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Improved optical transparency of calcium-doped ZnO
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ZnO thin films with various Ca-doping contents were produced by spray pyrolysis. X-ray diffraction results showed that all
samples had a hexagonal structure. Morphological analysis indicated that all films had granular topography. The best
transparency was obtained for 2 at.% Ca-doped ZnO samples. Band gap of ZnO thin films was found to be 3.22 eV and
didn’tchange withincreasing of Ca-doping. Photoluminescence data indicated that all samples had four emission peaks.
Electrical measurements revealed that Ca-doping resulted in a gradual improvement of carrier density and consequently a
decrement of resistivity, which is important for application areas in opto-electronics.
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1. Introduction

ZnO semiconductor (a band gap of 3.36 eV at room
temperature) has recently attracted a great deal of attention
because of its unique properties such as high optical
transparency in the visible region, large exciton binding
energy of 60 meV, nontoxic nature, excellent electrical
conductivity and good chemical stability. These properties
make it a promising material in the applications of
optoelectronics, photonics and sensors [1-5]. ZnO
materials can be produced a variety of methods including
pulsed laser deposition (PLD) [6], chemical vapor
deposition (CVD) [7], magnetron sputtering [8] and spray
pyrolysis [9]. Of these methods, spray pyrolysis is
particularly attractive one with simple and low-cost
equipment, mass production and it can be used for large
area production on glass and conductive substrates. On the
other hand, this method ensures an advantage of doping
atoms in the host matrix such as Mn, Na and Al etc. [10-
12]. Doping is a good alternative way in controlling the
physical properties of semiconductors like crystal
structure, electrical, optical characteristics and surface
morphology etc., which is suitable route to enhance their
device applications. Until recently, there are lots of papers
concerning about rare-earth, transition metal and
nonmetal-doped ZnO to improve the optical and electrical
properties of ZnO for different application areas. For
instance, Hijiri and co-workers synthesized undoped, Ca-
and Al-doped ZnO nanoparticles by sol-gel method and
fabricated conductometric ZnO sensors. They investigated
the effect of response to CO and CO, gases on the
produced specimens and found that Ca-doped ZnO sensor

demonstrated good response to CO, while Al-doped ZnO
indicated high response towards CO [13]. Yu at al.
successfully fabricated high-performance transparent Ca-
doped ZnO thin film transistors. They studied the
influence of substrate temperature on Ca-doped ZnO thin
film transistor [14]. Qasim and co-workers grew ZnO and
Ca-doped ZnO nanoparticles via solution precipitation
method and used them as the electron transport layer in
perovskite light-emitting diodes [15]. As can be seen from
the literature review, though there have been published
some works on Ca-doped ZnO system by different
methods, spray pyrolysis fabricated Ca-doped ZnO thin
films haven’t been studied yet. Therefore, in this paper,
undoped and Ca-doped ZnO thin films were produced by
spray pyrolysis technique on glass slides and their
structural, optical and electrical properties were
systematically examined as a function of Ca-doping
content. To characterize some physical properties of
undoped and Ca-doped ZnO films, X-ray diffraction
(XRD) and scanning electron microscopy (SEM) analyzes,
UV-Vis and photoluminescence (PL) measurements and
four-point method were used.

2. Experimental details

In  this study, zinc nitrate  hexahydrate
[Zn(NO3),.6H,0] and calcium acetate
[Ca(CH3CO0),.xH,0] without further purification were
chosen as precursors. Undoped and Ca-doped ZnO films
(Zny4CasO; x=0.00, 0.01, 0.02, 0.03, 0.04, 0.05) were
produced by spray pyrolysis method onto glass slides.
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Prior to deposition of samples, glass slides were in turn
ultrasonically rinsed with soap, acetone and distilled water
about 10 minutes and then dried by compressed air. A
solution of 0.1 M concentration was prepared with
Zn(NO3),.6H,O salt in distilled water to synthesize
undoped ZnO thin films while doping process was
achieved by adding of Ca(CH3COO),.xH,0 salt into above
prepared solution to fabricate Ca-doped ZnO films with
various doping contents. Prepared solutions were
vigorously stirred at magnetic stirrer and then were
sprayed onto preheated substrates. Deposition time and
substrate temperature were adjusted to be 30 minutes and
400°C, respectively. More details of spray pyrolysis
technique can be found in one of our earlier studies [16].
After deposition, it was shown that obtained films were
good adhesion to glass slides for all specimens.

The influence of crystal structure, surface morphology
and elemental analysis for fabricated films were
investigated by X-ray diffraction (Rikagu D/MAX-IIC
difractometer) and scanning electron microscopy (Jeol
JMS-6610), respectively. Transmittance measurements in
the range of 300-1000 nm and Photoluminescence data
with an excitation wavelength of 325 nm were recorded by
means of a spectrophotometer (SpecraMax M5) at the
room temperature. Resistivity and carrier concentration of
thin films were measured by Hall Effect and Van der Pauw
techniques.

3. Results and discussion

XRD results of undoped and Ca-doped ZnO thin films
are showed in Fig. 1 (a)-(f). It is understood from Fig. 1(a)
that undoped ZnO indicates four reflection peaks located
at diffraction angles of 31.74°, 34.44°, 36.26° and 47.52°
in the pattern, which correspond to (100), (002), (101),
(102) planes, respectively. Also, the strongest peak in the
pattern is along (002) reflection plane, indicating a
preferential orientation along this plane. All the peaks are
well matched to the hexagonal ZnO structure with a
JCPDS card no. 36-1451. Fig. 1 (b)-(e) illustrate the XRD
patterns of 1, 2, 3 and 4at% Ca-doped ZnO films,
respectively. With increasing of Ca-doping level from 1
at.% to 4 at.%, intensity of (002) peak slightly increased.
Such an increase in the intensity of (002) peak by Ca-
doping may be commended as an improvement of crystal
quality. Srivastava et al. found a similar behavior of with
the rise of Ca-doping level for Ca-doped ZnO
nanocrystalline films synthesized by screen printing route
[17]. Once Ca-doping level is further increased to 5 at.%,
intensity of (002) peak decreased as shown in Fig. 1(f),
leading to the creation of crystal defects in the ZnO matrix
that is handled in the below discussion like SEM [18].
However, peak positions of the samples aren’t
significantly altered. Additionally, it isn’t observed any
peaks involving metallic calcium or its complex in the
ZnO within detection of XRD limit, meaning that Ca
atoms are successfully resolved in the ZnO matrix Table 1
shows lattice constants of ZnO and Ca-doped ZnO thin
films. As shown in Table 1, lattice constants of a and c for

undoped ZnO were calculated as 0.325 and 0.520 nm,
respectively.
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Fig. 1. XRD results of (a) ZnO and Ca-doped ZnO thin
films for (b) 1 at.%, (c) 2 at.%, (d) 3 at.%, (e) 4 at.%,
(H5at%

Lattice constant values of ZnO thin films aren’t
seriously changed after doping with Ca atoms. It might be
expected to see an increment in the lattice constants of
ZnO films by the increase of Ca-doping if Ca®* ions
substitute by Zn®* sites in ZnO matrix because ionic
radius of Ca®* (0.99 A) is larger than that of Zn?* (0.74 A).
However, it is known that modification in the lattice
constant depends on various parameters like the
introduction of impurities with different ionic radius in the
lattice, uniform stress, shift in stoichiometry, difference
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between thermal expansion coefficient of ZnO and
substrate, etc. [18]. For these reasons, it can be said that no
change in the lattice parameters in the present study takes
place due to the combined effect in above mentioned
competing effects, concluding an either increasing or
decreasing value of lattice parameters [19]. Crystal size of
films is determined by using Scherrer formula [20] and
obtained data are summarized in Table 1. It is seen from
Table 1 that crystal size of undoped ZnO filmis calculated
to be 24.8 nm. As compared to undoped ZnO, Ca-doped
ZnO samples exhibit slightly bigger D values.

Table 1. Lattice constants and crystallite sizes of ZnO
and Ca-doped ZnO thin films

Lattice Crystallite size
Sample parameters D (nm)
a(nm) c(nm)
ZnO 0.325 0520 24.8
1at.% Ca-dopedZnO 0.325 0.521 29.0
2 at.% Ca-dopedZnO 0.325 0.520 28.6
3at.% Ca-dopedZnO 0.325 0.520 26.6
4 at.% Ca-dopedZnO  0.326  0.521 28.3
5at.% Ca-dopedZnO 0.325 0.521 26.3

x50,000 0.5pm

SEM photographs of undoped and Ca-doped ZnO
samples were given in Fig. 2 (a)-(f). It can be seen from
Fig. 2(a) that undoped ZnO thin films have a compact
morphology. The distribution of grains is homogeneous
through the samples. With increment of Ca-doping levels
from 1 at.% to 4 at.%, as indicated in Fig. 2(b)-(e), it is
observed that a denser and more uniform morphology with
smaller grains are formed, leading to an increment in the
total length of grain boundaries. As ZnO films is doped by
5 at. % Ca content (Fig. 2(e)), the surface morphology of
films substantially changes. It is noticeable that the film
doesn’t exhibit homogenous grain size distribution and
some small grains aggregate to form bigger ones. Thus,
the surface of films is covered by grains with the smallest
in size and some voids also appear which is due to the
formation of more deformation in the sample that is in
accordance with XRD results, approving introduction of
more Ca atoms in ZnO structure. As previously discussed
in Fig. 1(f), once ZnO thin films are doped by 5 at.% Ca
atoms, intensity of (002) peak decreases in comparison
with other Ca-dopings, implying that the crystal quality
deteriorates. Addition of Ca into ZnO generally leads to a
reduction in the grain size that was also reported by
Santoshkumar et al. for Ca-doped ZnO nanorods produced
by hydrothermal route [21].

x50,000 0.Spm

Fig. 2. SEM photographs of (a) ZnO and Ca-doped ZnO thin films for (b) 1 at.%, (c) 2 at.%, (d) 3 at.%,
(e) 4 at.%, (f) 5 at.%
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To investigate the composition of undoped and Ca-
doped ZnO films, EDS measurement is conducted. Fig. 3
displays the EDS survey spectrum of 3 at.% Ca-doped
ZnO film. From Fig. 3, it is seen that specimen is
composed of Ca, Zn and O, which confirms the Ca-doping
in the host matrix of ZnO films. The real compositions of
Zn, O and Ca atoms for undoped and Ca-doped ZnO thin
films are given in Table 2. It is found that as the nominal
Ca-doping content in ZnO films increases, the real Ca-
content rises as well and the actual Ca-contents in the
matrix of ZnO is lower than those of nominal ones,
suggesting that the resolution of Ca atoms in ZnO matrix
is low. It is also seen that the ratio of Zn/O for undoped
ZnO film is lower than one, implying that the film is
nonstoichiometric. Thus, this causes lack of zinc and
excess of oxygen, resulting in the creation of zinc vacancy
and oxygen interstitial defects [22]. As Ca-content in ZnO
is increased, the ratio of Zn/O approaches to one when
compared to the undoped ZnO, implying that more
stoichiometric films are obtained.
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Fig. 3. EDS survey spectrum of 3 at.% Ca-doped
ZnO thin films

Table 2. Real and nominal atomic concentration of Zn, O
and Ca atoms in ZnO and Ca-doped ZnO thin films

Sample Zn O Ca
Zn0O 482 518 -

1 at.% Ca-doped ZnO 492 505 03
2 at.% Ca-doped ZnO 493 503 04
3 at.% Ca-doped ZnO 482 503 05
4 at.% Ca-doped ZnO 485 509 06
5 at.% Ca-doped ZnO 481 512 07

Transmittances of undoped and Ca-doped ZnO films
are measured as a function of wavelength and results in the
range of 300-1000 nm are given in Fig. 4. As can be seen
in Fig. 4, transmittance is seriously affected by Ca-doping
in the visible range of the spectrum. Undoped ZnO films
have a transmittance curve displaying an ascending
behavior with a maximum value of 77 % at 1000 nm. With
1 at.% Ca-doping, transmittance value slightly decreases
to 75 % at the same wavelength value. The reason for such

a decrement might be ascribed to decreasing grain in size
which induces more grain boundaries, resulting in the
more scattering. Bacaksiz and co-workers observed an
analogous outcome for ZnO microrods prepared by spray
pyrolysis technique with ascending of Al-doping level
[23]. As ZnO is doped with 2 at.% Ca, transmittance
enhances and reaches a maximum value of 83 % at 1000
nm. The enhancement in T value could be related to the
enhancement of crystal quality (disputed in XRD),
implying a better optical quality of thin film. High
transparency in the visible range is very important
parameter for applications in opto-electronic devices [24].
After doping level of Ca towards 3 and 4 at.%,
transmittance value exhibits a drop throughout all the
spectrum though their values are higher than that of
undoped one. Further increasing Ca-doping levels up to 5
at.% gives rise to a transmittance value of 79 % at 1000
nm. This behavior can be explained by the further
increasing Ca-doping level. That is, when more Ca atoms
are introduced in the ZnO structure more distortion is
created, causing more crystal defects [25].
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Fig. 4. Transmittance data of ZnO and Ca-doped
ZnO thin films

Optical band gap (Eg) of undoped and Ca-doped ZnO
thin films is determined using Tauch’s relationship [26]
and resultant data are given in Fig. 5. As can be seen from
this figure, band gap value of undoped ZnO filmis found
to be 3.22 eV. This value is smaller than that of ZnO bulk
materials (3.37 eV). The difference band gap between thin
film and bulk is probably due to some crystal defects such
as existence of grain boundaries and imperfections in
polycrystalline thin films [27,28]. After doping with Ca
atoms, the band gap values of all Ca-doped ZnO samples
don’t significantly change. Mahdhi and co-workers
fabricated films by rf magnetron sputtering method and
they reported that the band gaps of Ca-doped ZnO films
increased from 3.30 to 3.42 eV with increasing Ca doping
concentration [29]. On the other hand, Slama at al.
synthesized Ca-doped ZnO by sol-gel technique and they
found that the band gap of pure ZnO was 3.22 eV and it
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increased up to 3.30 eV for 1 at.% Ca doping and further
increase in doping content of 5 at% Ca caused a
decrement as 3.02 eV [30]. It can be summarized from the

1=+11

ZnD
Ber10

Gt 10

4=+10 4

[edn Fleviam T

210 o

LS Y

4]

4=+10

£ty a0
Jet+1D o

1=+10 H

1e+10 o

[ohw FlaVicm

e {2V

B=+10 In,. 03,0
f=+10 -

4=+10 o

[edd e Wean ¥

1=+10 H

o {2V

(ol P [e Vo 1

[edt Pl T

[dw oo

reported papers that there has been no consensus in the
band gap results of ZnO upon Ca-doping.
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Fig.5. Tauc’s graphs of ZnO and Ca-doped ZnO thin films

The room-temperature photoluminescence (RTPL)
spectra of undoped and Ca-doped ZnO thin films are
recorded at excitation wavelength of 325 nm and
illustrated in Fig. 6. As can be seen Fig. 6, the spectrum of
undoped ZnO thin film is composed of four main peaks.
The first one is near band emission peak located at 392 nm
(3.16 eV) which is attributed to the recombination of free
excitons [31]. The second broad one is visible blue light
(VBL) emission peak between 400 nm and 500 nm, which
is generally ascribed to intrinsic defects like as zinc
interstitial (Zn;), zinc vacancy (Vz,) and singly negatively
charged Zn vacancy (Vz, ). VBL band is composed of
three satellite peaks corresponding to violet emission at
416 (2.95 eV), a blue emission 441 nm (2.81 eV) and blue-
green emission at 480 nm (2.58 eV) peak, which are
ascribed to Znj, Vz,, and Vz, -, respectively [32, 33]. The

third broad one (green emission at 531 nm, 2.33 eV) is
located the range of 500 nm and 550 nm, which is referred
to oxygen vacancy (V,) [34]. The fourth another broad
peak is observed in the range from 550 nmto 700 nm and
can be attributed to presence of interstitial oxygen
vacancies (O;) [35]. It is also seen from Fig. 6, the doping
of Ca in the ZnO structure doesn’t change the general
appearance of the PL spectrum of ZnO thin films.
Furthermore, it isn’t appeared any extra emission peak in
the PL spectrum, which implies that no additional defects
are formed when ZnO thin films are doped with Ca atoms.
However, peak intensities of the Ca-doped ZnO
throughout the spectra decrease compared to spectrum of
ZnO thin films. The reason for this decrement may be
considered by the fewer defect density for Ca-doped ZnO
samples (as conformed by EDS results), which is formed
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by the radiative recombinations between Vz, and O;
defects, giving rise to a decline in the number of both kind
of defects [36].
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Fig. 6. RTPL plots of ZnO and Ca-doped ZnO thin films

The electrical properties of undoped and Ca-doped
ZnO thin films are given in Table 3. As can be seen in
Table 3, the minimum value of carrier density (n) and
maximum value of resistivity (p) were found as 2.44x 10"
cm® and 8.08x10* Q.cm, respectively. Ca-doping in ZnO
thin films results in a gradual improvement of carrier
density and consequently a decrement of resistivity.
Compared to undoped ZnO, 2, 3 and 4 at.% Ca-doped
ZnO thin films exhibits higher carrier concentration and
lower resistivity, which may be attributed to an
improvement of crystallinity because the increasing of Ca-
doping content brings about the fewer defect density
(argued in XRD). An analogous conclusion was reported
by Mandhi and co-workers for Ca-doped ZnO thin films
grown by rf magnetron sputtering with the boost of Ca-
doping level [37]. On the other hand, a minimum
resistivity of 1.14x10* Q.cm is obtained for 5 at.% Ca-
doped ZnO thin films, which corresponds to a maximum
concentration of 1.70x10* cm?®, respectively. These
enhancements could be related to the drop in the
population of intrinsic defects observed in PL results for
Ca-doped ZnO thin films.

Table 3. Carrier densities and resistivities of ZnO and
Ca-doped ZnO thin films

Sample C_arrier B Resistivity

density (cm™) (Q.cm)

ZnO 2.44x 10" 8.08x 10"

1 at.% Ca-doped ZnO 5.15x 10*3 4.46x10°*
2 at.% Ca-doped ZnO 5.98x 10" 2.93x10*
3 at.% Ca-doped ZnO 7.36x10'° 2.24x10*
4 at.% Ca-doped ZnO 1.11x10% 1.33x 10
5 at.% Ca-doped ZnO 1.70x10%* 1.14x10*

4. Conclusions

Undoped and Ca-doped ZnO thin films were
fabricated by simple spray pyrolysis method onto glass
substrates. It was seen from XRD and SEM analysis that
undoped and Ca-doped thin films had a wurtzite structure
and Ca-doping improved the crystal quality up to 4 at.%
and more doping of Ca deteriorated crystal structure. It
was found from morphological investigation that up to 4
at.% Ca doping, denser and more uniform morphology
were formed. As ZnO films was doped by 5 at. % Ca
content, ZnO thin films exhibited the smallest grain size
and some voids started to appear. Optical transmittance
values of all films were over 70% in the visible
wavelength region. With respect to undoped ZnO, the
band gap values of all Ca-doped ZnO samples didn’t
significantly change. It was observed from RTPL
measurements that all samples had near band emission
peak, visible blue light (VBL) emission peak, green
emission peak and a broad peak ranging from 550 nm to
700 nm. From electrical measurements, a minimum
resistivity and a maximum concentration were obtained to
be 1.14x10* Q.cm and 1.70x10'* cm?®, respectively for 5
at.% Ca-doped ZnO thin films.
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