the (002) direction. However, when the Ni 
doping ratio exceeds 0.6%, films possessed a non-textured 
polycrystalline structure. However, as it has been reported, 
the ZnO piezoelectric properties are directly affected by the 
crystallite orientation control in the film [25, 26]. Hereafter, 
when seeking to develop ZnO-based transducers, it is more 
suitable to drive ZnO growing along orientations other than 
the habitual c-axis one. In fact, exclusively in this case, both 
the longitudinal and transverse modes could be excited. Up 
to now and to our knowledge, the control of the ZnO films 
orientation by doping has not yet been studied.

In this framework, the main novelty of this work is to 
investigate the growth orientation control of sol–gel-derived 
ZnO thin films, by varying the ionic radius, electronegativity 
and concentration of the bivalent dopant. The main objective 
of this study is to make the excitation of all ZnO vibration 
modes possible and efficient, which will positively impact 
the technology and the quality of piezoelectric transducers. 
Through this work, we project also to understand the effect 
of the bivalent dopant on the ZnO host lattice parameters. 
For that, an original schematic model, based on the differ-
ence of electronegativity, has been proposed and discussed. 
In this respect, the influence of different bivalent dopants 
(Ni2+, Cu2+, Fe2+), with different ionic radii, electronegativi-
ties and concentrations, on the structural, morphological and 
optical properties of the sol–gel-derived ZnO thin films, has 
been investigated and discussed.

2 � Experimental

The sol–gel spin coating method has been used to prepare 
undoped and doped ZnO films with different bivalent ele-
ments (Ni, Cu and Fe). In the synthesis process, we have 
used zinc acetate dihydrate [Zn (CH3CO2)2·2H2O], isopro-
panol [C3H8O], monoethanolamine [MEA, C2H7NO] and 
nickel acetate [Ni (CH3COO)2·4H2O], copper (II) acetate 
monohydrate [Cu (CH3COO)2·H2O] as well as iron II Chlo-
ride [FeCl2·6H2O] as a precursor of zinc, solvent, stabilizer 
and source of dopants, respectively. Firstly, the zinc acetate 
dihydrate was dissolved in a mixture of isopropanol and 
MEA, and then the solution was heated at 60 °C for one 

hour before adding dopant at chosen concentration. The 
zinc acetate concentration in solution was kept at 0.5 M and 
the molar ratio of MEA/Zinc was maintained at 1. A clear 
homogeneous solution was obtained after one hour of reac-
tion. The ZnO films were then deposited on the glass sub-
strates by spin coating at 3000 rpm for 30 s under normal 
conditions of temperature and pressure. The other experi-
mental details are described in our previous work [27].

The crystalline structure was analyzed by Panalytical 
Expert Pro X-Ray Diffractometer working in Bragg–Bren-
tano geometry with Cu Kα radiation. Surface morphology 
was examined using a JEOL Scanning Electron Micros-
copy (JSM-IT100) coupled to a microanalysis EDS system. 
UV–Vis transmittance spectra were recorded using a Perkin 
Elmer lambda 900 spectrophotometer at room temperature 
in the wavelength range of 300–800 nm.

3 � Results and discussion

3.1 � Effect of the ionic radius and electronegativity

To investigate the effect of the ionic radius and electronega-
tivity on the physical properties, many ZnO films, doped 
with ions of different radii (Ni2+ (0.69 Å), Cu2+ (0.72 Å) 
and Fe2+ (0.74 Å)) and electronegativity (Ni2+ (1.91), Cu2+ 
(1.90) and Fe2+ (1.83)) at a fixed concentration of 5%, were 
synthesized.

3.2 � Structural properties

XRD analyses of the undoped and doped ZnO thin films, 
presented in Fig. 1a, show that all the films are of hexagonal 
wurtzite structure, without any additional secondary dopant-
related phase (JCPDS card No.: 01-089-7102). In order to 
show the dopant impact on the ZnO crystal lattice, Fig. 1b 
illustrates the XRD data zoom in the 30° to 38° angular 
range. As can be seen, when the ionic radius decreases 
(Fe2+ → Cu2+ → Ni2+), a peak shift towards higher angles is 
clearly observed, indicating a decrease in the lattice param-
eters. This kind of shift is likely due to the effective substi-
tution of Zn by dopant atoms in the ZnO matrix [28–30].

To quantify the orientation tendency of the obtained ZnO 
films, the peak ratios were used. The variation of the peak 
ratios as a function of the dopant ionic radius is presented in 
Fig. 1c. It is clear that, when compared to the bulk, the inten-
sity of (002) peak increases in detriment of (101) when the 
dopant ionic radius decreases (Fe2+ → Cu2+ → Ni2+). These 
results confirm that the ZnO growth orientation depends 
clearly on the bivalent dopant ionic radius.

The crystallite size (D) of the films, given in Table 1, 
was calculated from XRD data using the Debye–Scherrer 
formula:
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where λ is the wavelength of the used X-ray radiation 
(1.5406 Å); β is the full width at half maximum (FWHM) 
and θ is the Bragg diffraction angle. According to these val-
ues, the crystallites size decreases slightly when the dopant 
changes in the following sequence: Fe → Cu → Ni. Since no 
significant difference in the ionic radius of the dopants, com-
pared to that of Zn2+, we think that the observed variation of 

(1)D =
0.9�

� cos �
,

crystallites size is rather linked to the electronegativity vari-
ation of the doping element. To better clarify this tendency, 
we present in Fig. 2, the variation of the obtained Scherrer’s 
crystallite size as a function of the dopant electronegativity. 
As can be observed, when the electronegativity of the dopant 
increases the crystallite size decreases linearly. This impor-
tant result shows that increasing the dopant electronegativity 
affects negatively the crystallites growth kinetics and then 
blocks the grain boundary mobility.

Fig. 1   X-ray diffraction diagrams (a), the position of the ZnO hexagonal structure diffraction peaks (b) and the relative intensity ratio (c) of 
undoped and doped ZnO thin films with bivalent elements of different ionic radii (Ni2+, Cu2+ and Fe2+)

Table 1   Structural parameters of the undoped ZnO thin film as well as Ni-, Cu- and Fe-doped ZnO thin films

Doping elements Ionic radius (Å) χ crystallite size 
(nm)

Lattice parameters (Å) L (Å) σ (GPa)

a c

Undoped 0.74 1.65 35 3.2553 ± 0.0006 5.2128 ± 0.0008 1.9810 − 0.3045
Fe 0.74 1.83 25 3.2470 ± 0.0006 5.2031 ± 0.0009 1.9762 0.1260
Cu 0.72 1.90 21 3.2360 ± 0.0006 5.1830 ± 0.0008 1.9692 1.0254
Ni 0.69 1.91 20 3.2330 ± 0.0006 5.1817 ± 0.0009 1.9669 1.1320
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For wurtzite phase, a and c lattice parameters can be cal-
culated by using Bragg’s law:

In the same way, the Zn–O bond length (L) is given by 
the equation:

As reported in Table 1, an eminent decrease of the lattice 
parameters occurs when changing the dopants as follows: 
Fe → Cu → Ni. As the Fe2+, Cu2+ and Ni2+ ionic radii are com-
parable to that of Zn2+, we believe that the observed decrease 
of a and c parameters, when changing the Fe → Cu → Ni 
dopant, is evidently associated to the increase of their elec-
tronegativity. As illustrated in Fig. 3, a remarkable decrease 
in the a and c parameters is noticed when the dopant elec-
tronegativity increases from 1.65 to 1.91. To provide more 
explanation about this behavior, Table 1 presents also the val-
ues of the Zn–O bond length (L) calculated for each studied 
dopant. Since electronegativity is defined as the ability of an 
atom to attract electrons, the higher the electronegativity, the 
stronger the attraction of the electrons. Based on this rule, as 
schematically modeled in Fig. 4, when the dopant electronega-
tivity increases, the attraction on the electron cloud of oxygen 

(2)a =
�

√

3 sin �(100)

(3)c =
�

sin �(002)
.

(4)L =

√

a2

3
+
(

1

2
− u

)2

c2

(5)with u =
a2

3c2
+

1

4
.

becomes higher, and therefore the bond length (or the lattice 
parameter) is reduced as illustrated in Table 1.

On the other hand, the stresses in ZnO-doped thin films can 
be determined using the following equation:

The elastic constants of single-crystalline ZnO C11 = 208.8, 
C12 = 119.7, C13 = 104.2 and C33 = 213.8 GPa have been used 
[31]. ε is the strain along the c-axis. The results presented 
in Table 1 show that, as the electronegativity of the dopant 
changes from 1.65 to 1.91, the value of the stress in the doped 
ZnO thin films varies from − 0.3045 to 1.1320 GPa. The posi-
tive values of the computed stresses for the Ni-, Cu- and Fe-
doped samples indicate that they are tensile stresses and pre-
sent lattice constants little than that of the undoped sample.

3.3 � Morphological properties

In order to examine the morphology of pure and doped ZnO 
thin films with 5% of Cu or Fe, SEM micrographs are shown in 
Fig. 5a–c. A compact, uniform and nanocrystalline morphol-
ogy is observed on all the deposited films, indicating a good 
crystalline quality.

A typical EDS spectrum of the Fe-doped ZnO thin film is 
presented in Fig. 6. The atomic percentage of Zn, Fe and O 
elements, given in Table 2, confirms an amount of Fe equal to 
(4.40%) which is very close to the nominal composition (5%).

3.4 � Optical properties

Figure  7 displays the optical transmittance spectra of 
the undoped and doped ZnO thin films with Ni, Cu and 
Fe. It is clear that the Ni-doped film is highly transpar-
ent (about 96%) in the visible region (400–800 nm) and 

(6)� = (2C2
13
− C33(C11 + C12)) ×

(

�

2C33

)

.

Fig. 2   Crystallite size variation of undoped and doped ZnO thin films 
with Ni, Cu and Fe as a function of electronegativity

Fig. 3   Variation of lattice parameters a and c of undoped and doped 
ZnO thin films with Ni, Cu and Fe as a function of electronegativity
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presents a sharp falling of the absorption edge in the UV 
region (350–400 nm), while that doped with Cu exhibits 
a minimum value of transmission (about 76%) with a net 

fundamental absorption edge. Meanwhile, the observed 
decreases of the doped film transmittance in the visible and 
in the UV ranges could be attributed to the increase of the 

Fig. 4   Schematic model 
explaining the variation of the 
dopant-oxygen bond length as a 
function of the dopant electron-
egativity

Fig. 5   SEM images of undoped (a) and doped ZnO thin films at 5% with Fe (b) and Cu (c)

Fig. 6   EDS spectrum of a typical 5% Fe-doped ZnO thin film
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film thickness [32, 33]. It is worth noting that the Ni and 
Fe spectra present also a blue shift of the absorption edge, 
indicating a slight widening of the optical window of these 
films. Contrarily, this trend ceases to be valid when doping 
with copper for which a red shift is observed.

The optical bandgap energy of the films assuming a direct 
transition is evaluated by the extrapolation of the linear por-
tion of (αhν)2 versus hν plots using Tauc formula:

where α is the absorption coefficient, hν is the photon energy, 
A is a constant, and Eg is the optical bandgap energy. The 
Tauc plot (αhν)2 versus (hν) of undoped and doped ZnO thin 
films is presented in Fig. 8. From the plots, it is observed 
that the gap energy changes with the dopants. It increases 
when doping with Ni or Fe and decreases when doping with 
Cu. The observed increase of the Eg in the case of Ni- or 
Fe-doped films may be ascribed to the small crystallites size. 
However, despite of the small crystallites size, the observed 
decrease of the Eg when doping with Cu could be attributed 
to (i) the strong coupling between the orbital d of Cu and the 
orbital p of O, and/or (ii) the Cu 3d orbital creates impurity 
bands overhead the ZnO valence band [34–36].

In conclusion of this paragraph, the X-ray diffraction pat-
terns show that all undoped and doped deposited films are 
polycrystalline with a wurtzite hexagonal structure. In addi-
tion, a slight reduction of the dopant ionic radius results in a 

(7)�h� = A(h� − Eg)
1∕2,

net increase of the (002) peak in detriment of the (101) one. 
It is then possible to control the growth orientation, through 
doping, which is beneficial when seeking to design ultra-
sonic transducers operating in transverse and longitudinal 
modes. The Ni- and Fe-doped films are highly transparent 
(greater than 90%) and exhibit a blue shift, while that doped 
with Cu has a low transmission (about 76%) with a red shift.

3.5 � Effect of Cu and Ni concentration

According to the last study, doping with Ni or Fe presents 
the same behavior, which is different from that related to the 
Cu doping. To better understand this difference, we study in 
this section the effect of Ni and Cu doping concentration on 
the structural and optical properties of ZnO thin films. For 
that, Ni- and Cu-doped ZnO samples have been elaborated 
with different concentrations (0, 1, 5 and 10%).

3.6 � Structural properties

Figures 9a and 10a show the XRD diagrams of the undoped 
and doped ZnO thin films with Cu and Ni at different con-
centrations. The polycrystalline nature of the hexagonal 
wurtzite structure of ZnO is confirmed. The diffraction 
peaks can be identified as (100), (002) and (101) planes 
according to JCPDS # 01-089-7102. Except the characteris-
tic peaks of ZnO, no additional peak corresponding to Cop-
per or Nickel has been detected. Additionally, Figs. 9b and 
10b show that the diffraction peaks of ZnO samples doped 
with Cu or Ni are shifted to higher angles if the doping rate 
is increased beyond 1% for Cu and 5% for the Ni. This shift 
can be explained by the decrease of the lattice parameters 
occurred subsequently to the effective substitution of Zn by 
the doping atoms in the ZnO matrix.

Table 2   Atomic percentages of 
Zn, Fe and O elements in the 
5% Fe-doped film

Sample At.%

O Zn Fe

ZnO:Fe 46.79 48.81 4.40

Fig. 7   UV–Vis transmittance spectra of undoped and doped ZnO thin 
films

Fig. 8   Plot of (αhν)2 versus hν of undoped and doped ZnO thin films 
with different elements
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Otherwise, the variations of the peak ratios as a function 
of the concentration of Cu and Ni are presented in Figs. 9c 
and 10c. When the Cu concentration varies from 0 to 1%, 
Fig. 9c shows a significant increase in the intensity of the 
(100), (002) and (101) peaks. However, for higher concen-
trations, a slight decreasing trend followed by a remarkable 
stability of the intensity is observed and this for all the plans. 
According to the literature [37, 38], the observed improve-
ment of the crystalline quality at low doping concentrations 
can be explained through the creation of new nucleation 
centers involving doping atoms. However, the decrease fol-
lowed by a stability of the peak intensity observed in higher 
doping concentrations is probably due to the saturation of 
these new nucleation centers. In fact, the excess copper 
undergoes segregation in grain boundaries and thus retards 
and then blocks the grain growth process [37, 39].

Concerning the nickel, we present in Fig. 10c the varia-
tions of the peak ratios as a function of the concentration. 

For the low concentrations of Ni, this figure shows that the 
intensity of (100), (101) and (002) peaks decreases. How-
ever, for the high concentrations, the intensity of (002) 
increases, while those of (101) and (100) peaks decrease. 
We can deduce that a high concentration of Ni favors the 
(002) preferential orientation. This behavior can be under-
stood since the ionic radius of Ni2+ (0.69 Å) is smaller than 
that of Zn2+ (0.74 Å), at low concentration, Ni occupies only 
interstitial sites, and then the peaks intensities decrease [40]. 
Meanwhile, at high concentrations these interstitial sites 
become saturated, the Ni then occupies the substitutional 
sites which results in the increases of the (002) intensity.

On the other side, based on the XRD results of Figs. 9 and 
10 the structural characteristics have been estimated for dif-
ferent Cu and Ni concentrations and summarized in Table 3.

These calculations show that the crystallites size and lat-
tice parameters exhibit different behaviors depending on the 
Ni and Cu concentration. On one hand, when the dopant 

Fig. 9   X-ray diffraction patterns of CZO (a), the position of diffraction peaks of CZO (b), the relative intensity ratio of CZO (c) thin films with 
different concentrations of Cu doping
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concentration increases, a slight decrease in the crystallite 
size is observed in both Cu- and Ni-doped samples. This 
retard of growth observed at high concentration may be 
explained by the fact that the excess doping atoms could 
exert drag forces on boundary motion and grain growth [37, 
41], which result in small crystallite sizes.

On the other hand, no remarkable change in the lattice 
parameters has been observed for Ni at low concentration 
(1%). However, these parameters exhibit a net decrease at 
relatively high concentrations (form 5 to 10%) (Table 3). 
We think that, because of its small ionic radius, Ni occupies 
only interstitial sites at low concentration; its incorporation 

Fig. 10   X-ray diffraction patterns of NZO (a), the position of diffraction peaks of NZO (b), the relative intensity ratio of NZO (c) thin films with 
different concentrations of Ni doping

Table 3   Various structural parameters of ZnO thin films doped with Cu or Ni

Cu and Ni 
content (%)

Crystallite size 
(nm)

Lattice parameters (Å) σ (GPa)

CZO NZO CZO NZO CZO NZO

a c a c

0 35 35 3.2553 ± 0.0006 5.2128 ± 0.0008 3.2553 ± 0.0006 5.2128 ± 0.0008 − 0.3045  − 0.3045
1 28 26 3.2483 ± 0.0006 5.2018 ± 0.0008 3.2544 ± 0.0006 5.2123 ± 0.0009 0.1873  − 0.2857
5 21 20 3.2399 ± 0.0006 5.1889 ± 0.0008 3.2330 ± 0.0006 5.1807 ± 0.0009 0.7650 1.1320
10 23 20 3.2225 ± 0.0006 5.1772 ± 0.0008 3.2200 ± 0.0005 5.1717 ± 0.0008 1.2878 1.5353
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therefore induces no expansion in the ZnO lattice. Contrari-
wise, the reduction in the lattice parameters observed at high 
concentration (greater than 5%) indicates clearly that the 
interstitial sites become saturated and that the excess of Ni 
passes into substitution. In the case of CZO films, it is worth 
noting that the both a and c parameters decrease even though 
at low Cu concentration (1%). This reduction can be attrib-
uted to the Cu ionic radius which is slightly greater than that 
of Ni. In fact, contrary to Ni, the Cu atoms, which cannot 
be hosted in interstitial sites, go directly into substitution 
even for low concentration. The small difference in the ionic 
radius between Zn and Cu is at the origin of the observed 
lattice parameters reduction. Note also that the increase in 
the concentration of the two dopants induces the increase 
of the stress, as shown by the results presented in Table 3.

3.7 � Optical properties

In order to understand the doping concentration effect on 
the optical properties, we have reported in Fig. 11a and b 
the optical transmission spectra of the ZnO films elaborated 
at different Cu and Ni doping rates. The measured aver-
age transmittances and thicknesses of the doped films are 
reported in Table 4. A significant reduction of the trans-
mittance (from 92 to 73%), in the 400–800  nm range, 
is observed as the Cu doping rate increases up to 10% 
(Fig. 11a). This reduction of transmittance is due to the 
observed increase of the film thickness (Table 4). Mean-
while, a slight improvement of the transmittance (from 92 
to 96%) associated to a net decrease of the film thickness 
(Fig. 11b and Table 4) is noticed, in the case of NZO films, 
as the Ni concentration is varied similarly up to 10%. This 
last behavior makes this material quite suitable as a window 
for solar cells.

At this point, we can notice that the transmittance mani-
fests dissimilar behaviors, and that depends on the nature 
and concentration of the dopant.

The observed reduction of transmittance in the case of 
CZO films is attributed to (i) the highest viscosity of the pre-
pared sol, when compared to that of the NZO films. In fact, 
the increase in Cu doping induces an augmentation in the 
solution viscosity that raises the deposition rate and conse-
quently increases the thickness of the film, which decreases 
the transmittance of the film [35]; and/or (ii) to the crystallo-
graphic orientation of the films. In fact, it has been reported 
that a maximum optical transmittance is characteristic of a 
preferentially oriented material along the c-axis, because of 
the reduced amount of optical scattering in the grain bounda-
ries. However, a poly-oriented structure would have reduced 
transmittance due to the excessive dispersion of light in the 
joints [42].

Figure 12a and b displays the variations of (αhν)2 with 
photon energy hν for CZO and NZO films. This figure pre-
sents also the variation of bandgap energy with doping con-
centration. Again, two antagonist tendencies are observed. 
On one side, increasing the Cu concentration results in a 

Fig. 11   Transmittance spectra of undoped and doped ZnO thin films at different contents of Cu (a) and Ni (b)

Table 4   Average optical transmittance of doped ZnO films in the vis-
ible range and films thickness as a function of doping concentration

Doping 
concentration 
(%)

CZO NZO

Film 
thickness 
(nm)

Average 
transmittance 
(%)

Film 
thickness 
(nm)

Average 
transmit-
tance (%)

0 363 92 363 92
1 370 91 322 93
5 419 76 298 94
10 425 74 275 96
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remarkable reduction of Eg. This reduction may be attrib-
uted to (i) the strong coupling between the orbital d of the 
Cu atom and the orbital p of the O atom, which results in an 
enlargement of the valence band, (ii) the Cu 3d orbital makes 
impurity bands overhead the ZnO valence band [34–36]. On 
the other, we emphasize that Eg does not undergo any vari-
ation in the 0–1% doping range in the case of NZO films. 
This result is in agreement with the structural study in which 
we show no variation of the lattice parameters in this dop-
ing range because the Ni occupies only the interstitial sites. 
Beyond 1%, these interstitial sites became saturated and 
the Ni passes into substitution, which causes a reduction 
in the lattice parameters associated with an enlargement of 
the bandgap. In the same way, the observed increase of Eg 
with increasing the Ni concentration could also be explained 
through the Burstein–Moss effect [43]. Indeed, with a high p 
doping concentration, the semiconductor becomes degener-
ated and the Fermi level enters the valence band. Since the 
position of the latter depends on the concentration of the 
dopants, as the Ni content increases, the highest electronic 
states in the valence band become vacant and, therefore, 
shift the absorption edge towards higher photon energy [44].

At the end of this second comparative study, we conclude 
that the undoped and doped ZnO thin films with Cu and 
Ni have a polycrystalline nature with a hexagonal wurtzite 
structure without any secondary phase. Low-concentration 
Cu doping improves the crystalline quality and decreases 
the lattice parameters. However, low-concentration Ni dop-
ing affects negatively the crystalline quality and has no 
evident effect on the lattice parameters. However, high Cu 
concentration results in a remarkable decrease in both the 
crystalline quality and the lattice parameters; contrariwise, 
a high concentration of Ni improves the crystalline quality 
by favoring the preferential orientation (002) and reduces the 
lattice parameters. Optical analysis shows that the doping 

with Cu results in a reduction of the transmittance in the 
visible region with a red shift of the optical gap from 3.27 
to 3.17 eV, though the doping with Ni improves the trans-
mittance and engenders a blue shift of the gap from 3.27 to 
3.33 eV.

4 � Conclusion

In conclusion, the effect of different bivalent dopants on the 
structural and optical properties of ZnO thin films has been 
studied and discussed. We opted in this study for Ni2+, Cu2+ 
and Fe2+, having ionic radii slightly different from that of 
Zn2+, considering that they have different electronegativities 
which are clearly higher than that of Zn2+. XRD diagrams 
show that all undoped and doped deposited films are poly-
crystalline with a hexagonal wurtzite structure. In addition, 
as the ionic radius of the dopant slightly increases and/or 
the electronegativity decreases, the (101) peak intensity 
drops while that of the (002) peak increases. Accordingly 
to this observation, we can state that it is possible to control 
the crystallite growth orientation only by varying the elec-
tronegativity and/or the ionic radius of the bivalent dopant. 
This result is of great interest when seeking to design future 
acoustic transducers, operating in both transverse and lon-
gitudinal modes. In a comparative study between Cu2+ and 
Ni2+ bivalent dopants, based on XRD, low-concentration 
Cu doping improves the crystalline quality and decreases 
the lattice parameters, whereas low-concentration Ni dop-
ing affects negatively the crystalline quality and has no 
evident effect on the lattice parameters. However, high Cu 
concentration results in a remarkable decrease in both the 
crystalline quality and the lattice parameters; contrariwise, 
a high concentration of Ni improves the crystalline quality 
by favoring the preferential orientation (002) and reduces the 

Fig. 12   (αhν)2 versus hν plots of CZO (a) and NZO (b) thin films at various Cu and Ni contents
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lattice parameters. Moreover, the SEM observations indi-
cate a compact, uniform and nanocrystalline morphology 
of all the deposited films. However, optical analysis reveals 
that Ni- and Fe-doped films are highly transparent (greater 
than 90%) with a bandgap blue shift, whereas those doped 
with Cu2+ show a reduced transmission (about 76%) with a 
bandgap red shift.
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