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Abstract— Production and study of ZnO thin films have
attracted the attention of scientists and semiconductor
industries due to their favorable properties. In this research
work, the properties of pure and gallium-doped (Ga-doped)
ZnO thin films were investigated. All films were deposited at
450°C, from zinc acetate and gallium pentanedionate as
precursors, by the ultrasonic spray pyrolysis technique. The
Ga content varied from 1 to 5 at% in the ZnO thin films. The
structural, optical, electrical, and morphological properties of
pure and Ga-doped ZnO thin films were analyzed. The
preferential orientation of (002) was observed for both doped
and undoped ZnO thin films. The crystallite size for all
samples is almost similar in all samples. However, the twotheta value is slightly shifted to a higher value when Ga is
added to the ZnO thin films. From FESEM images, the
geometrical-shaped grains, uniformly distributed in the films,
were observed. The smooth surface (i.e., average roughness less
than 20 nm), dense film and well-connected grains are seen in
AFM analysis. The optical transmission spectra revealed that
the transmittance of light from the samples is decreased as the
Ga content increased. The bandgap of samples increases with
the Ga content in ZnO thin film. The n-type conductivity,
electron mobilities, and carrier concentrations were obtained
from Hall effect measurements. It was observed that carrier
concentration for Ga-doped ZnO films is increased with the Ga
content in the films. The results obtained can provide an idea
for optimizing the best deposition conditions as well as
improving the material properties, which could be useful in
various areas.
Keywords— Zinc oxide, Ga-doped zinc oxide, Ultrasonic spray
pyrolysis technique, Basic characterization techniques

I.

INTRODUCTION

There are many semiconducting materials available in the
market, which have been used for various applications [1–
5]. In the last decades, zinc oxide (ZnO) has gained a lot of
research interest in the field of semiconducting devices due
to its ease of fabrication, non-toxicity, high chemical
stability, good optical properties and high conductivity [6–
8]. ZnO is an n-type II-VI semiconductor with a wide direct
bandgap in the order of 3.34 eV [9]. It has also a large
exciton binding energy of 60 meV at room temperature.
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There exist three different crystal structures, such as
wurtzite, zinc-blende, and rock salt structures [10]. Among
them, the wurtzite crystal structure of ZnO is
thermodynamically more stable under ambient conditions.
The material properties of ZnO can be further improved by
adding impurities to the ZnO. Various impurities elements
like Ga [11], Al [10, 12], Na [13], In [14], B [15], K [13],
etc. are favorable candidates. Doping gallium to ZnO is
more suitable than others because of high thermal stability
and moisture resistance, high doping stability, small
electronegativity value (i.e., 1.81), and excellent
simultaneous electrical and optical properties [10, 16]. The
introduction of Ga can also increase free electron density by
replacing the zinc atoms [17]. Therefore, Ga-doped ZnO is a
promising candidate in electronic and photonic applications
[7–9], [16–19] like photovoltaics, photodetectors, field
effect transistors, chemical and gas sensors, liquid crystal
displays, etc.
The ZnO thin films are grown from various deposition
methods, which can be mainly classified into physical and
chemical methods. These methods are evaporation [20],
magnetron sputtering [21], molecular beam epitaxy [22],
chemical bath deposition [10], spray pyrolysis [9], pulsed
laser deposition [23], chemical vapor deposition [24], solgel [16], electrodeposition [25], etc. The spray pyrolysis
technique is a solution process, which contains many
advantages such as simple, low-cost, applicable to a large
area, easy set-up, uniform film deposition, etc. Generally,
the deposition process in the spray pyrolysis technique
consists of three main stages: atomization, transportation,
and decomposition [26]. In the ultrasonic spray pyrolysis
technique, the deposition of required materials is occurred
by spraying small droplets of the precursor solution induced
by ultrasonic waves onto a heated substrate. The precursor
materials are chosen in such a way that all the by-products
except the required material will be volatile with substrate
temperature. Therefore, careful analysis of deposition
parameters is necessary for optimizing the suitable
conditions to utilize in the respective area.

In this study, the deposition of undoped ZnO and Ga-doped
ZnO thin films was deposited by the ultrasonic spray
pyrolysis technique. The effect of Ga content (1, 2, 3, and
5%) in the ZnO thin films on their properties is mainly
studied. The deposited thin films are characterized using
various techniques in order to find the best gallium content.
II.

EXPERIMENTAL DETAILS

In this investigation, the ultrasonic spray pyrolysis technique
is used to deposit undoped and Ga-doped ZnO thin films.
The details of the ultrasonic spray pyrolysis technique are
shown in Fig. 1. The precursor material gallium III 2, 4pentanedionate ((CH3COCH=C(O-)CH3)3Ga) is utilized as
gallium source, and zinc acetate (Zn(CH3COO)2.2H2O) is
Zn source due to its chemical stability compared to other
precursor materials. Two different solutions were prepared
separately and then mixed. The first solution is prepared
from zinc acetate (0.2 M), acetic acid (5 mL, from Sigma
Aldrich), deionized water (5 mL), and methanol (90 mL,
from Sigma Aldrich). The second solution is prepared by
combining the solution of gallium III 2, 4-pentanedionate
(0.2 M) and acetic acid (10 mL, from Baker), water (5 mL),
and methanol (90 mL, from Sigma Aldrich). The amount of
gallium III 2, 4-pentanedionate was varied from 1 to 5 at%.
The substrates are placed on the heater containing a tin bath.
The deposition parameters, such as bath temperature of
450℃, deposition time of 5 min, the solution flow rate of 1
mL/min, the gas flow rate of 10000 mL/min, and the
precursor solution of 100 mL were used in the deposition
process. Finally, the material properties of undoped and
doped ZnO thin films are studied through X-ray diffraction
(XRD, Bruker D2 Phaser), field emission scanning electron
microscope (FESEM), atomic force microscope (NT-MDT
Ntegra spectra), and UV-Vis spectroscopy (Jasco V-670
spectrophotometer, wavelength range from 300 to 900 nm).
The average thicknesses for undoped and Ga-doped ZnO
thin films were around 500 nm, which is calculated from a
KLA Tencor P15 profilometer. Electrical parameters were
measured at room temperature using a standard Hall
measurement system in van der Pauw conﬁguration with a
magnetic field of 5000 G, and a current of 10-5 A.

Fig. 1 Schematic of the experimental set up of ultrasonic spray pyrolysis
technique

III.

RESULTS AND DISCUSSIONS

A. Results and discussions for pure ZnO thin films
Fig. 2 displays the XRD pattern of an undoped ZnO thin
film. It was found from the XRD analysis that the
preferential orientation of (002), and other planes such as
(101) and (102) are related to wurtzite crystal structure [7, 9,
27]. This result is compatible with the joint committee on
powder diffraction standards (JCPDS) card number of 00038-1240. The crystallite size, strain (ε), and dislocation
density ( δ) are calculated from the following Scherrer´s
equations [28]:
D=
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where β is the full width at half maximum (FWHM) value
(in radians) of the peak, λ is the wavelength of X-rays and θ
is the diffraction angle.
The parameters such as two theta, full width half maximum
(FWHM), crystallite size, strain, and dislocation density are
found at 34.34°, 0.00698 Rad, 20.77 nm, 0.0056 Rad, and
0.0023 lines/nm2, respectively.

Fig. 2 XRD pattern of undoped ZnO Thin film

FESEM is employed to observe the surface morphology of
the material. Fig. 3 presents the FESEM image of ZnO thin
film grown at a temperature of 450 ℃ . From the SEM
images, the hexagonal-shaped grains are observed, lying in
different directions. The grains are found in the range of 100
to 500 nm. The size of grains can vary with deposition
methods, types of precursor materials and deposition
parameters. The larger grains in the film can reduce the

number of grain boundaries, which are suitable for reducing
the defects of the material.

extrapolating the straight line of the plot ( 𝛼ℎ𝜈 )2 versus
energy to the energy axis. The bandgap of 3.35 eV is found
for ZnO, which is related to the bandgap of the wurtzite
crystal structure of ZnO.
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Fig. 3 SEM image of undoped ZnO Thin film

The topographical analysis can investigate the surface
texture as well as the surface roughness of the material [5].
The 2D AFM image of ZnO thin film deposited at a
temperature of a 450 ℃ is demonstrated in Fig. 4. It is
observed from the AFM image that the geometric-shaped
grains are uniformly distributed and well-connected. The
average grain size of around 182 nm was observed, which is
compatible with the grain size obtained from SEM results.
The average roughness for ZnO thin film is noted at around
13 nm, showing the formation of a smooth surface for
undoped ZnO film.
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Fig. 5 Schematic of the transmittance (inserted with Tauc plot) of ZnO)

B. Results for different Ga-doped ZnO thin films

Fig. 4 AFM image of undoped ZnO Thin film

The optical properties of ZnO thin film are also studied. The
transmittance spectrum and the bandgap energy calculation
for a typical undoped ZnO thin film are shown in Fig. 5. It
can be seen from the transmittance spectrum that more than
80 % of visible light is transmitted through the film that can
be utilized as transparent conducting oxide in
semiconducting devices. The Bandgap of ZnO is calculated
by the Tauc plot [3, 5, 7], which is determined by

Fig. 6 Schematic of the XRD results of different gallium content in ZnO
thin films

Fig. 6 displays the XRD patterns of different Ga-doped ZnO
thin films. Similarly, the preferential orientation of (002) is
observed for Ga-doped ZnO thin films, which is well-

matched with the JCPDS card number of 01-071-0843. The
presence of planes (i.e., (002), (110) and (400)) from the
XRD results confirms the formation of wurtzite crystal
structure for Ga-doped ZnO thin films [7, 9, 27]. But the
two-theta value for the (002) peak is slightly shifted from
34.34 to 34.54° after the addition of Ga from 1 to 5 at%. The
peak (400) corresponds to Ga oxide. The structural
parameters such as two theta, FWHM, crystallite size, strain,
and dislocation density are presented in Table I. The
crystallite size of the most intense peak (002) for Ga-doped
ZnO is found in the range of 21 to 26 nm. Since the
crystallite size is inversely related to the FWHM value, the
lower FWHM value for sample 2Ga-ZnO contains a high
crystallite size. The variation of structural parameters of Gadoped ZnO thin film is due to the effect of impurity atoms
(i.e., gallium atoms) in the crystal lattice of ZnO.
TABLE I. STRUCTURAL PARAMETERS OF ZNO THIN FILMS WITH DIFFERENT
GA CONTENTS
Parameters

2𝛉
(degrees)

FWHM
(Rad
×10-3)

Crystallite
Size
(nm)

Strain
(Rad
×10-3)

Dislocation
density
(lines/nm2)

1Ga-ZnO

34.42

6.55

22.16

5.24

0.0020

2Ga-ZnO

34.54

5.58

26.02

4.47

0.0015

3Ga-ZnO

34.47

6.28

21.61

5.37

0.0021

5Ga-ZnO

34.51

6.72

23.12

5.02

0.0019

Samples

Fig. 8 shows the 2D AFM images of different Ga-doped
ZnO thin films, with a surface area of 5×5 µm2. From all
AFM images, the grains are spherical shaped, uniformly
distributed, and dense. The topographical parameters such
as average grain size, average roughness, skewness and
kurtosis are presented in Table II. The average grain size for
Ga-doped ZnO was noted in the range of 182 to 426nm,
which is compatible with the grain size achieved from SEM
results. The grains are similar for all deposited samples. The
average roughness is determined by the vertical spacing of
the real surface from its ideal form. The average roughness
of deposited Ga-doped ZnO thin films is found less than 20
nm. This result verifies the formation of a smooth film
surface. The low positive value of skewness (around zero)
and kurtosis values greater than 3 confirm the symmetrical
height distribution and positive difference between the
peaks and valleys.
TABLE II. TOPOGRAPHICAL PARAMETERS FOR GA-DOPED ZNO THIN FILMS
Parameters

Average
grain size
(nm)

Skewne
ss (Ssk)

Kurtosis
(Ska)

Samples

Average
roughness
(nm)

1Ga-ZnO

426

16.06

0.45

3.90

2Ga-ZnO

186

7.82

0.36

3.68

3Ga-ZnO

322

10.03

0.05

3.01

5Ga-ZnO

182

7.11

0.24

3.03

FESEM images of different Ga-doped ZnO thin films are
shown in Fig. 7. The grains for Ga-doped ZnO are
uniformly distributed and geometrical shaped, which are
compatible with the grains for undoped ZnO thin films. The
grains are in the range of 100 to 500 nm. As mentioned
earlier that the grain size of material can be altered with
deposition methods, types of precursor materials, and
growth parameters.

Fig. 8 AFM images of ZnO thin films with different Ga contents. a) 1, b)
2, c) 3, and d) 5 at%

Fig. 7 SEM images of ZnO thin films with different Ga contents. a) 1, b) 2,
c) 3, and d) 5 at%

The transmittance of different Ga-doped ZnO thin films is
displayed in Fig. 9. It is found that the transmittance of the
samples is influenced after the addition of gallium in the
ZnO thin film. In the visible region, the transmittance of Gadoped ZnO thin films is found in the range of 60 to 70 %.
This result indicates that the high gallium doping into the
ZnO can decrease the transmittance value. An improvement
in optical transmittance could be helpful in semiconducting

devices. In the same Fig. 9 (inserted with Tauc plot)
presents the schematic of the bandgap calculations of
different gallium content a) 1, b) 2, c) 3, and d) 5 at% in
ZnO thin films. The bandgap of Ga-doped ZnO thin films is
calculated from the Tauc relation [3, 7]. The bandgap values
for 1, 2, 3, and 5 at% Ga-doped ZnO are observed at 3.35,
3.35, 3.36, and 3.37 eV, respectively. This outcome showed
that the bandgap is increased with an increase in gallium
content in ZnO thin films, which is due to the MossBurstein effect [29]. These optical results can be helpful for
improving the material properties, which are guidelines for
finding their applications.
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CONCLUSIONS

Based on the above results, the pure and Ga-doped ZnO thin
films are successfully deposited by the ultrasonic spray
pyrolysis technique. In both cases, the preferential
orientation of (002) is found, confirming the formation of
the wurtzite crystal structure. The two-theta value for peak
(002) is slightly shifted after adding Ga to the ZnO thin
films. From FESEM images, uniform and hexagonal-shaped
grains were observed in all samples with the size of grains
in the range of 100 to 500 nm. The smooth and wellconnected grains are seen from 2D AFM images. The size
of grains from AFM analysis is well-matched with grain
size from SEM analysis. The transmittance of samples was
slightly decreased with an increase in gallium content in the
ZnO thin films. It is also observed that the bandgap is
enhanced from 3.35 to 3.37 eV when gallium content in
ZnO thin film increases. These results are compatible with
the wurtzite crystal structure of ZnO. The n-type
conductivity with high carrier concentrations (i.e., 1019 cm-3)
was corroborated by the electrical analysis. By comparing
all these material properties, the sample containing 2 at% of
Ga showed the optimal conditions due to the high crystalline
properties of this sample than others. Hence, the Ga doping
process in ZnO films can control the material properties,
which could be useful in various applications.
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Fig. 9 Schematic of the transmittance of ZnO thin films with different Ga
contents (inserted with Tauc plot) of ZnO).

The Hall-van der Pauw method was utilized to calculate the
electrical parameters such as Hall coefficient, resistivity,
mobility and carrier concentration of Ga-doped ZnO thin
films (see Table III). It is seen from Table III that the carrier
concentration is enhanced from 2.63×1019 to 4.73×1019 cm3
with an increase in Ga content in ZnO from 1 to 5 at%.
This increment is due to the presence of Ga impurities in the
lattice. The Hall coefficient, resistivity and mobility for Gadoped ZnO thin films were found in the range of 4.2 to 7.6
cm3C-1, 0.0512 to 0.145 Ωcm and 1.19 to 2.75 cm2V-1s-1,
respectively. The negative values of the Hall coefficient for
Ga-doped ZnO thin films confirm the n-type conductivity.
TABLE III. ELECTRICAL PARAMETERS OF GA-DOPED ZNO THIN FILMS
Parameters

IV.

Resistivity

Mobility

Samples

Hall
coefficient
(cm3/C)

(𝛀𝐜𝐦)

(cm2/V-s)

Carrier
concentration
(cm-3)

1Ga-ZnO

-4.2

0.0859

-2.75

-2.63E+19

2Ga-ZnO

-5.5

0.145

-1.19

-3.41E+19

3Ga-ZnO

-5.8

0.0829

-2.21

-3.62E+19

5Ga-ZnO

-7.6

0.0512

-2.58

-4.73E+19
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