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a b s t r a c t

Al doped zinc oxide (AZO) thin films are attempted to be formed on glass substrates via solution pro-
cessing with 0, 0.5, 1, 2, 3, and 4 at% Al doping concentrations. Analysis of X-ray diffraction patterns and
scanning electron microscopy micrographs indicate that the AZO thin films belong to the wurtzite
hexagonal structure with (100), (002), (101), (102), (110), (103), (112) and (201) orientations, and show
that the grain size of AZO thin films decreases with higher Al doping concentrations. Optical and elec-
trical properties of the AZO thin films are characterized from using a UV/vis spectrometer and a four-
probe measurement system, respectively. The AZO thin films obtained have a minimum sheet resis-
tance of 30.41 U/sq for the dopant concentration of 1 at%, and a bandgap energy varying from 3.26 eV to
3.16 eV as the Al doping concentration increases from 0 to 4 at%. The maximum figure of merit value of
7.48 � 10�3 (U/sq)�1 corresponds to the deposition of the AZO thin film with 2 at% Al doping.
© 2020 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.
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1. Introduction

In the past decade, transparent conducting oxide (TCO) thin
films have gained much attentions for application in electronic
devices, including sensors, solar cells, organic light-emitting diodes
and flat panel display due to their excellent properties such as high
mobility, low resistivity, high transmittance in visible region, high
transparency in infrared region [1e4]. Hitherto, the indium tin
oxide (ITO) is one of the most commonly-used TCO materials in
electronic devices owing to its low resistivity (�10�3 U cm),
low processing temperature (~250 �C) and high optical trans-
parency (>80%) in the visible region [5]. However, the ITOmaterial
has several drawbacks owing to the scarcity, toxicity and high
production costs of indium [6], i.e., it is necessary to develop
indium-free materials for replacing ITO. Among various indium-
free materials, Al-doped zinc oxide (AZO) has been world-wide
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known as one of the most promising materials for replacing ITO
in electronic devices because of its abundance, non-toxicity, high
conductivity, high transparency in the visible region and low costs
[7,8]. Up to the present time, AZO thin films have been fabricated by
various techniques, including chemical vapor deposition [9e11],
solution processing [12e14], atomic layer deposition [15e17],
pulsed laser deposition [18] and magnetron sputtering [8,19].
Among these methods, the solution-processing method is simplest.
It offers distinctive advantages for thin film fabrication because of
its low-power and low-material consumption, its possibility of
mixing compositions at the molecular level, and its ease to make
uniform films over large areas with precise stoichiometry.

Conventionally, most of the AZO thin films prepared by a solu-
tion process were deposited on silicon substrates and high-quality
Corning glasses, with a relatively high crystalline temperature up to
600 �C. The use of silicon or high-quality glass and the need of high
temperatures cause the fabricated products to have high costs if
commercialized. Therefore, we limited the annealing temperature
in this work to temperatures below 550 �C, and utilized common
Deckglasser cover glasses with the purpose of lowering the fabri-
cation costs. Furthermore, we salvaged monoethanolamine (MEA)
to stabilize and chelated with zinc acetate via ZneO bonds at 75 �C.
The concentration of Zn2þ in solutionwas kept at 0.5 M. The atomic
National University, Hanoi. This is an open access article under the CC BY license
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Fig. 1. XRD patterns of AZO thin films with Al doping concentrations varying from 0 to
4 at%.
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percentage concentration of Al in the precursor solutionwas varied
from 0 to 4 at%. The designed AZO solutionwas then spin-coated on
glass substrates. The annealing temperature was controlled to be
550 �C to match the objective of low-cost substrates in use. The
structural, morphological, optical, and electrical properties of the
AZO thin films were investigated for film-quality optimization.

2. Experimental

2.1. Precursors formation

A pure ZnO precursor solution was prepared by using zinc ac-
etate dihydrate [Zn(NO3)2$2H2O] and MEA as a raw material and
stabilizer. It was first dissolved in an ethanol solvent of 99% purity,
assisted with magnets stirring at room temperature for 15 min to
obtain a precursor solution with 0.5 M concentration. Herein, the
molecule ratio between [Zn(NO3)2$2H2O] and MEAwas kept at 1:2
for optimum conditions. Second, in order to prepare the AZO pre-
cursor solution, different atomic percentage concentrations of Al
(0.5, 1, 2, 3 and 4 at%) were added by dissolving the required
amount of aluminum nitrate nonahydrate [Al(NO3)3$9H2O] in the
ZnO background solution. Third, the precursor solution was heated
at the temperature of 75 �C for 90 min to ensure a complete reac-
tion. Finally, a relevant amount of pure ethanol was added to the
precursor solution that was stirred at room temperature for 15 min
to regain its initial volume, that is, to resume it to the 0.5 M
concentration.

2.2. Thin films preparation

Prior to coating AZO precursor solutions on the surface, the glass
substrates were, in turn, cleaned in acetone, ethanol and DI water
beakers in an ultrasonic bath for 5 min to remove organic con-
taminations. Next, the glass substrates were treated in 0.5% HF
solution for 30 s to improve hydrophilic ability on the sample
surface and to clean metal dusts as well. Thereafter, the AZO pre-
cursor solution was dropped on the substrates surface, and spin-
coated at a speed of 1500 rpm for 40 s. The samples were then
dried at 90 �C for 3 min for each layer. In order to fabricate a
desirable thickness, the spin-coating and drying steps were
repeated correspondingly. At last, the samples were annealed at a
temperature of 550 �C in air for 30 min to obtain crystalline films.

2.3. Characterizations

The crystalline phases of the AZO thin films were identified
using an X-ray diffractometer (Bruker D5005, Siemens) at room
temperature, with Cu-Ka (l ¼ 0.154056 nm) radiation. The surface
morphology of the AZO thin films was observed via scanning
electron microscopy (Nova NANOSEM-450, FEI), with an operating
voltage of 5 kV. The optical transmittance of the AZO thin films was
determined using UV/vis spectrophotometer (UV 2450-PC, Shi-
madzu), and the electrical properties were evaluated by using a
four-probe measurement method.
Table 1
The FWHM value, crystalline size (D), lattice parameters (a, c), stress (ε), dislocation den

%Al doping FWHM (�) D (nm) a (Å) c (Å

0 0.29 28.973 3.2430 5.1
0.5 0.36 23.575 3.2430 5.1
1 0.39 21.288 3.2430 5.1
2 0.51 16.365 3.2430 5.1
3 0.70 12.031 3.2430 5.1
4 0.97 8.612 3.2430 5.1
3. Results and discussion

X-ray diffraction (XRD) patterns of the AZO thin films prepared
with different Al doping concentrations are plotted in Fig. 1.
Diffraction peaks are observed at 2q ¼ 31.81�, 34.51�, 36.34�, 47.62�,
56.68�, 63.04�, 68.20� and 69.22�, and these are well-matched with
the standard (100), (002), (101), (102), (110), (103), (112) and (201)
orientations corresponding to the wurtzite hexagonal crystal
structure of polycrystalline nature (JCPDS 36-1451). No aluminum
and other alumina phases were found in the XRD patterns, con-
firming that the Al ions were successfully substituted into Zn2þ ion
sites in the ZnO crystal lattice cells. In addition, the peaks of the
AZO thin films are well-matched with those of the pure ZnO thin
film, suggesting that the Al atoms are incorporated in the ZnO
background without any new stress from the difference in the ionic
radii of Zn2þ and Al3þ. The crystallite size of the AZO thin films was
calculated from the (101) diffraction peak by using the
DebyeeScherrer formula [20].

D¼ 0:9l
b cos q

(1)

here, l and b are the X-ray wavelength and the full width at half
maximum (FWHM) of the peak at the Bragg angle, q, respectively.
Consequently, the crystallite size of the AZO thin films decreases
from 28.973 nm to 8.612 nm, and the FWHM decreases with
increasing Al atomic percentage concentration from 0 to 4 at%, as
shown in Table 1. When the Al3þ ions substitute into the Zn2þ ion
sites in the lattice, the proportion of Zn in the AZO thin films de-
creases, resulting in a decrease in the diffusivity of ZnO by which
the growth of grains is retarded [21]. Besides, Al ions can give a
sity ðdÞ calculated for (hkl) ¼ (101) and 2q ¼ 36.34� , and the sheet resistance.

) ε d (10�3 nm) Sheet resistivity (U=sqÞ
944 5.2512 1.1912 70.32
944 5.2512 1.7992 38.96
944 5.2512 2.2066 30.41
944 5.2512 3.7339 41.34
944 5.2512 6.9086 129.76
944 5.2512 13.4829 202.13
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retarding force at the grain boundary, which can impede the
growth of ZnO, that is, can decrease the crystalline size [22].

The lattice strain ðεÞ and dislocation density (d) of the AZO thin
films were estimated by using the following equations [23].

ε¼ b

4 tan q
(2)

d¼ 1
D2 (3)

The calculated values of ε and d are indicated in Table 1. The
dislocation density of the AZO thin films increases with increasing
Al doping concentration from 0 to 4 at%, implying that the quality of
the AZO thin films becomes more improved at higher doping
concentrations. Furthermore, the crystal lattice parameters (a and
c) and the unit-cell volume of the AZO thin films were determined
from the preferable diffraction peak (101). As a result, the lattice
constants of the AZO thin films are presented in Table 1. No dif-
ference in crystal lattice parameters between the different AZO thin
films was found. It means that the incorporation of Al3þ into Zn2þ

sites in the ZnO background lattice does not cause any new stress
from the difference in the ionic radii of Zn2þ and Al3þ

ðrZn2þ ¼ 0:074 nm and rAl3þ ¼ 0:054 nmÞ: The lattice parameters,

a ¼ 3:2430�A and c ¼ 5.1944 Å, are consistent with the data from
standard patterns (JCPDS. 36-1451).

The surface morphology of the AZO thin films with different Al
doping concentrations is shown in Fig. 2. It can be seen that the AZO
thin film becomes less porous with the increase in Al doping con-
centration. In addition, the grain size of the AZO thin films de-
creases with increasing Al doping concentration from 0 to 4 at%.
One must note in this work that because the AZO thin films were
prepared on glass substrates, it is not precisely correct to evaluate
the Al doping level into the ZnO base by using the analysis of the
energy dispersive X-ray spectrum. Therefore, a series of AZO thin
films should be prepared on Si substrates to have an accurate
measurement in a further study.
Fig. 2. SEM micrographs of AZO thin films with Al d
A four-probe measurement system at room temperature was
used to investigate the electrical resistivity for the AZO thin films
with different Al doping from 0 to 4 at% as shown in Table 1. For the
pure ZnO thin film, the sheet resistance was 70.32 U/sq. However, it
decreased to 30.41U/sq for theAZO thinfilmwith 1 at% of Al doping.
This is due to one additional free electron generated as the Al3þ ions
substitute the Zn2þ ion sites. The sheet resistance slightly increases
to 202.13 U/sq for the AZO thin film with 4 at% of Al doping. The
increase in the sheet resistance might come from the decrease in
grain size. As the grain size decreases, a large number of grain
boundarieswill be generated, leading to a raise in electron collisions
and transport time. Also, the excess of Al atoms in the crystal lattice
can form some crystal defects (resulting from the difference in the
ionic radii of Zn2þ and Al3þ), leading to the formation of an Al par-
ticle cluster nanostructure, which reduces the carrier density and
increases the phonon scattering and thus, the sheet resistance in-
creases [24]. The AZO thin film with 1 at% Al doping showed the
lowest sheet resistance among the AZO thin films examined which
is lower than that reported from other work [25].

The optical transmittance spectra of AZO thin films at different
Al doping concentrations were recorded at the wavelength region
from 300 to 800 nm, as plotted in Fig. 3. The absorption edge of the
AZO thin films was found in the range of 350e400 nm. It has a blue
shift with increasing Al doping concentration due to the increase of
the bandgap energy. The optical transmission of the AZO thin films
increased with increasing Al doping concentration. The trans-
mittance of the AZO thin films is in the range of 68e95%.

Combining the optical and electrical properties to evaluate the
suitability of AZO thin films for optoelectronic applications, the
figure of merit ðfÞ was calculated by using the following equation
[26,27]:

f ¼ T10

Rsh
(4)

where, T and Rsh are the transmittance in visible and near infrared
range from 380 to 700 nm and the sheet resistance, respectively.
oping concentrations changing from 0 to 4 at%.



Fig. 5. Tauc plot of AZO thin films. The inset shows the bandgap energy of the AZO thin
films.

Fig. 3. Transmission spectra of AZO thin films with different Al doping concentrations.
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The calculation of f is plotted in Fig. 4, in which the optimum f

value of 7.48 � 10�3 (U/sq)�1 is obtained for the deposition of an
AZO thin film with 2 at% Al doping. This value is comparable, or
even higher than the value of 3:05� 10�3ðU=sqÞ�1 reported in
previous work by K. Deva Arun Kumar et al. [26]. That is, the ach-
ieved AZO thin films are suitable for the application of optoelec-
tronic devices.

From Fig. 4, we can also see that the transmittance value of the
AZO thin filmwith 1 at% Al doping is close to that of other common
TCO films, which is required for applications in optoelectronic de-
vices [28]. The optical bandgap energy can be determined by using
the following equation:

ahʋ ¼ A (hʋ-Eg)
2 (5)

here, a is the absorption coefficient, h is Planck's constant, ʋ is the
photon frequency and Eg is the optical-direct bandgap energy [29].
Hence, extrapolation of the linear portion of the (ahʋ)2 versus
photon energy (hʋ) plot as shown in Fig. 5, gives values of Eg, as
given in the inset of Fig. 5. From this figure, it is obvious that the
optical bandgap of the AZO thin films increases from 3.26 eV for the
Fig. 4. Figure of merit calculated for the AZO thin films with various Al doping
concentrations.
pure ZnO thin film to 3.31 eV for the AZO thin film with 4 at% Al
doping concentration. This trend is consistent with that of other
elements doped in ZnO and In2O3:Sn films in the TCO materials
group [30]. The development of a resonance structure in the den-
sity of states, as well as a split of bands owing to the metal dopant
act as an ionized donor, resulting in the formation of deep states in
the bandgap when the Al doping concentration increases, that is, a
blue shift of the bandgap is created as observed [31].

4. Conclusion

Solution-processed AZO thin films with Al doping concentra-
tions were successfully fabricated on glass substrates. According to
XRD results, the AZO thin films are polycrystalline with the wurt-
zite hexagonal structure, and oriented along (100), (002), (101),
(102), (110), (103), (112) and (201) planes. The SEM observation
confirmed that the average grain size of the AZO thin films de-
creases with increasing Al doping concentrations. From trans-
mittance spectra, the bandgap energies of the AZO thin films were
determined to be in a range of 3.26e3.31 eV. The minimum sheet
resistance of the AZO thin filmwas found to be 30.41 U/sq for 1 at%
Al doping. The maximum figure of merit of 7.48 � 10�3 (U/sq)�1 is
obtained for the AZO thin film with 2 at% Al doping. From different
points of view, including low electrical resistivity, high optical
transmittance and high figure of merit, the AZO thin films achieved
would be applicable in optoelectronic devices.
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