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Abstract: A sample of calcium-doped zinc oxide (CZO) thin films of varying thicknesses 
were prepared by the pulsed laser deposition technique (PLD) on glass substrates. The film 
samples were grown at constant oxygen pressure. The pulsed laser deposition target used 
was Ca-doped zinc oxide 3 at. % nanopowder synthesised by a modified sol-gel process. 
The structural, morphological and optical properties of the CZO thin film were studied. 
From the X-ray diffraction analysis, the orientation of Ca-doped zinc oxide thin films was 
found to be along the c-axis, displaying only a (002) diffraction peak. The X-ray diffraction 
spectra revealed that the crystalline quality of the film was enhanced and grain size grew by 
increasing the film thickness. Cross-sectional microscopy images show the formation of 
columnar structure in the obtained thin film with low surface roughness when the film 
thickness increases. CZO thin film is highly transparent in the visible wavelength region 
with a transmittance higher than 90% for the lowest thickness. The calculated optical band 
gap is approximately 3.4 eV. The obtained results revealed that our samples are promising 
as transparent conducting oxide layers in many technological applications. 
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1. Introduction 
Recently, transparent conducting zinc oxide 

(ZnO) thin film has been investigated as an 
important semiconductor in many fields. Indeed, 
the interesting optical and electrical properties of 
these materials can make them potential 
candidates for various applications [1-6]. Among 
these properties, the high transparency in the 
visible region, the wide band gap, the high 
natural abundance, and the chemical stability can 
be observed. Thus, the ZnO material can be used 
as a transparent electrode in solar cells, light-
emitting diodes (LED), photocatalytic support, 
thin film transistors, UV photodetector and 
various optoelectronic devices [7-14]. Therefore, 
to serve and improve these applications, many 
researchers used different doping elements to 

control and optimize the physical properties of 
ZnO. For example, some metals of the Group III 
elements, such as (Al, In), have been used to 
improve the conductivity and control the 
electrical properties of ZnO [15]. For the 
photoluminescence properties, noble metals such 
as gold have been used as doping elements [16]. 
Also, for their magnetic properties, elements 
such as (Fe, Mn, Co and Cr) serve well as 
transition metals [17, 18]. The elements of group 
I (Li, Na) have been used to realize a p-type 
semiconductor by the creation of acceptor levels 
in ZnO. However, doping with Group II 
elements like calcium is less studied. This 
element recently received more attention because 
of its important properties such as its non-



Article  Mejri et al. 

 66

toxicity, abundance in nature, high chemical 
stability and low cost. Besides, it presents 
specific characteristics in the ZnO matrix which 
are very promising for several technological 
applications. Calcium can be used to enhance the 
particle size and optical properties of ZnO 
nanostructures. Although the ionic radius of Ca2+ 
(0.99 Å) is larger than that of Zn2+ (0.74 Å), we 
obtained a successful substitution of the Ca in 
the ZnO matrix. Further, to prepare the doped 
and undoped ZnO thin film, several physical and 
chemical techniques have been used, such as 
pulsed laser deposition (PLD) [19], RF 
magnetron sputtering [20], spray pyrolysis [21], 
sol-gel process [22], etc. As a versatile 
technique, the PLD is one of the most efficient 
methods. It is very unique and widely used for 
the growth of stoichiometric oxide thin film. It is 
relatively simple and offers more advantages 
compared to other physical vapour deposition 
methods. Mainly, the advantages of PLD 
techniques are the ability to create high-quality 
thin film fabricated at low temperatures. The 
deposition can be controlled by adjusting the 
pulse duration and the laser repetition rate [23]. 
Also, this method promotes the similarity of the 
composition of thin film to the target [24]. 
Therefore, many factors can influence the 
physical properties of doped and undoped ZnO 
thin film, such as substrate type, annealing 
temperature, oxygen pressure, and others [25-
28]. Among these factors, we are interested in 
studying the effect of thickness. In reality, the 
latter has an effect on the size and the orientation 
of the crystallites and on the strains and lattice 
stresses of the studied material, which is linked 
to the optical and electrical properties. For this 
reason, several researchers are interested in 
studying this behaviour. Indeed, Mahdhi et al. 
[29] have reported the structural, electrical and 
optical properties of Ga-doped ZnO thin film 
with different thicknesses. Also, Pandey et al. 
[30] have studied the dependence of thickness on 
structural and optical properties of aluminium-
doped zinc oxide thin film. Benramache et al. 
[31] focused on ZnO thin film deposited by 
ultrasonic sputtering. 

This work aims to investigate the effect of 
thickness on structural and optical properties of 
Ca-doped ZnO thin film with an atomic 
concentration of 3% (CZO3%) from 
nanoparticles prepared by the sol-gel process. 
These films were deposited on glass substrates 

by the PLD technique with different thicknesses: 
410, 480, 550, and 612 nm. 

2. Experimental Details 
Calcium-doped ZnO nanoparticles were 

synthesized via a sol-gel process using the 
autoclave system under supercritical conditions, 
following the protocol described by El Mir et al. 
[32, 33]. The precursors used are zinc acetate 
dihydrate [Zn (CH3COO)2. 2H2O] with purity 
higher than 99%, and as a doping element, an 
adequate quantity of calcium chloride 
hexahydrate [CaCl2, 6H2O; 99%] which 
corresponds to [Ca/Zn] atomic ratio of 0.03. In 
the elaboration process, methanol and ethanol 
were used as solvents. The obtained nanopowder 
was deposited on a glass substrate by the pulsed 
laser deposition technique of the PLD/MBE 
2100 type. Indeed, this powder was pressed 
inside the target holders of 2 inches in diameter 
under an axial pressure of 300 kg/cm2 to obtain 
compact targets. Then it was sintered at 400°C 
for 2 hours in air. The laser (KrF excimer) was 
operated at a wavelength of 248 nm with a 
repetition rate of 10 Hz and a pulse width equal 
to 20 ns. This source was used, with an energy of 
350 mJ to ablate the target. The growth pressure 
in the chamber was 10-6 Torr and the substrate 
temperature was 300°C. The chamber was filled 
with oxygen with a pressure of 5.10-3 Torr. The 
substrate was placed at 55 mm from the target. 
The growth parameters by PLD remain constant 
during the deposition time which is adjustable to 
have the different thicknesses (410, 480, 550, 
612 nm). The structural properties of the 
synthesised samples were performed by X-ray 
diffraction spectrometer (Bruker-D5005) using a 
Cobalt K radiation (λ = 1.78901Å). The surface 
morphology of our thin film was observed using 
a scanning electron microscope (SEM, 
HITACHI S4500). The optical properties were 
investigated by a UV-Vis-IR spectrometer 
(Shimadzu UV-3101PC). 

3. Results and Discussion 
3.1. X-ray Diffraction 

Figure 1 depicts the XRD patterns of the 
CZO thin film with different thicknesses (410, 
480, 550, 612 nm). These diagrams reveal that 
all the samples have a hexagonal wurtzite 
structure of space group P63mc with a 
preferential orientation (002) along the c-axis 
perpendicular to the substrate [34, 35]. The peak 
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position matches the standard JCPDS card No. 
36-1451 [36]. Further, the absence of secondary 
phases indexed on the diagrams is noted, which 
indicates the good quality of the crystal structure 
of this thin film. It is also clear that there is an 
increase in the intensity of the (002) peak with 
the thickness, showing that the crystallinity of 
the thin film is improved [37, 38]. Indeed, the 
growth of these films is accompanied by the 
formation of nucleation centres and small 
crystallites. Thus, an improvement in 
crystallinity is observed as a result of increasing 
the thickness and the grain size. Besides, we 
focused on the peak (002) to present the offset of 
peak positions and the width at half maximum 
(FWHM). As seen in Fig. 2, the (002) peak shifts 
slightly toward higher diffraction angles with 
increasing thickness. This shift can be explained 

by residual stresses in the thin film due to a 
mismatch of the thermal expansion coefficient 
between the film and the glass substrate. We 
used the width at half maximum (FWHM) of the 
peak (002) to determine the crystallite size, the 
lattice parameter c, the strain, and the residual 
stresses of the CZO3% thin film from the 
following equations. The crystallite size was 
estimated using the Debye-Scherrer formula 
[39]: 

ܦ = ௄ఒ
ஒ ୡ୭ୱ ఏ

             (1) 

where λ defines the X-ray wavelength (λ = 
1.78901Å), θ  is the diffraction angle, and β 
represents the full width at half maximum of the 
XRD peak. 

 
FIG. 1. XRD diagrams of CZO3% thin film with various thicknesses. 

 
FIG. 2. Zoomed XRD diagrams of CZO3% thin film with various thicknesses. 
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The lattice parameter c for these films was 
calculated using the following formula [40]: 

  2

2
222

3
4

c
alhkkh

ad


          (2) 

where h, k, and l are the Miller indices, dhkl is the 
interplanar spacing for (hkl), and a and c 
represent the lattice parameters. Subsequently, 
we used this parameter to determine the strain ߝ 
of the thin film using the Eq. (3) [41]: 

(%) ߝ = ௖ି௖బ
௖బ

× 100            (3) 

where c is the lattice parameter of the strained 
films determined from XRD data and c0 
represents the unstrained lattice parameter of 
bulk ZnO (5.2065 Å) [42]. From the strain, we 
calculated the residual stress in the plane of the 
film using the following formula [43]:  
ߪ =  (4)            [ܽܲܩ] ߝ 233−

The obtained values are grouped in Table 1. 
From these values, we notice an increase in 
crystallite size D with thickness accompanied by 

a decrease of the width at half maximum β, 
which indicates the improvement in the 
crystallinity of the CZO thin film deposited on 
the glass substrate. Also, it is noted that the low 
elastic strain is for the highest thickness, which 
makes this film more relaxed and its crystallinity 
is enhanced. The residual stress also presents a 
very important parameter occurring during the 
deposition of thin film, which can be intrinsic or 
extrinsic [44]. In this study, we notice an 
increase in the residual stress σ(GPa) with 
increasing thickness and their values have a 
negative sign which proves that these films are 
in a state of compression. In addition, the lattice 
parameters (a, c) which were determined 
according to Bragg’s law, decrease with 
increasing thickness. This result can be 
explained by a contraction in the crystal lattice. 
Also, the value of the parameter c for all the 
studied samples, is higher than those of ZnO 
without stress in the JCPDS card No. 5-664 (c0 = 
5.2065 Å) [32], justifying that these films 
undergo stress along the orientation of the c-axis 
in the presence of Ca. 

TABLE 1. The crystallographic parameters of the CZO3% with various thicknesses 
Thickness (nm) 410 480 550 612 

2ી(°) 39.54 39.69 39.65 39.74 
 0.318 0.363 0.406 0.508 (°)ࢼ

D (nm) 19 24 27 30 
dhkl(Å) 2.645 2.634 2.637 2.632 
a (Å) 3.054 3.042 3.044 3.039 
c (Å) 5.289 5.269 5.274 5.264 
 1.10 1.29 1.20 1.59 (%) ࢿ

࣌ (GPa) -3.68 -2.80 -3.01 -2.56 
 

3.2. Morphological Analysis 

The cross-sectional image and the surface 
morphology of the CZO thin film with a 
thickness of about 410 nm obtained by scanning 
electron microscopy are presented in Fig. 3(a) 
and 3(b). It is clear that this film has a uniform 
grain distribution with perpendicularly oriented 
columnar structure and the surface between the 
deposited film (CZO) and the substrate is well 
defined with low roughness, which indicates the 
good quality of the surface. The film presents a 
uniform grain size with a typical columnar 
structure and a smooth surface. The thickness of 

the film thickness agrees well with the optical 
study. The cross-section SEM image of the thin 
film indicates that it has a c-axis preferred 
orientation, due to the self-texturing mechanism 
as discussed by El Mir et al. [3], which 
concluded that film crystal orientation is a result 
of a self-ordering effect caused by the 
minimization of the crystal surface free energy 
as well as by the interaction between the 
deposited material and the substrate surface. 
Furthermore, according to the elemental analysis 
(Fig. 3(c)), all the desired elements are present 
and no impurities have been detected. 
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FIG. 3. (a) Cross-section SEM image, (b) SEM surface image, (c) EDX analysis of CZO3% thin film with a 

thickness of 410 nm. 

3.4. Optical Properties 

To study the effect of thickness on the optical 
properties of CZO thin film, the transmittance 
and absorbance for all samples were measured in 
the wavelength range between 200-2400 nm. 
These spectra are shown in Figs. 4 and 5. From 
these figures, we notice that all thin film samples 
exhibit high transparency in the visible and NIR 
regions and an important absorption in the UV 
region. As shown in Fig. 4, the average 
transmittance of all CZO3% thin film samples 
varies from 80% to 98% in the wavelength 
region above 400 nm, which indicates high 
transparency. This transparency depends on the 
thickness; the film with the lowest value (410 
nm) corresponds to the highest transmittance. 
This is correlated to the increase in the 
concentration of charge carriers [45] and to the 
absorption of photons which is increasingly 
higher in the material as thickness increases. 

Further, we note the presence of interference 
fringes for all films, indicating their good quality 
and homogeneity [46] in addition to a less rough 
surface. This suggests that these films are 
suitable candidates for transparent electrodes for 
optoelectronic applications [47, 48]. Fig. 5 
shows that in the wavelength region lower than 
400 nm, the absorbance increases remarkably by 
increasing the thickness of our thin film. This 
high absorbance corresponds to a fundamental 
absorption in the films, which is due to the 
electronic transition from the valence band to the 
conduction band. This indicates the possibility of 
these films to serve as optical filters for 
ultraviolet rays and thus justifies the use of the 
absorption coefficient to determine the optical 
gap. The absorption coefficient (ߙ) was 
calculated using the following equation [49]:  

α = ଵ
ୢ

ln ଵ
୘

             (5) 
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where d is the thickness of the film and T is the 
transmittance. We then used this coefficient to 
determine the band gap energy Eg of our thin 
film following the Tauc relation [50]: 

ଶ(ℎ߭ߙ) = ൫ℎ߭ܣ −  ௚൯            (6)ܧ

where A is the constant for direct transition and 
ℎߥ is the photon energy. Fig. 6 displays the plot 
of (ߙℎߥ)ଶ versus (ℎߥ) for CZO thin film of 
different thicknesses. The optical band gap can 
be achieved by extrapolating the linear portion to 
the photon energy axis. The obtained values of 
the band gap energy for all samples are 
summarized in Table 2. From this table, we note 
a decrease of Eg as the thickness of the CZO thin 
film increases. This reduction may be due to the 
disorder caused by lattice defects in the material 
[51] and the change in crystallinity and strains in 
the films [52]. In fact, several factors can explain 
the variation in the gap energy and sometimes 
we have antagonistic behaviours. In our case, the 
decrease in the band gap energy can be mainly 

attributed to two effects: the first one is the 
increase in the concentration of defects which 
allows the increase in the width of the tail of the 
band. For the second effect, the quantum 
confinement, increasing the size makes it 
possible to reduce the energy of the gap, 
provided that the size is of the order of the Bohr 
radius of the material. Many authors have 
reported this same behaviour. For example, 
Udachan et al. [53] observed that the decrease of 
the band gap energy with increasing the 
thickness of selenium thin film is attributed to 
the nanocrystalline quantum size effect. Also, in 
the work of Bouderbala et al. [54] it was shown 
that the decrease of band gap energy with the 
increase of thickness of undoped ZnO thin film 
deposited by the rf-sputtering method is due to 
the carrier concentration variation. Furthermore, 
Revathi et al. [55] reported that the decrease in 
the optical band gap energy is attributed to the 
quantum confinement effect. 

 
FIG. 4. Transmittance spectra of CZO3% thin film with various thicknesses (410, 480, 550, 612 nm). 
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FIG. 5. Absorbance spectra of CZO3% thin film with various thicknesses (410, 480, 550, 612 nm). 
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FIG. 6. Plots of (αhυ) ² as a function of (hυ) of CZO3% thin film with different thicknesses. 

TABLE 2. The optical band gap energy and Urbach energy of CZO3% with different thicknesses 
Thickness (nm) 410 480 550 612 

Eg (eV) 3.63 3.51 3.45 3.41 
Eu (meV) 194.93 147.85 131.69 131.46 

 

On the other hand, the Urbach energy Eu is a 
parameter that defines the purity and crystalline 
disorder in the material and provides information 
on the density of the energy states in the tail of 
the valence or conduction band. Following 
Urbach's Rule, the absorption coefficient is 
expressed by [56]: 

ߙ = ଴ߙ exp ቀ௛జ
ாೠ

ቁ            (7) 

Consequently, we can apply the following 
relation to plot ln(ߙ) as a function of hυ: 

ln (ߙ) = ln (ߙ଴) + ௛జ
ாೠ

            (8) 

Thus, we can determine the value of the 
Urbach energy Eu from the inverse of the slope 
of the linear part of the traced curve (Fig. 7). The 
values obtained are summarized in Table 2. 
According to these results, we can see a 
reduction in the Urbach energy of our films as 
their thickness increases. This coincides with the 
improvement of the crystallinity of the CZO thin 
film and the increase in thickness which is 
proven by the XRD results. Generally, as the 
thickness of the ZnO thin film increases, the 

Urbach energy tends to decrease. This is often 
due to the reduction in the amount of surface and 
interface defects that induce localized energy 
levels in the band gap. The highest thickness can 
reduce the influence of these defects and 
improve the crystalline quality of the material, 
which results in a decrease in the Urbach energy. 
From the absorption coefficient, we can also 
determine the extinction coefficient k at different 
wavelengths λ. This coefficient presents the 
imaginary part of the complex refractive index, 
reflecting the absorption of radiation by the 
material. This parameter was determined using 
the following equation [57]: 

k = ஑஛
ସ஠

              (9) 

Figure 8 shows that in the ultraviolet region, 
the value of the extinction coefficient is high for 
all samples. These large values are due to the 
intrinsic absorption of energies that are higher 
than the gap. We also notice a decrease in this 
coefficient with the wavelength reaching low 
values in the visible and infrared regions, which 
indicates the transparency of our films [58]. 
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FIG. 7. Plot ln(ߙ) as a function of hυ of CZO3% with different thicknesses. 

500 1000 1500 2000
0.0

0.1

0.2

0.3

0.4

0.5

0.6

k

l (nm)

 410 nm
 480 nm
 550 nm
 612 nm

 
FIG. 8. Extinction coefficient as a function of wavelength of the CZO3% thin film at different thicknesses. 

4. Conclusion 
In summary, the effect of thickness on the 

structural and optical properties of thin film of 
CZO3% deposited by the PLD technique on the 
glass substrate based on nanoparticles doped and 
synthesised by the sol-gel technique was studied 
in detail. The structural analysis by X-ray 
diffraction showed that these films have a 
hexagonal wurtzite structure and a preferential 
orientation in (002) direction along the c-axis 
which is improved with the increase of 
thickness. Therefore, we proved that the 
crystallite size, the strains, the residual stresses, 
and lattice parameters depend on the thickness. It 
is evident that residual stresses have a significant 

effect on material properties; in particular, they 
can affect the band gap and thus influence all 
optical properties. For this reason, it is often 
necessary to select the right values for specific 
applications in optoelectronics. The results 
obtained by the optical study showed that these 
films are transparent in the visible-NIR region 
and the absorption is significant in the ultraviolet 
region. It was found that the band gap energy 
and the Urbach energy decreased with increasing 
thickness. The presented protocol implies that 
the laser ablation technique is promising for 
tailoring different properties of CZO thin film 
based on aerogel nanoparticles, producing high-
quality TCO with tailored properties. 
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