
A J CSIAN OURNAL OF HEMISTRYA J CSIAN OURNAL OF HEMISTRY
https://doi.org/10.14233/ajchem.2023.28017

INTRODUCTION

The Al-doped ZnO (AZO), has again captivated awareness
as a transparent conductive oxide (TCO) material for solar cell
systems [1]. Indium tin oxide (ITO) has long led TCO tech-
nology because of its excellent electrical resistivity of high
10-5 Ω cm and the relatively accessible synthetic techniques of
sputtering systems [2-4]. However, in the transparent opto-
electronics industry, which requires a vast amount of TCO, ITO
has the problems of limited resource and high price, because
it is composed of the rare metals indium and tin [5]. Thus,
various alternatives such as AZO, graphene and PSS:PEDOT
have been developed and applied to real products such as touch
screen and solar cells [6-11]. AZO is accepted as an alternative
in the solar cell systems that require mass production and low
price, irrespective of a-Si, CdTe and CIGS [12,13]. AZO films
have been fabricated mainly using vacuum technologies such
as radio frequency (RF) or direct current (DC) sputtering and
solution processes such as coating and spraying [6,7,12-15].
However, it was announced that an electrical and optical quality
of AZO films fabricated by RF or DC sputtering are better
than those of fabricated by coating and spraying; this difference
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is attributed to the various impurities and defects unintention-
ally included during solution processes [6,7,12-15].

A broad bandgap makes AZO transparent to the vast majority
of solar light and its high conductivity is comparable to that of
ITO. Single-crystalline ZnO films have background electron
concentrations of high 1016-low 1018 cm-3 due to unintentionally
generated and incorporated defects such as H, Zni and VO [16,
17]. However, the harsh deposition conditions of heterosubstrate,
which exhibits large structural mismatch with ZnO lattices
and the low growth temperature, which supplies insufficient
formation energy to Zn-O bonds are favourable for developing
structural imperfections, facilitating the creation of various n-
type defects in ZnO films [18,19]. The high conductivity of
the ZnO films can be tried in various deposition ways by doping
with aluminum, gallium and indium [2,13,20]. In the doped
ZnO films deposited by RF-sputtering, an electrical resistivity
can attain a low of 10-4 Ω cm and the electron concentration can
attain a low of 1021 cm–3: In-doped ZnO films show an electrical
resistivity level of 10-2-10-3 Ω cm, Ga-doped ZnO films show
an electrical resistivity level of 10-3-10-4 Ω cm and Al-doped
ZnO films show an electrical resistivity level of 10-4 Ω cm
[2,13]. However, compared to AZO, Ga-doped ZnO (GZO) and
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In-doped ZnO (IZO) have relative difficulties in long-time stable
sputtering and high-purity target fabrication because of the
small melting temperature and great vapour pressure of gallium
and indium elements [21,22]. This work presents a substantial
data on the conductivity control as functions of RF-sputtering
processing parameters in AZO films produced on glass subs-
trates, which feature a rather high density of structural defects.

EXPERIMENTAL

Preparation of samples: AZO films were deposited on
sodalime-silica glass substrates using RF-sputter. The AZO
target was fixed at the composition of ZnO:Al2O3 = 98:2 wt.%
(99.99%) [20]. The AZO target was an iTASCO target, which
was fabricated by sintering process. Five typical sample sets
were prepared as functions of plasma power (set A), chamber
pressure (set B), argon flow rate (set C), substrate temperature
(set D) and annealing temperature (Table-1).

TABLE-1 
FIVE AZO SAMPLE SETS PREPARED IN THIS WORK 

Deposition condition 
Set # Variable Range Other parameters 

A 
Plasma power 

(Pplasma) 
50-200 W 

Pchamber = 10 mT 
FAr = 30 sccm 
Tsubstrate = RT 
tdeposition = 30 min 

B 
Chamber pressure 

(Pchamber) 
1-30 mT 

Pplasma = 100 W 
FAr = 30 sccm 
Tsubstrate = RT 
tdeposition = 30 min 

C 
Argon flow  

rate (FAr) 
15-100 sccm 

Pplasma = 100 W 
Pchamber = 10 mT 
Tsubstrate = RT 
tdeposition = 30 min 

D 
Substrate 

temperature (Tsubstrate) 
RT-400 °C 

Pplasma = 100 W 
Pchamber = 10 mT 
FAr = 30 sccm 
tdeposition = 30 min 

Annealing condition 

A-D 
Annealing 

temperature (Tanneal) 
RT-500 °C 

FAr = 3L/min 
Tannealing = 60 min 

 
Characterization of samples: The electrical character-

istics of AZO films were studied by Hall measurement and
resistivity measurement by the van der Pauw method. Indium
was used as the ohmic contact required for Hall and resistivity
measurements. The surface structural characteristics of AZO
films were studied by the atomic-force microscopy (AFM).
The AZO films had a preferred orientation of c-axis and a
textured structure irrespective of fabrication conditions [20].
The optical characteristics of AZO films were evaluated by UV-
visible spectrometry. Every AZO film had transmission values
beyond 80% in the visible and infrared wavelength of 400-
1000 nm [20].

RESULTS AND DISCUSSION

Fig. 1 represents the electrical characteristics of set A as a
parameter of plasma power (Pplasma) in the range of 50-200 W
under the conditions of Pchamber = 10 mT, FAr = 30 sccm, Tsubstrate
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Fig. 1. Electrical resistivity vs. plasma power (left) and electron concen-
tration vs. plasma power (right) in AZO films deposited by RF-
sputtering [20]

= RT and tdeposition = 30 min [20]. Electrical resistivity increases
with the augment of Pplasma and electron concentration is inversely
proportional to Pplasma. This is ascribed to the fact that the aug-
ment of Pplasma increases sputter yield and deposition rate, which
induces carrier compensation of Al donors and donor-type
defects via an increase of structural imperfections [23]. It is
found that as the Pplasma augments 4 times from 50 W to 200 W,
the electrical resistivity increases by two orders of magnitude
as of 0.45 Ω cm to 87 Ω cm and the electron concentration
decreases by two orders of magnitude as of 2 × 1019 cm-3 to 1
× 1017 cm-3 [20].

Fig. 2 represents the electrical characteristics of set B as a
parameter of chamber pressure (Pchamber) in the range of 1-30 mT
under conditions of Pplasma = 100 W, FAr = 30 sccm, Tsubstrate = RT
and tdeposition = 30 min. Electrical resistivity increases with the
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Fig. 2. Electrical resistivity vs. chamber pressure (left) and electron concen-
tration vs. chamber pressure (right) in AZO films deposited by RF-
sputtering

Vol. 35, No. 7 (2023) Conductivity Control of Al-doped ZnO Thin Films Deposited by Radio Frequency Sputtering   1673



augment of Pchamber and electron concentration is inversely prop-
ortional to the Pchamber. The augment of Pchamber can be interpreted
in two ways. First, it decreases the deposition rate due to the
decreases of mean-free path of Ar+ ions and of sputtered atoms,
which reduces the generation of donor-type defects [24,25].
Second, it supplies the insufficient film formation energy due
to impingement between sputtered atoms and Ar+ ions, which
induces the carrier compensation of the donors via increase of
structural imperfections. The electrical characteristics of AZO
films that were apparent for this work are attributed to the
insufficient film formation energy. It is found that as the Pchamber

increases 30 times from 1 mT to 30 mT, the electrical resistivity
increases by two orders of magnitude from 0.048 Ω cm to 8.1
Ω cm and the electron concentration decreases one order of
magnitude from 4 × 1019 cm-3 to 3 × 1018 cm-3.

Fig. 3 represents the electrical characteristics of set C as a
parameter of Ar flow rate (FAr) in the range of 15-100 sccm
under conditions of Pplasma = 100 W, Pchamber = 10 mT, Tsubstrate =
RT and tdeposition = 30 min. Electrical resistivity decreases with
the augment of FAr and electron concentration is inversely
proportional to the FAr. Augmenting FAr is reported to decrease
the grain size and increases the number of VO in AZO films
[26,27]. It is suggested that the FAr is another factor influencing
conductivity control in the AZO films; it’s augment facilitates
the formation of donor-type defects. It is found that as the FAr

augments 7 times from 15 sccm to 100 sccm, the electrical
resistivity decreases by two orders of magnitude from 12 Ω
cm to 0.20 Ω cm and the electron concentration increases by
one order of magnitude from 1 × 1018 cm-3 to 2 × 1019 cm-3.
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Fig. 3. Electrical resistivity vs. Ar flow rate (left) and electron concentration
vs. Ar flow rate (right) in AZO films deposited by RF-sputtering

Fig. 4 represents the electrical characteristics of set D as
a parameter of substrate temperature (Tsubstrate) in a range of RT-
400 ºC under conditions of Pplasma = 100 W, Pchamber = 10 mT, FAr

= 30 sccm and tdeposition = 30 min. Electrical resistivity decreases
with the augment of Tsubstrate and electron concentration is inver-
sely proportional to the Tsubstrate. This is ascribed to the fact that
the augment of Tsubstrate increases the energy necessary for the
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Fig. 4. Electrical resistivity vs. substrate temperature (left) and electron
concentration vs. substrate temperature (right) in AZO films
deposited by RF-sputtering

formation of Al-Zn-O bonds, which reduces the formation of
structural imperfections and suppresses the carrier compensation
of Al donors and donor-type defects [28]. It was found that as
the Tsubstrate augments 15 times from RT to 400 ºC the electrical
resistivity decreases by two orders of magnitude as of 3.1 Ω
cm to 0.018 Ω cm and the electron concentration increases by
two orders of magnitude from 4 × 1018 cm-3 to 1 × 1020 cm-3.

Fig. 5a-d represents the electrical characteristics as a para-
meter of annealing temperature (Tanneal) under an Ar ambient
in the temperature range of RT-500 ºC for all deposited AZO
films (sets A-D). All samples have a common trend in which,
below 200-400 °C, electrical resistivities decrease with the
augments of Tanneal and, above 200-400 °C, they increase with
the augments of Tanneal and electron concentrations are inversely
proportional to the Tanneal. The change of electrical resistivity
in the AZO films originates from the carrier compensation via
formation and annihilation of conductive defects [16,29]. It is
ascribed to the fact that, below a critical temperature, the
decreases of electrical resistivity with the augments of Tanneal

are due to the suppression of carrier compensation by reduction
of structural imperfections such as Zni. However, above the
critical temperature, the increases of electrical resistivity are
due to enhancement of carrier compensation by generation of
structural imperfections as such as VO [16,29]. This Tanneal depen-
dence of the electrical characteristics in the region below the
critical temperature is similar to the Tsubstrate dependence of the
electrical characteristics, which indicates that post annealing
after film deposition can affect the electrical characteristics of
AZO films as much as substrate heating during film deposition.
It is found that in case of the sample deposited at Pplasma = 200
W, Pchamber = 10 mT, FAr = 30 sccm and Tsubstrate = RT, the electrical
resistivity significantly decreases from 87 Ω cm to 0.037 Ω cm
and the electron concentration increases from 1 × 1017 cm-3 to
1 × 1020 cm-3, when the sample was annealed at 400 ºC. Mean-
while it was found that in the case of the sample deposited at
Pplasma = 100 W, Pchamber = 10 mT, FAr = 30 sccm and Tsubstrate =
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Fig. 5. Electrical resistivity vs. annealing temperature (left) and electron concentration vs. annealing temperature (right) in AZO films deposited
by RF-sputtering: (a) plasma power, (b) working pressure, (c) Ar flow rate and (d) substrate temperature

400 ºC, the electrical resistivity decreases from 0.018 Ω cm to
0.0064 Ω cm and the electron concentration increases from 1
× 1020 cm-3 to 2 × 1020 cm-3, when the sample was annealed at
200 ºC.

Fig. 6 represents the relationship of electron mobility and
electron concentration in all the deposited AZO films including
the annealed ones. It is important to understand that the sample
with a low electron concentration has a low value of electron
mobility, whereas the sample with a high electron concentration
has a high value of electron mobility. This is opposite to the
general electron transport mechanism of semiconductors, in
which electron mobility is inverse-proportional to electron
concentration, as determined by lattice scattering and defect
scattering [30,31]. In case of single-crystalline compound
semiconductor materials, lattice scattering consists of optical-
polar phonon scattering, deformation potential scattering and
piezoelectric potential scattering due to interferences of lattice
phonons and defect scattering was determined by ionized-
impurity scattering due to incorporated impurities [30,31].

However, in case of poly-crystalline AZO films that contain
large numbers of grains and grain boundaries, defect scattering
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Fig. 6. Relationship of electron concentration and electron mobility for
all AZO films in this work
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by grain boundaries, which describes how many electrons can
move through grain boundaries by field emission effect, should
be included in the electron transport mechanism [13,32,33].
Also, the AZO films deposited at higher substrate temperatures
have higher electron concentration and electron mobility, whose
value becomes larger after annealing in an appropriate temper-
ature range. This is ascribed to the fact that the suppression of
carrier compensation by the reduction of structural imperfec-
tions simultaneously induces increase of electron concentration
and increase of electron mobility. The AZO samples deposited
at 400-500 ºC and annealed at 200 ºC are shown to have the
highest values of electron concentration and electron mobility.

Conclusion

In this work, an in-depth investigation into regulating the
conductive properties of RF-sputtered Al-doped ZnO (AZO)
films on glass substrates is conducted. It could be summarized
that all sputtering parameters had important effect with the
generation and the reduction of conductive defects in AZO films,
causing carrier compensation or excess carrier compensation.
Even though the composition of Al in the AZO target was fixed
at 2%, the electrical resistivity of AZO films increased with
augments of plasma control and working pressure; however,
the electrical resistivity decreased with augments of Ar flow
rate and substrate temperature. The electrical resistivity decre-
ased when the AZO films were annealed in the range of 200-
400 ºC. The electron concentrations of the AZO films were
inversely proportional to their electrical resistivities. It was
also found that the electron mobility in the AZO films was
proportional to their electron concentration, indicating that the
conductivities of the AZO films deposited by RF-sputtering
were dependent on structural imperfections such as ionized
impurities and grain boundaries. Due to its detrimental effects
on AZO film conductivity, O2 mixture working gas was not
used in this study.
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