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Abstract

.

This paper examines the growth of undoped and doped thin films with (Co and In) on glass substrate at 350°C
using ultrasonic spray technique. We have investigated the influence of doping concentrations ranging from 0 to 4
wt.% on structural, optical, and electrical properties of ZnO thin films. Zinc acetate dehydrate, CoCl; 4H,0 or InCls,
ethanol, and monoethanolamine were used as a starting materials, dopant source, solvent, and stabilizer,
respectively. The X-ray diffraction analysis indicated that the undoped and doped ZnO thin films have
polycrystalline nature and hexagonal wurtzite structure with (002) preferential orientation. The maximum average
crystallite sizes of ZnO:Co and ZnO:In were 5546 and 45.78 nm at concentrations of 2 wt.% Co and 3 wt.% In,
respectively, indicating that the crystallinity of doped films improved after doping. The optical absorption spectra
showed that all undoped and doped ZnO films are transparent within the visible wavelength region. The band gap
energy of ZnO:Co thin films increased after doping from 3.25 to 3.36 eV; however, the optical gap of ZnO:n
decreases after doping from 3.25 to 3.18 eV, indicating the increase and decrease, respectively, in the transition tail
width. The electrical conductivity of doped films is stabilized after doping. Transparent, conductive Co-doped ZnO
thin films deposited by ultrasonic spray technique are of good quality.
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Background
Zinc oxide (ZnO), which is one of the most important
binary II-VI semiconductor compounds, has a hexagonal
wurtzite structure and a natural n-type electrical con-
ductivity with a direct energy wide band gap of 3.37 eV
at room temperature and a large exciton binding energy
(approximately 60 meV) [1]. The resistivity values of
ZnO films may be adjusted between 10™* and 107 Q
cm by changing the annealing conditions and doping
[2]. Transparent conducting oxides are widely used in
microelectronic devices, light emitting diodes, thin films,
antireflection coatings for transparent electrodes in solar
cells [3,4], and gas sensors in surface acoustic wave de-
vices [5], varistors, spintronic devices, and lasers [6].
ZnO thin films which can be produced by several
techniques such as reactive evaporation, molecular beam
epitaxy [7], magnetron sputtering technique, pulsed laser
deposition [8], sol-gel technique, chemical vapor depo-
sition, electrochemical deposition [9], and spray pyrolysis
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[10] have been reported. Among these, we will focus
more particularly in this paper the spray ultrasonic tech-
nique that is a low-cost method suitable for large-scale
production. It has several advantages in producing nano-
crystalline thin films, such as relatively homogeneous
composition, simple deposition on glass substrate be-
cause of the low substrate temperatures involved, easy
control of film thickness, and fine and porous micro-
structure. It is possible to alter the mechanical, electrical,
optical, and magnetic properties of ZnO nanostructures.

The doped ZnO thin films have various applications
such as transparent conductors, in ferromagnetism, semi-
conductors, and in piezoelectric and solar cells; moreover,
the films have low resistivity and good optical gap energy
at low temperature and are transparent in the visible re-
gion. There are several reports on ZnO nanostructures
doped with different elements, such as Al, Ga, Mg, Li, P,
N, Ni, In, and Co [11-15]. ZnO:Co and ZnO:In films have
been extensively studied because they exhibit high mobil-
ity, good optical transparency, and good electrical con-
ductivity and have lower material cost.

In this paper, the CZO and 1ZO thin films were depos-
ited on glass substrate by ultrasonic spray technique; at
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a substrate temperature of 350°C, we have studied the
effect of the doping concentration on structural, optical,
and electrical properties of ZnO thin films. The main
goal for this research is to find the optimum doping con-
centration which gives highly semiconducting properties
of ZnO:Co and ZnO:In thin films.

Experimental procedure

Preparation of spray solution

ZnO solution was prepared by dissolving 0.1 M Zn
(CH3COQ), and 2H,O in the solvent containing equal
volumes of ethanol solution (99.995%) of absolute purity;
then we added drops of monoethanolamine solution as a
stabilizer; and the mixed solution was stirred at 50°C for
120 min to yield a clear and transparent solution.

The doped solution was prepared by adding to the
precedent solution CoCl3-4H,O or InCly as dopant
source. The weight percentages of (Co/Zn) and (In/Zn)
were 1, 2, and 3 for ZnO:Co and 2, 3, and 4 for ZnO:In.
The solution became clear and homogeneous after stir-
ring for 120 min at 50 to 70°C.

The substrate was R217102 glass in a size of 1 cm x 1
cm x 0.1 c¢cm; prior to pumping, the substrate (R217102
glass) was cleaned with alcohol in an ultrasonic bath and
blow-dried with dry nitrogen gas.

Deposition of thin films

The resulting solutions were sprayed on the heated glass
substrates by ultrasonic nebulizer system (Sonics) which
transforms the liquid to a stream formed with uniform and
fine droplets of 35 pum average diameter (given by the
manufacturer). The deposition was performed at a substrate
temperature of 350°C with 2 min deposition time [15-17].

Characterization

Crystallographic and phase structures of the thin films
were determined by X-ray diffraction (Bruker AXS-8D;
Bruker Corporation, Billerica, MA, USA) with CuKa ra-
diation (A = 0.1541 nm) in the scanning range was be-
tween 20 = 25° and 26 = 55°. The optical properties of
the deposited films was measured in the range of 300 to
800 nm using by an ultraviolet-visible spectrophotom-
eter (UV, Lambda 35; PerkinElmer Inc., Waltham, MA,
USA), and the electrical conductivity of the films was
measured in a coplanar structure obtained with evapor-
ation of four golden stripes on film surface. All spectra
were measured at room temperature in air.

Results and discussion

Crystalline structure

The X-ray diffraction patterns of Co-doped ZnO and In-
doped ZnO thin films with doping levels are presented in
Figures 1 and 2, respectively. Here the films were depos-
ited on glass substrate at a substrate temperature of 350°C

Page 2 of 7

1000 —

™

s B¢

E 800+ bt J( = 3wt %
: .
o 6004
& 2wt %
,B‘ > A, e
G 400,
g 1wt %
S ppp [

L owt. %

0 el ‘ .

25 30 35 40 45 50 55
20 (deg)

Figure 1 X-ray diffraction spectra of ZnO thin films doped with
cobalt at different concentrations.

[18]. One can be seen, the diffraction peaks at 26 = 31.74°,
34.52°, and 36.41 corresponding to the (100), (002), and
(101) planes, respectively, of undoped ZnO film (0 wt.%).
As discussed in our previous paper [15], this result showed
that the thin films were polycrystalline and had a hex-
agonal wurtzite structure. Moreover, as can be seen in
Figures 1 and 2, the ZnO:Co and ZnO:In thin films depos-
ited at different concentrations have a (002) diffraction
peak which is the highest one in our publication [15]. The
films doped at 2 wt.% Co and 3 wt.% In have higher and
sharper diffraction peaks indicating an improvement in
(002) peak intensity as compared to other films. The films
exhibit polycrystalline structure, which is a hexagonal
wurtzite structure, in these spectra [19,20]. This indicates
that all films have preferential c-axis orientation along the
(002) plane [21,22], because of the high-intensity direction
and different degrees of substitution of Zn>* ions by Co**
and In®* ions. This result indicates that the doping level of
the films improved the structural properties.

In order to attain the detailed structure information
(Table 1), the crystallite size G (002) along the c-axis
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Figure 2 X-ray diffraction spectra of ZnO thin films doped with
indium at different concentrations.
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Table 1 Structure information of undoped and doped
ZnO thin films

ZnO films Zn0:Co films ZnO:In films

0% 1% 2% 3% 2% 3% 4%
26002 (deg) 3452 3449 3456 3458 3454 3452 3458
diooz) (A°) 2.6005 25983 25932 25918 25947 26005 25918
c(A%) 5.1923 51967 5.1865 5.1836 5.1894 51923 5.1836
FWHM (deg) 0.245 0236 0150 0207 020 0.182 0.26
G (nm) 33.28 3525 5546 4019 4160 4578 3200
Strain € (%) 0263 -0179 -0375 -0431 -0319 -0263 -0431

The Bragg angle 26, the interplanar spacing dpy, the lattice parameter ¢, the
full width at half-maximum FWHM B, the crystallite size G, and strain €
measured for undoped and doped ZnO thin films.

was calculated according to the Scherrer equation
[23]:

091 "
~ Bcosh’

where G is the crystallite size, A is the X-ray wavelength
(A = 1.5406 A°), B is the full width at half-maximum
(FWHM), and 6 is Bragg angle of (002) peak.

According to the hexagonal symmetry, the lattice con-
stant can be calculated by the following formula [24]:

Y e A
dwa = <3 s 02> : (2)
where a, ¢ are the lattice parameters, /s, k [ are the
Miller indices of the planes, and dj; is the interplanar
spacing.

The lattice mismatch between ZnO film and substrate
can result in varying degrees of stress during the depos-
ition process of ZnO thin films. Therefore, the strain also
affected significantly the structures and properties of ZnO
films to some extent. For ZnO films with wurtzite struc-
ture, the strain can be obtained by following formula [10]:

Cc—Cpo

E—=—

x 100%, (3)
€

where ¢ is the mean strain in ZnO thin films (Table 1), ¢ is
the lattice constant of ZnO thin films, and ¢, is the lattice
constant of bulk (standard ¢y = 0.5206 nm).

In Figure 3 we have reported the variation of the crys-
tallite size as a function of doping level. As can be seen,
the crystallite size increased for undoped ZnO and
doped films with increasing doping level up to 2 wt.%
Co and 3 wt.% In. In this region the values of lattice pa-
rameters ¢ decreased (Table 1), and the strain of the
films is also decreased, indicating the strain along the c-
axis. The increase of the crystallite size has been indi-
cated by the enhancement of the crystallinity and c-axis
orientation of ZnO thin films by Zhu et al. [25]. The de-
crease in the crystallite size with the doping level
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Figure 3 Variation of crystallite size of undoped ZnO and
doped films as a function of doping level.

J

indicates the deterioration in crystallinity of doped films,
as found by Bao et al. [26].

Optical characteristics

Figures 4 and 5 show the absorbance spectra of ZnO:Co
and ZnO:In samples. The thin films were deposited at differ-
ent concentrations at a temperature of 350°C for 2 min. It is
clear that the absorbance at higher than 400 nm wavelength
is low. This confirms that the absorbance value and the tail
height of doped films were obtained at different concentra-
tions and reach a minimum concentration of 0 wt.%,
followed by an increase and then decrease, with the doping
level further increasing. As seen from this figure, the absorp-
tion edge shifts in ZnO:Co thin films are better than in
ZnO:In. We found that the values of absorption edge shifts
are decreased and increased with increasing doping level,
which shows that the optical band gap of the CZO films is
broadened after doping with cobalt [15] and the optical
band gap of the IZO films narrowed after doping with in-
dium. The films obtained at concentrations of 2 wt.% Co
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Figure 4 The absorbance spectra of ZnO:Co samples as a
function of doping level.
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Figure 5 The absorbance spectra of ZnO:In samples as a
function of doping level.
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and 3 wt.%. In show lower absorption after doping at lower
wavelength, which indicated the enhancement of the crystal-
linity [18,27]. In addition, the difference of the absorbance
between undoped and doped films can be observed clearly
at wavelength smaller than 400 nm. These results show that
the produced ZnO:Co and ZnO:In thin films could be used
in photovoltaic applications due to the sharp increase of ab-
sorbance in the strong absorption region.

In order to further investigate the effect of doping
level on doped films, the optical band gap energy E, was
measured from the absorbance spectra using the follow-
ing relations [28-30]:

A=ad=-InT (4)

(Ahv)* = B(hv-E,), (5)

where A is the absorbance, and 4 is the film thickness; T
the transmittance spectra of thin films; a is the absorp-
tion coefficient values; B is a constant; hv is the photon
energy and E, is the band gap energy of the semicon-
ductor. Besides, we have used the Urbach energy
(Table 2), which is related to the disorder in the film net-
work, expressed as follows [31]:

hv
A = Agexp (Eu> , (6)
where A is the absorbance, A, is a constant, and E, is
the Urbach energy.

Table 2 Optical properties and electrical conductivity
measured as a function of doping level for doped ZnO
thin films

ZnO films ZnO:Co films ZnO:In films

0% 1% 2% 3% 2% 3% 4%
£y (€V) 3.250 3295 3362 330 3158 3185 3.066
E, (meV) 209 183 108 210 423 328 376
o@Qcm™) 755 6.56 763 578 619 754 7.82
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Figure 6 shows the typical variation of (Ahv)® as a
function of photon energy (hv) used for optical band
gap, which is determined by extrapolation of the linear
region to (Ahv)? = 0 [15,32].

Figure 6 shows a plot of (Ahv)” vs. photon energy hv
for undoped ZnO thin films. A linear dependence of
(Ahv)* on hv at higher photon energies indicates that
the films are essentially direct transition-type semicon-
ductors. The inset shows the drawn In A as a function of
photon energy (hv) to deduce the Urbach energy.

As clearly seen in the Figure 7, the optical gap energy
increased with increasing Co doping from 0 to 2 wt.%
and the value is found to be 3.25 to 3.36 eV, which re-
sults in the narrowing of the conduction band Ec and
the valence band Ey and causes the motion of Ec up-
wards and Ey downwards; hence, Co doping causes the
band gap broadening [15].

In the four elaborated films (Figure 7), it could be no-
ticed that the band gap energy of IZO films decreases
after doping from 3.25 to 3.18 eV with In doping in-
crease from 0 to 3 wt.%. This decrease in the band gap
with the increasing indium concentration might be
explained in terms of electron concentration dependence
of the band gap shift in In-doped ZnO films. The optical
band gap is related to the transition of the electrons
from valance band to Fermi energy levels in the conduc-
tion band for degenerate semiconductors. According to
Moss-Burstein effect, the band values should increase
with In concentration, but the E, value decreased with
doping. This can be explained by the increase of the
defects (such as an increase of the Urbach energy in
Figure 8), impurities, or incomplete substitution of
dopant with the host atoms [33-36]. The same phe-
nomena are carried out by Tubtimtae and Lee, where
they have observed a red shift of the absorption edges
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Figure 6 The typical variation of (Ahu)? as a function of photon
energy of undoped ZnO film. The inset shows the drawn of In A
as a function of photon energy (hv) for deduce the Urbach energy.
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Figure 7 Variation of band gap (E,) as a function of doping
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Figure 9 Variation of electrical conductivity (o) as a function of
doping level for doped ZnO thin films.

from 3.37 eV (undoped ZnO) to 3.34 eV (In-doped
ZnO) [37].

From Figure 8 one can see that the Urbach energy de-
creases after doping with cobalt and increases after dop-
ing with indium reaching a minimum of about 0.108 and
0.328 eV for 2 wt.% Co and 3 wt.% In, respectively, as
expressed in the literature [15,18,38].

Electrical conductivity

Figure 9 shows the variation of the electrical conductiv-
ity o of undoped ZnO and doped films with Co and In
as a function of doping level. As can be seen, the elec-
trical conductivity decreases first and then increases,
reaching a maximum of about 7.63 and 7.82 Q cm ™ *for
2 wt% Co and 4 wt.% In, respectively. The increase in
the conductivity of the films with doping has been
explained by the displacement of the electrons [39]; the
latter are coming from the ions In** and Co®* donors in
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Figure 8 Variation of Urbach energy (E,) as a function of doping
level for doped ZnO thin films.

the substitutional sites of Zn>*, which resulted in an in-
creased carrier density. The decrease of the electrical
conductivity with the increase of the doping level are
explained by increasing of the disorder in the films;
hence, the potential barriers are increased [40,41] be-
cause the introduced atoms are segregated into the grain
boundaries.

Conclusions

In conclusion, highly transparent, conductive ZnO:Co
and ZnO:In thin films have been deposited on glass sub-
strate by ultrasonic spray at a substrate temperature of
350°C. The crystalline structure, conductivity, and op-
tical properties were investigated. All the films are poly-
crystalline structure wurtzite with (002) preferential
orientation and, thus, are favorable to the diffusion of
atoms absorbed on the substrate. The maximum values
of crystallite size G = 33.28, 55.46, and 45.78 nm are
attained in ZnO, ZnO:Co, and ZnO:In films at concen-
trations of 0, 2, and 3 wt.%, respectively. The absorption
edge shifts in ZnO:Co thin films are better than in ZnO:
In. We found that the values of absorption edge shifts
are decreased and increased with the increasing doping
level, which shows that the optical band gap of the ZnO:
Co films is broadened after doping with cobalt from 3.25
to 3.36 eV and the optical band gap of the ZnO:In films
is narrowed after doping with indium from 3.25 to 3.18
eV. The electrical conductivity of doped films is stabi-
lized after doping with cobalt and indium. Transparent,
conductive C-doped ZnO thin films deposited by ultra-
sonic spray technique are of good quality. The amount
of doping concentration is 2 wt.% Co and 3 wt.% In, in
ZnO thin films.
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