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Abstract

ZnO thin films were synthesized using sol-gel method at 0.25 and 0.5 M molarity concentration. Moreover, the obtained thin
films were Calcium-doped with 1 and 5 at% concentration. In order to investigate the structural changes in the molecular
binding between ZnO and Ca, Fourier Transform Infrared spectroscopy (FTIR), Micro-Raman Spectroscopy and X-ray
diffraction (XRD) were performed. The surface morphology and the chemical constituents distribution of the films were
studied through Scanning Electron Microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX) and Atomic Force
Microscopy (AFM), respectively. The optical and electrical properties were studied by UV—Vis spectroscopy, Spectral
ellipsometry and electrical /-V measurements. The results show that the properties of prepared ZnO thin films were strongly
influenced by the molarity concentration and Ca-dopant. The band shape obtained at FTIR is a band attributable to metal
oxide bonds and can be attributed to the vibrational assignment of Zn—O bond. SEM-EDX and AFM investigations reveal an
enlarged surface area due to the porous nature of the thin films and confirm the presence of Ca in the ZnO matrix. The XRD
and Raman analyses indicate the achievement of the high crystalline quality and confirm the wurtzite phase of the
synthesized thin films. The films transmittance spectra indicate values between 81 and 93% in the 350-800 nm wavelength
region. We further performed I~V characteristics, resulting that Ca has a different impact of the electrical performances.
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Highlights

o Effect of Ca doping on morphological, structural, and opto-electrical properties of ZnO thin films synthesized by sol-gel

at 0.25 and 0.5 M is studied.

e The films has a porous nature and a strong preferred orientation of (002) reflex when the concentration of Ca is greater.
e EDX study reveals the substitution of Ca atoms into ZnO lattice.

e Ca-doped ZnO thin films at 0.5 M exhibit superior properties when compared with 0.25 M.

e The 5 at%-Ca:Zn0O, 0.5 M present the lowest resistivity value of 4.70 O cm.

Keywords

1 Introduction

In the past decade, many studies have been conducted to
enhanced gas sensing of zinc oxide (ZnO) thin films
through doping with different metal elements in order to
improve their structural and electrical properties [1].
Recently, calcium doped zinc oxide (Ca:ZnO) thin films
received attention due to their remarkable properties, such
as high chemical stability, large electromechanical coupling
coefficient, high piezoelectric coefficient, and low acoustic
absorption, which are used in thin-film transistors [2, 3],
micro-electromechanical systems [4, 5], and surface
acoustic wave (SAW) [6, 7] devices. Furthermore, Ca:ZnO
thin films are widely used as sensing metal oxide materials
for the detection of gases like CO,, CO, and NO,. Thus,
doping is a successful strategy to increase the selectivity
toward the target gas by enhancing gas adsorption, pro-
moting specific reactions via catalytic or electronic effects
or modifying the surface [8]. Also, by controlling the Ca
concentrations one can obtain a suitable ZnO guiding layer
for Love wave sensor applications. Moreover, at the same
thickness, a sensor with rough and porous guiding layer has
a higher sensitivity compared with a smooth and dense
guiding layer [9]. Recently, Dhahri et al. [10] demonstrated
that sensitivity is highly increased in the presence of 5 at%
Ca:ZnO prepared by sol-gel method using supercritical
drying in ethyl alcohol. This study agrees with Hjiri et al.
[11] that 5 at% Ca:ZnO nanoparticles present a high sensi-
tivity and a good selectivity to CO, gas due to the fact that
Ca creates basic centers on the surface of the material. There
is a strong interaction between these basic centers and the
acid CO, gas molecules, which leads to the formation of
carbonates and bicarbonates species. Also, this result was
confirmed by Dhabhri et al. [12] who studied an optimized
sensor, based on ZnO co-doped with 3 at% Ca and 1 at% Al
that showed promising performance towards CO, mea-
surement, ensuring high response and fast dynamics at
operating temperature as low as 200 °C. Also, Mahdhi et al.
[13] reported polycrystalline and transparent Ca:ZnO thin
films with a visible transmittance higher than 80% and a
minimum resistivity of 5x 107> Qcm for 3 at% Ca:ZnO
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deposited by magnetron sputtering using nanocrystalline
particles previously elaborated by sol-gel method.

Presently, there are scarce studies about the calcium
doped ZnO thin films deposited on solid substrates like
glass and Si/SiO, with the use of powder coating, super-
critical drying in ethyl alcohol or sol-gel spin-coating
method. Sol-gel technique involves the transformation of a
molecular precursor onto a stable condensed oxide network
during several stages, including hydrolysis and poly-
merization for the formation of the sol precursor fallowed
by condensation, dehydration, nucleation, and growth,
which is commonly achieved through annealing [14].
Moreover, the advantage of this method is that one can
obtain high surface morphology at lower crystallizing
temperature, which implies low costs [15]. In this paper, we
focused on the sol-gel spin-coating preparation method of
the ZnO thin films, also, considering that throughout sol—gel
the porosity can be tuned resulting in a significant tailoring
of the bandgap energy and the refractive index of thin films,
which could improve the sensitivity and response time of
ZnO based sensors [16]. Doping the ZnO nanostructured
oxide films with elements of group II, such as, Be, Mg, Ca,
Sr, Ba leads to the modification of the grain size at the nano-
scale and, therefore, the selectivity and sensitivity of the
structure. However, the synthesis of Zn;_,Ca,O alloy have
been focused mainly on RF-sputtering [17], pulsed laser
deposition [18], and electro-spinning [19] in the form of
nanoparticles [20] and nanostructures [21].

In this work, we prepared high quality Ca doped ZnO
thin films by the sol-gel method with a careful selection of
the precursors systems and molarity of the solutions and
their structural, electrical, and optical properties have been
investigated. We succesfully incorporated Ca in ZnO lattice
and modified surface morphology (e.g., surface porosity,
grain size, and roughness), structural parameters (e.g., lat-
tice constants, mean crystal size, lattice strain), and optical
properties (e.g., volume porosity, refractive index, band gap
value, and transmitance). It is clear that the obtained films
are suitable for a large area of applications (e.g., sensors,
antireflective coatings, or photodetectors). For instance,
while 1% Ca:ZnO at 0.5M presents the highest porosity
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(e.g., 23%), 5% Ca:ZnO at 0.5 M shows the lowest resis-
tivity (e.g., 4.7 Q cm).

2 Experimental details
2.1 Materials

All reagents, zinc acetate dihydrate (Zn(CH3;COO),-2H,0,
99%), absolute ethanol (C,HgO, 299.8%), mono-
ethanolamine (C,H;NO, MEA, >99%) were of analytical
grade and were purchased from Sigma-Aldrich. Calcium
chloride (CaCl,, 293%) was used as the doping source.
Microscope slides (Carl Roth), were used as substrates for
optical analysis, SiO,/Si substrates—Si (100), n-type,
1-10 Q cm (300 nm thickness) were used for SEM, AFM,
XRD, and electrical analysis and Si (100) substrates - p-
type, 10-20 () cm were used for FTIR analysis.

2.2 Calcium doped ZnO synthesis

Nanostructured undoped ZnO thin film and Calcium ions doped
ZnO thin films with 1 and 5% dopant concentration have been
deposited using sol-gel spin-coating method on glass, Si, and Si/
SiO, substrates. Two set of films have been prepared, the first set
contains 0.25 M and the second one contains 0.5 M concentra-
tion. Further, the ZnO, 1 at% Ca:ZnO and 5 at% Ca:ZnO thin
films samples will be named: ZnO, 1-Ca:ZnO, and 5-Ca:ZnO.
The molar ratio of MEA to zinc acetate was 1.0 and the con-
centration of zinc acetate was 0.25 and 0.5 M. All solutions were
prepared for 2h at a temperature of 60 °C and the thin films
were deposited on the substrate by spin coating at 3000 rpm
during 30s. The drying process was carried out, after each
deposition, at temperature of 300 °C for 60s in order to eva-
porate any remaining solvent and organic compound. Deposition
fallowed by drying process was repeated for five times. Finally,
the deposited layers were annealed to enhance their stability, at
500 °C for 1h in the air atmosphere.

2.3 Characterization of the thin films

Chemical bonds configurations study of obtained films was
carried out by Fourier Transform Infrared spectroscopy
(FTIR) using Bruker Optics Vertex 80V Spectrometer,
equipped with a transmission accessory unit. IR spectra
were recorded after 64 scans with a 4 cm™ resolution, in a
spectral range of 4000—400cm™'. All spectra have been
processed, the bands that can be attributed to the vibration
mode of the C=0 bonds of CO, were extracted. Surface
morphology and the film thickness were evaluated by FEI
Nova NanoSEM 630 Scanning Electron Microscope (FEG-
SEM) using a ultra-high resolution detector at an accelera-
tion voltage of 10kV. The identification of Ca

concentration and its distribution within the ZnO films were
performed with the Element energy dispersive spectroscopy
(EDS) system (Smart Insight AMETEK). The Energy dis-
persive X-ray spectroscopy (EDX) map was acquired at an
acceleration voltage of 10kV, with a working distance of
5Smm and x30k magnification. EDX mapping have been
used to assess the nanoscale composition and local dis-
tribution of elements in the polycrystalline films. The sur-
face topography and roughness of films have been
investigated using an atomic force microscope, AFM
NTEGRA Aura - NT-MDT. The AFM measurements were
performed in ambient atmosphere using a standard silicon
cantilever in intermittent contact mode. The roughness
parameter (RMS) of the surface were calculated on a 1 x
I um scanning area. XRD measurements were carried out
on a Rigaku SmartLab X Ray Diffractometer using CuKa
radiation (4 =1.5406 A) in Grazing Inccident (GI-XRD)
mode with a incident angle of 0.5°. It was used a sampling
step of 0.01° and a speed of 4°/min. The phase identification
was made by referring to the International Center for Dif-
fraction Data—ICDD database. The Micro-Raman spectra
were recorded by a high-resolution Micro-Raman spectro-
meter LabRAM HR 800, HORIBA Jobin Yvon at excitation
wavelength of 632.8nm in the 200-600nm spectral
domain. The optical transmission and absorption properties
of the films were measured with a HITACHI U-0080 D
spectrophotometer, in the spectral range of 300-1100 nm.
The thickness and refractive index (n) of the obtained films
were determined by using Spectral Ellipsometer (SE 800
XUV) SENTECH. The electrical characteristics of the films
were measured using a 4200-SCS/C/Keithley system cou-
pled with an EP6/Suss MicroTec microprober, in dark and
under light conditions. For this purpose, Ti/Au (10/100 nm)
contacts with channel width/length (W/L) of 2000 pm/
250 ym were fabricated by DC Sputtering on the films
surface.

3 Results and discussions

Figure 1 shows the FTIR spectra of undoped (ZnO) and Ca-
doped ZnO thin films (1-Ca:ZnO and 5-Ca:ZnO) with 1 and
5% dopant concentration at two different 0.25 and 0.5 M
concentrations, respectively. The spectra exhibit only the
bands in the range below 1200 cm™!, characteristic to Si—Si,
Si—O, and Zn—O vibrations of substrate and film structure.
Thus, the peaks appearing in the spectral region between
450 and 400 cm™! could be assigned to Si—-O bonds from
substrate or Zn—O from the thin films. In the case of thin
film samples, the band shape suggests the Zn—O vibrational
mode, but for a clearer understanding, the substrate con-
tribution was subtracted. Possible assignments for the
obtained peaks are presented in Table 1.
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Fig. 1 Initial FTIR spectra a and
after substrate subtraction b for
undoped and Ca-doped ZnO thin
films at 0.25 and 0.5 M
concentration
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Table 1 The possible assignments for undoped and Ca-doped ZnO
thin films at 0.25 and 0.5M sol concentration, after substrate
subtraction

Probable 0.25M 0.5M
assignment
ZnO 1-Ca: 5-Ca: ZnO 1-Ca: 5-Ca:
ZnO ZnO ZnO ZnO

Si—-O-Si 928 927 926 - - 916
Zn-0 426 426 426 424 426 424
Zn-0 414 414 - - - 414
Zn-0 - 403 408 408 404 404

For 0.25M concentration, the band shape obtained is
related to metal oxide bonds and can be attributed to the
vibrational assignment of Zn—O bond [22]. In the case of
0.5M concentration, the spectra of ZnO and 1-Ca:ZnO
films are defined only by absorption bands from
430-400cm™! spectral domain, suggesting a complete
process was achieved based on to the presence of Zn—-O
bonds. Moreover, the 5-Ca:ZnO spectrum in 430—400 cm ™!
domain displays the peaks assigned to the formation of
Zn—0O bonds. For all doped films the presence of dopant
cannot be detected due to the fact that Ca—O bond overlaps
with the Zn—O spectral bands in that particular region.
However, in the case of the doped films at 0.5M con-
centration a slight shift to lower wavenumbers was observed
due to the difference between bond lengths when Ca*" ion
replaces Zn>" ion.

The surface morphology and the thickness of ZnO, 1-Ca:
7Zn0, and 5-Ca:ZnO thin films in the case of 0.25 and 0.5 M
concentration are shown in Fig. 2.

SEM analysis reveals randomly distributed spherical
nanograins with different sizes separated by voids. The thin
films are constructed of closely packed porous structures of
ZnO nanograins.

In order to calculate mean nanograin size (s) and the
surface porosity (Ps) in SEM images (presented in Table 3)
we used open-source Image] analysis software where for
the Pg we estimated the area covered by voids and nano-
grains on each image. Consequently, the surface porosity
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increases with the rise of Ca dopant, except the case with 5-
Ca:ZnO at 0.5 M concentration where the porosity decrea-
ses, because this film is more compact in which smaller
grains are more effectively packed, giving denser structure.
Regarding the calculated mean nanograin size, it is clearly
observed that at 0.25 M concentration, the mean nanograin
size increases with rise of Ca concentration (from 17 to
58 nm), but there 0.5M, a contradictory trend can be
observed (27-32 nm except for 5-Ca:ZnO film with 20 nm).
Since the increase of the surface porosity is related to the
possibility of sensitivity improvement [23], this type of
spherical porous morphology becomes suitable for gas
sensing applications.

From the cross-sectional images presented in the inset of
the micrographs, we measured the film thickness. Thereby,
we observed that the films thickness increases with about
14 nm towards to dopant concentration (h.cazno = 162 nm
and hs.cp7n0 = 176 nm) in the case of 0.25 M. A similar
trend can be observed in the case of 0.5M when the
thickness increases with about 207 nm (h;_ca7z00 = 239 nm
and hs.cpzno =446 nm). Also, the thickness of undoped
ZnO film increased from 212 to 271 nm as a function of
molarity concentration. We consider that the undoped films
are thicker in comparison with the doped ones due to the
existence of doping atoms in ZnO which modify the relative
energy of the crystal faces according to Ganbavle et al. [24].
Furthermore, the substitution of doping atoms for Zn sites
decreases the nucleation sites on the surface of substrate
according to Nimbalkar et al. [25].

The % Ca content for 5-Ca:ZnO film (0.5 M) determined
by EDX analysis shown in Fig. 3c, is 2.6% which is in good
agreement with the Ca concentration which mixed in the
sol. The Ca, O, Zn, and Cl elemental maps shown in Fig. 3b
have the same spatial distribution which indicates a uniform
distribution of elements in the synthesized films and
demonstrates that the ZnO films are homogenously doped
with Ca. As shown in Fig. 3b, Ca, O, Zn were the domi-
nated elements in the deposited layers. However, the pre-
sence of other elements such as chloride ions is due to the
prior contaminations with calcium chloride which was used
as the doping source.
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Fig. 2 Surface morphology
(inset: cross-sectional image) of
undoped and Ca-doped ZnO thin
films: ZnO a, 1-Ca:ZnO b 5-Ca:
ZnO ¢ at 0.25M and ZnO d, 1-
Ca:ZnO e and 5-Ca:ZnO f at
05M

The AFM images of undoped and Ca-doped ZnO thin
films, at 0.25 and at 0.5 M concentration are presented in
Fig. 4. Furthermore, the surface roughness (RMS) of
obtained films was calculated.

AFM images proves that the surface morphologies of the
ZnO films are strongly dependent on the dopant concentra-
tion. The surface roughness (RMS) of ZnO film (6.9 nm)
decreases with Ca doping reaching 5.1 nm for 1 at% Ca and
6.4nm for 5at% Ca at 0.25M concentration. Figure 4d—f
shows that films corresponding to 0.5M have different
nanoscale grain sizes that caused them to exhibit higher

RMS roughness when compared with 0.25 M concentration.
Hence, at 0.5 M concentration the surface roughness of ZnO
film (11.3 nm) significantly increases when the film is doped
with 1at% Ca (30.3nm) and decreases when the dopant
concentration increases at 5 at% (11.7 nm).

From XRD analysis, see Fig. 5, it can be observed that
the both undoped ZnO films reveal a wurtzite-type struc-
ture, with the diffraction peaks corresponding to ZnO zin-
cite (JCPDS card no. 36-1451).

The X-ray diffraction analysis revealed that the nature
and concentration of Ca®>", the metal ions substituted,
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Fig. 3 SEM micrograph a, EDX
mapping pattern of the element
distribution: Ca, O, Zn, and Cl1 b
and the quantitative analysis
spectra ¢ of the 5-Ca:ZnO thin
film at 0.5 M concentration

influence the formation of the crystal structure of ZnO lat-
tice. With increasing the concentration of Ca, it can be
noted on the one hand a broadening of the diffraction peaks,
from 0.51° to 2.8° (5% Ca) and from 0.51° to 0.77° (5% Ca)
for 0.25 and 0.5 M, respectively. On the other hand, a shift
towards to smaller angles was observed suggesting the
substitution of Zn>" ions with Ca>" inside the lattice was
successful. Furthermore, it is important to remark that the
all investigated samples exhibit preferential orientation on
(002) atomic plane. This fact clearly indicates that the
hexagonal wurtzite symmetry is preserved with Ca con-
centration. However, we noted an interesting behavior when
ZnO lattice is doped with Ca. At 0.25M, Ca leads to a
decrease of (002) peak (i.e., from about 3600 cps to
620 cps). On the contrary, at 0.5 M, Ca leads to the increase
of (002) peak intensity from 3000 to 3800 cps). We con-
sider that the c-axis orientation (e.g., 002) in films when the
concentration of Ca is greater is due to a self-texturing
mechanism as discussed by Deng et al. [26] and Xu et al.
[27] which implies minimization of surface energy and
internal stress [28]. They concluded that the 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. Also, the c-orientation might be resulted
from the facilitated growth of the film along the c-axis as a
result of the highest atomic density found along the (200)
plane [29, 30]. Since the (002) and (103) diffraction peaks
display the highest intensities, we focused our attention on
these reflections. The dashed green and violet lines stand to
ilustrate the angular position of (002) and (103) reflections,
respectively of the undoped ZnO. It is known that when
Ca®* with a larger ionic radius (1.00 A) substitutes Zn>"
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(0.74 A) inside the ZnO wide lattice causes a shift of the
reflections to smaller angles, which is commonly ascribed
with the increasing of the lattice constant [18]. The lattice
constants ‘a’ and ‘¢’ for the investigated samples were
derived from (103) and (002) reflections, respectively and
are summarized in Table 2. Also, (103) diffraction peak
exhibits a broadening from 0.77° to 1.52° (5% Ca) and from
0.51° to 1.01° (5% Ca) for 0.25 and 0.5 M, respectively.
The peak broadening was evaluted using Full Width at Half
Maximum (FWHM) value. It is important to remark that no
supplementary phases compounds associated with Zn or Ca
were detected, leading to the conclusion that the dopant
does not change the wurtzite-type structure of ZnO. Also,
the compactness high degree of the crystalline structure is
indicated by the bond length between zinc and the oxygen
ions, Lz, o in the wurtzite type structure (see Table 2).
These values are in good agreement with the standard
1.977 A bond length of ZnO [31].

In order to estimate the mean crystallite size and the
lattice strain was employed Whole-Powder-Pattern Fitting.
The obtained results indicate a decreasing of the mean
crystallite size decreases from 16 nm (ZnO) to 14 nm (1-Ca:
7Zn0) and then 3 nm (5-Ca:Zn0O). This behavior was also
observed for 0.5 M, where a decreasing from 25 nm (ZnO)
to 22 nm (1-Ca:ZnO) and 12 nm (5-Ca:ZnO) was observed.
In this context, ZnO thin films Ca-doped at the highest
concentration (5% Ca) obtained at 0.5 M exhibit a better
quality.

In order to estimate the mean crystallite size and the
lattice strain was employed Whole-Powder-Pattern Fitting.
The obtained results indicate a decreasing of the mean
crystallite size decreases from 16 nm (ZnO) to 14 nm (1-Ca:
Zn0) and then 3 nm (5-Ca:ZnO). This behavior was also
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Fig. 4 AFM images of 1x 1 um 5 80
scanned areas of undoped and x 70
Ca-doped ZnO thin films: ZnO
a, 1-Ca:ZnO b and 5-Ca:ZnO ¢ w' < 60
at 0.25M and ZnO d, 1-Ca:ZnO L
e and 5-Ca:ZnO f at 0.5 M p - 50
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observed for 0.5 M, where a decreasing from 25 nm (ZnO)
to 22 nm (1-Ca:Zn0O) and 12 nm (5-Ca:ZnO) was observed.
In this context, ZnO thin films Ca-doped at the highest
concentration (5% Ca) obtained at 0.5 M exhibit a better
quality.

The positions of the (103) and (002) diffraction peaks,
the lattice constants a and c evaluated with the Bragg
relation, the average crystallite size Dg, the lattice strain eg
(estimated from Whole-Powder-Pattern Fitting) and the
Zn—0O bond length (L) calculated from the experimental
XRD data [32] are presented in Table 2.

The Raman spectra of undoped and Ca-doped ZnO thin
films, at 0.25 and at 0.5 M are presented in Fig. 6.

Wurtzite structure ZnO belongs to space group C6 and,
according to group theory, the corresponding zone-center

180

160

140

120

nm

optical phonons are Al 4 2B1 +E1 4 2E2. The Al, El,
2E2 modes are Raman active while 2B1 are silent. The
polar phonons of Al and El modes are split into long-
itudinal optical (LO) and transversal optical (TO) compo-
nents: Al (TO), Al (LO), E1 (TO), E1 (LO) [33].
Generally, the E2 (high) and E2 (low) are the high and low
wave number modes associated with the motion of oxygen
atoms (O) and zinc (Zn) sublattices [34]. The high fre-
quency E2 mode, the E2 (high) involves predominantly the
lighter oxygen atoms and ZnO wurtzite structure [35, 36],
while E2 (low) mode is associated with the nonpolar
vibration of heavier cations Zn sublattice [37].

The Raman spectra of all the thin films exhibit the E2
(high) mode at ~439 cm™! associated with bulk ZnO
[38, 39]. The strong E2 (high) mode indicates there is a
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Fig. 5 X-ray diffraction patterns

of undoped and Ca-doped ZnO
thin films: 0.25M a and 0.5 M
b. The dashed green and violet
lines were used to show the
position of the (002) and (103)
reflections, respectively
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Table 2 The position of the (002) diffraction peak, the lattice constants a and c evaluated with the Bragg relation, the average crystallite size Dg
and the lattice strain eg (Rieveld analysis) and the Zn—O bond length (L) for undoped and Ca-doped ZnO thin films at 0.25 and 0.5 M

concentration
Film (103) (002) a c Dyr €R LD
[°] [°] [Al [A] (nm] [%] [A]
0.25M
ZnO 62.92 34.50 3.275+£0.05 5.19+£0.14 16 0.12 1.974
1-Ca:ZnO 62.86 34.42 3.277+0.05 5.210+0.14 14 0.03 1.976
5-Ca:ZnO 62.82 34.21 3.284 £0.05 5.230+0.14 3 0.42 1.969
0.5M
7ZnO 62.92 34.44 3.275+£0.05 5.203+0.14 25 0.26 1.976
1-Ca:ZnO 62.82 3441 3.277+0.05 5.206+0.14 22 0.38 1.977
5-Ca:ZnO 62.80 34.40 3.288 £0.05 5.207+0.14 12 0.23 1.977

The associated errors were estimated taking into account the used optical instruments (i.e., without monochromator at the incidence and PSA 0.5°

at detector)

good crystallinity in both the undoped and the Ca doped
ZnO films. The Raman spectra of the Ca-doped ZnO thin
films does not show any additional modes indicating the
achievement of a high-quality thin films. Also, Raman
spectroscopy results are in good agreement with XRD
results and confirm the hexagonal phase of thin films.

The optical transmission and absorption spectra of the
films are displayed in Fig. 7.

The films transmittance spectra indicate values of
81-93%, except for 5-Ca:Zn0O film (0.25 M) in which case
the transmittance in the (350-800 nm) wavelength region
decreases significantly (73%). Higher transmittance
obtained for 5-Ca:ZnO film (0.5 M) may emerge from the
structural homogeneity and crystallinity of 5-Ca:ZnO film
as evidenced from AFM and XRD analysis. The optical
band gaps (Eg opic) Were estimated from the absorption edge
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using the Tauc relation and further extrapolation of the
linear region of (ahv)® versus hv plot [40]. We remarked at
both 0.25 and 0.5M concentration that the band gap
decreases with increasing dopant concentration which could
be associated to the merging of an impurity band into the
conduction band thereby shrinking the band gap [41, 42].
Formation of such impurity band give rise to new donor
electronic states just below the conduction band due to
hybridization between states of the ZnO matrix and that of
the dopants [41, 42]. Consequently, the band-gap values
reported in our study ~3.22 eV are slightly smaller than the
bulk value of 3.3 eV according to Islam et al. [43] and is in
good agreement with previously reported results that also
showed the decrease in the band gap of Ca doped ZnO
nanoparticles [44], Ca doped ZnO nanorods [45], ZnO thin
films [46], and Al doped ZnO thin films [47]. This slight
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Table 3 Refractive index (n), - 4
volume porosity (Py), surface Film " Py (%) Ps (%) s (nm) T (%) Eq opic (€V) p (Qcm)
porosity (Pgs), mean nanograin 025M
size (s) transmission (7), optical
band gap (Eg,oplic) and res1st1v1ty ZnO 1.84 11 13 17 84 3.23 88.02
(p) for undoped and Ca-doped 1-Ca:ZnO 1.73 20 24 39 81 3.22 26.69
ZnO thin films at 0.25M and at  5.C4:7n0 1.75 18 17 58 73 3.10 2351
0.5 M concentration 0.5M
Zn0O 1.96 2 6 27 93 3.24 22.33
1-Ca:ZnO 1.70 23 32 32 84 3.21 1391.93
5-Ca:ZnO 1.90 7 12 20 90 3.22 4.70

difference is due to the fact that the values of E, depend on
many factors e.g., the granular structure, the nature and
concentration of precursors, the structural defects, and the
crystal structure of the films [48]. Furthermore, the grain
boundary, the stress and the interaction potentials between
defects and host materials in the films influenced the
properties of ZnO films. The values of transmission (7) and
the calculated optical band gap (Eg opiic) corresponding to all
the prepared thin films are listed in Table 3. It is notable that
5-Ca:ZnO film (0.25 M) exhibits a reduced Eg qpic, Which
suggests a presence of defects, nonstoichiometry, and
crystal imperfection [49].

Optical constants of sol-gel deposited thin films have
been investigated by Spectroscopic Ellipsometry. Layer

volume porosity decreases from thin film surface to bottom.
We have used a model where the distribution of porosity in
the ZnO layer is approximated by two layers having distinct
porosities. The layer situated at the thin film surface has the
highest porosity. According to the ellipsometry analysis, the
refractive index (n) and porosity (P) corresponding to the
less porous layer are also presented in Table 3.

Both ZnO and 5-Ca:ZnO films are denser compared with
1-Ca:ZnO at 0.5 M and at 0.25 M, as indicated by the values
of the refractive index and volume porosity values. The
volume porosity (Py) of the films has been calculated using
Lorentz—Lorentz equation [50]. To get an additional esti-
mation of the surface porosity (Sy), we used top-view SEM
images, taking into account the area covered by voids and
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Fig. 8 Electrical characteristics
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nanograins, respectively. Ca-doped ZnO films displayed
higher volume porosity with respect to the undoped sam-
ples, confirming that an addition of Ca modifies the mor-
phology and the grain size, in general agreement with the
previously presented morphological analysis. It appears that
adatoms increase the porosity at both 0.25 and 0.5 M con-
centration and consequently they influence also the refrac-
tive index. As a general trend, the lowest values of the
refractive index (n) were determined to be 1.73 and 1.70 in
case of 1-Ca:ZnO at 0.25 and at 0.5 M, respectively. Fur-
thermore, the maximum porosity, was 20 and 23% obtained
in the same case of 1-Ca:ZnO at 0.25 and 0.5 M, respec-
tively. Following the ellipsometry analysis, it was found
that the porosity is influenced by the molar concentration
and by the amount of dopant. The refractive index increased
from 1.75 (5-Ca:ZnO, 0.25M) to 1.90 (5-Ca:ZnO, 0.5 M),
due to increasement of films density as well as improved
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crystallinity, as evidenced by X-ray diffraction (XRD) and
Micro-Raman Spectroscopy.

I-V characteristics of the films fabricated using sol—gel
spin coating technique measured under dark and white light
conditions are plotted in Fig. 8. The electrical conductivity
of ZnO thin films is dominated by charge generated from Zn
interstitial atoms and oxygen vacancies [51]. Therefore, the
decrease in resistivity of ZnO films by Ca doping may be
due to zinc interstitials and/or oxygen vacancies in the films.

The prepared films present a low conductivity along with
a small sensitivity under ambient light. One can be observe
a resistive characteristic in ZnO at 0.25 M (see Fig. 8 (a)),
conversely at 5-Ca:ZnO the -V characteristic is slowly
nonlinear. At 0.5M, in the case of 5-Ca:ZnO thin film, it
can be seen that electrical resistance decreased by one order
of magnitude compared with the others films, possibly
because the film morphology shows a reduced roughness
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and porosity. Also, it is noticeable the improvement in
terms of electrical resistance value compared with ZnO film
obtained at the same concentration of 0.5 M, while the
illumination does not influence the electrical behavior. In
accordance with Dahoudi [52], we argue that intergranular
voids and pores create discontinuities between nanograins,
thus inhibiting the smooth mobility of charge carriers and
resulting in a relatively high electrical resistivity as we have
observed for 1% Ca, 0.5 M. Also, high resistivity for 1%
Ca, 0.5M can be interpreted as the calcium oxide related
precipitates, which form at the grain boundaries that may
act as scattering centers [53]. Therefore, in this study the
appearance of very few pores and voids as revealed by SEM
and AFM analyses, hence, less discontinuities between
nanograins, gives rise to the obtained lowest electrical
resistivity of 4.70 Qcm (corresponding to 5% Ca, 0.5 M)
which is lower than 28.2 () cm reported by Natsume et al.
[54] and 21.1 O cm reported by Talukder et al. [55]. These
results corroborate well with the ellipsometry analysis,
where the 5-Ca:ZnO film, 0.5 M exhibit the lowest porosity
(7%) and present a denser smoother structure, as we have
observed in cross-sectional SEM image. The lowest resis-
tivity obtained for 5-Ca:ZnO film (0.5 M) indicates the
generation of additional carriers due to the contribution
from Ca’>" ions on substitutional sites of Zn>" ions. We
believe that the denser structure, lower porosity and
increased crystalline orientation are responsible for the
significant improvement in resistivity of the deposited films.
Also, it is known that the electrical resistivity of ZnO
nanostructures gradually decreases with respect to the mean
crystallite size, and nanostructure orientation [56]. We
remarked that the 5-Ca:ZnO thin film at 0.5 M concentra-
tion exhibit superior properties, regarding the resistivity
when compared with 0.25 M concentration. This fact is also
confirmed by X-ray diffraction, when Ca doping has a
different impact. More precisely, at 0.25 M, Ca leads to a
decrease of (002) peak (i.e., from about 3600cps to
620 cps). On the contrary, at 0.5 M, Ca leads to the increase
of (002) peak intensity from 3000 to 3800 cps. The incor-
poration of Ca into ZnO improves the electrical con-
ductivity due to the creation of one extra carrier as a result
of substitutional doping of Ca®" at Zn*" sites [57]. In the
present work, the higher dopant content (5-Ca:ZnO), at
0.5 M sol concentration gave the more intense peaks, which
underlines the enhancement of the films crystallization.
Therefore, this film presents the lowest resistivity.

4 Conclusions
To conclude, ZnO thin films with 0.25 and 0.5 M molarity

concentration which consist of undoped and Ca doped ZnO
with 1 and 5 at% were deposited by a facile sol-gel spin

coating method on SiO,/Si, Si, and glass substrate. FTIR
spectra confirmed the presence of Zn—O bonds and a slight
shift to lower wavenumbers, which could confirm the
doping of the films due to the difference between bond
lengths when Ca®" ion replaces Zn>" ion. The EDX map-
ping indicates that Ca is homogenously dopped in the ZnO
films. EDX analysis confirms the presence of 2.6% atomic
weight of Ca in the ZnO matrix doped with 5% Ca (0.5 M),
which was uniformly distributed at the surface of the sub-
strate. Surface morphology investigations clearly indicate
an increasing of the surface porosity with Ca concentration.
Also, XRD analysis reveals structural modifications with Ca
concentration, in terms of both lattice parameters and
crystallite sizes. Remarkable, the wurtzite structure of ZnO
with (002) preferential orientation was preserved after the
Ca incorporation. The wurtzite structure of ZnO was also
evidencied by Raman spectroscopy. Regarding the optical
properties were employed spectral ellipsometry and
UV-Vis spectroscopy. On the one hand, spectral ellipso-
metry indicates a decreasing of the refractive index (from
1.70 to 1.96), accompanied with an increasing of the
volume porosity (from 2 to 23%). On the other hand,
UV-Vis spectroscopy indicates a decreasing of both trans-
mitance (from 73 to 93%) and band gap value (from 3.10 to
3.24 eV). It is clear that the wide range of volume porosity
for the investigated samples could constitute a starting point
for sensors. Also, electrical measurements showed a mod-
ification of the resistivity with Ca doping.
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