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1. Introduction
For decades, transparent conductive oxides (TCOs) 

have been extensively researched, particularly for their 
application in photovoltaic devices. Various oxide materials 
such as SnO2 [1], TiO2 [2], and ZnO [3] have been explored 
for producing high-quality transparent conductive films. 
ZnO stands out due to its advantageous properties including 
a large band gap (3.36 eV), large exciton energy (60 meV), 
and environmental friendliness. However, one drawback 
of ZnO is its relatively poor electrical conductivity [4], 
prompting researchers worldwide to explore strategies for 
improvement. Doping has garnered significant attention, 
with many elements such as group IIIA (group 13) elements 
(Al, Ga, In) [5, 6], rare earth elements (Ta, La, Y) [7-9], 
and halogen elements (F, Cl) [10-12], being investigated 
for their potential to enhance the electrical properties of 
ZnO films. Among these, group IIIA elements are widely 
used for doping the ZnO matrix to enhance electrical 
conductivity. Various fabrication methods, including pulsed 

laser deposition (PLD) [13], DC magnetron sputtering 
[14], and the sol-gel method [15], have been employed to 
produce doped thin films, with magnetron sputtering being 
particularly notable for its ease of deposition parameter 
control and high uniformity. J.J. Ding, et al. (2009) [16] 
reported that Al-doped ZnO with a concentration of 3 wt% 
enhances crystallinity and optical properties. Other studies 
have demonstrated the effectiveness of doping Ga with a 
concentration of 5 wt%, showing improvements in the 
electrical properties [17]. C.E. Benouis, et al. (2010) [18] 
showed the enhancement in the electrical characteristics 
of IZO films with the doping ratio of 2 wt%. However, 
very few groups have studied the effects of low impurity 
concentrations on the structural, electrical, and optical 
changes of films doped with IIIA-group elements. Hence, 
this research aims to investigate variations in structural 
and optical characteristics, and particularly alterations in 
electrical properties dependent on measuring temperature, of 
group IIIA impurities at the same low doping concentration, 
specifically 1 wt%.
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films as the temperature rises. Conversely, the In-doped ZnO film exhibits an increase in mobility, resulting in 
enhanced conductivity. These findings underscore the intricate interplay between doping elements, measurement 
temperature, and the electrical behaviour in ZnO films, offering valuable insights for further optimisation and 
application in various electronic and optoelectronic devices. This research opens the possibility of controlling the 
properties of ZnO films for applications at different operating temperatures.
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2. Materials and methods
Zinc oxide (ZnO), aluminium-doped zinc oxide (AZO), 

gallium-doped zinc oxide (GZO), and indium-doped zinc 
oxide (IZO) thin films were deposited on glass substrates 
via DC magnetron sputtering using a Leybold Univex-450 
system from self-produced 3-inch ceramic targets. The 
targets were produced from commercial oxide powders, 
including ZnO (Merck, 99.99%), Al2O3 (Merck, 99.99%), 
Ga2O3 (Sigma Aldrich, 99.99%), and In2O3 (Sigma Aldrich, 
99.99%). The powders, including pure ZnO, ZnO+Al2O3, 
ZnO+Ga2O3, and ZnO+In2O3, were mixed at an atomic 
ratio of M:Zn=1:99 (doping ratio of 1 wt%), where M is 
Al, Ga, or In. The powder mixtures were wet ball-milled 
in distilled water for 5 hours with alumina grinding media. 
Subsequently, the mixtures were dried for a day at 120oC, 
cold-pressed, and sintered at 1400oC in air for 3 hours. The 
sintered targets were carefully polished and cleaned for the 
sputtering process. The sputtering process took place in a 
vacuum chamber filled with argon gas (4N), maintaining a 
sputtered pressure of 3.5 mTorr, a DC power of 60 W, a 
deposition temperature of 300°C, and a sputtering time of 
20 minutes. 

The film thickness was maintained at approximately 600 
nm, controlled via in-situ deposition rate measurement using 
a quartz crystal oscillator (Inficon XTM/2). The structural 
characteristics of both pure ZnO and doped ZnO films were 
examined using X-ray diffraction analysis with a Bruker 
D8-Advance instrument. Electrical properties, including 
carrier concentration, mobility, and resistivity of the films, 
were assessed using Hall-effect-based measurements 
performed with a Linseis HCS-1 instrument employing the 
Van der Pauw method across temperatures ranging from 
300 K to 773 K, under a magnetic field of 0.7 T. The optical 
transmittance of the films was evaluated using a UV-Vis 
spectrophotometer (Jasco V-770).

3. Results
The structural characteristics of both pure ZnO films and 

ZnO films doped with Al, Ga, and In were analysed using 
X-ray diffraction (XRD), as depicted in Fig. 1A. High-
quality crystalline films exhibit a single distinct diffraction 
peak corresponding to the (002) lattice plane of ZnO, 
consistent with the standard reference (JCPDS 36-1451) 
[19]. This indicates that the films are oriented along the 
c-axis, which is common for sputter-deposited films [20]. 
Furthermore, there was no evidence of oxide-related phases 
from the dopants, suggesting that Al3+, Ga3+, and In3+ ions 
were integrated into the ZnO lattice either by substituting 
zinc atoms or occupying interstitial positions. To consider 
it, the (002) plane was magnified in Fig. 1B, and the 
crystallographic data of the films was calculated in Table 1.

(A)			            (B)

Fig. 1. (A) The overall X-ray diffraction pattern and (B) a 
magnified view of the 2θ angle range from 33.5o to 35.5o of 
the pure ZnO, AZO, GZO, and IZO films.

Table 1. Crystallographic characteristics of pure ZnO films 
and ZnO films doped with Al, Ga, and In.

Samples 2θ (deg.) FWHM (deg.) d (002) (nm) c (nm) ε D (nm)

ZnO 34.41 0.267 0.2603 0.5206 0.0377 31.13

AZO 34.40 0.276 0.2604 0.5207 -0.0282 30.11

GZO 34.37 0.253 0.2606 0.5212 -0.2261 32.87

IZO 34.41 0.259 0.2603 0.5206 0.0377 32.07

The difference in ionic radius between the dopants and 
the host lattice can induce alterations in the residual stress 
within the films. Residual stress (ε) of the films can be 
estimated by using the formula [21]:

ε=[2C13
2-C33 (C11+C12)]/2C13×(cf-co)/co

where C11=208.8, C33=213.8, C12=119.7, and C13=104.2 GPa 
are the elastic parameters for ZnO; co and cf are the lattice 
constants of the stress-free ZnO and the films, respectively, 
as also shown in Table 1. The ZnO film displays tensile 
stress, a characteristic also observed in the In-doped ZnO 
film, suggesting a competition between the substitution and 
intercalation of indium within the ZnO lattice because of the 
large ionic radius of In3+ (0.081 nm) [22]. In contrast, both 
Al- and Ga-doped ZnO films show compressive stress, with 
Ga-doped ZnO displaying the highest compressive stress. 
This suggests the presence of Al3+ and Ga3+ impurities in 
the ZnO crystal lattice at interstitial sites because the ionic 
radius of Al3+ (0.053 nm) [23], and Ga3+ (0.062 nm) are 
smaller than that of ZnO. 

To assess crystal quality further, the average crystal 
size was determined using the Scherrer function, given by 
D=0.9λ/βcosθ [17], where λ is the CuKα X-ray wavelength, 
θ is the Bragg angle, and β is the full width at half maximum. 
The calculated D values for the films were found to be 31.13, 
30.11, 32.87, and 32.07 nm for ZnO, AZO, GZO, and IZO, 
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respectively. These values show no significant difference, 
indicating that at a doping concentration of 1 wt%, group 
IIIA impurities do not distinctly influence grain size growth.

The carrier concentration, mobility, and resistivity of 
pure ZnO films and ZnO films doped with Al, Ga, and In 
according to measuring temperature are shown in Fig. 2. The 
pure ZnO film exhibits the highest resistivity due to its low 
carrier concentration and mobility, regardless of measuring 
temperature. Conversely, films doped with Al, Ga, and In 
demonstrate enhanced electrical conductivity compared to 
pure ZnO. Specifically, the improved conductivity observed 
in the IZO film is attributed to an increase in carrier 
concentration and a significant enhancement in mobility. 
This indicates that the presence of indium helps balance 
the lattice network, maintaining the tensile stress state and 
improving mobility in the film. This is in agreement with 
another study [24]. Conversely, both AZO and GZO films 
exhibit nearly identical conductivities, higher than IZO, 
primarily due to an increase in carrier concentration rather 
than mobility. Interestingly, the electrical conductivity 
trends of AZO and GZO films are similar, suggesting 
that compressive stress in the film enhances its electrical 
properties, specifically by increasing carrier concentration.

(A)			            (B)

   

Fig. 2. Temperature dependence of electrical parameters: 
(A) Carrier concentration; (B) Mobility; (C) Resistivity of pure 
ZnO films and ZnO films doped with Al, Ga, and In.

UV-Vis spectroscopy was employed to examine the 
optical properties of both pure ZnO and doped ZnO films. 
In Fig. 3A, it is observed that both pure ZnO films and 
those doped with Al, Ga, and In elements exhibit moderate 
transmittance, surpassing 75% in the visible light region. 
This suggests that at a doping concentration of 1 wt%, the 

transmittance does not significantly improve compared to 
pure ZnO films. Fig. 3B illustrates the measurement of the 
optical band gap (Eg) using the Tauc plot method to analyse 
the impact of impurities on the thin film’s optical band gap 
value [25]. Using the following equation:

(αhν)2=A (hν - Eg)

The Tauc plot method plots the value (αhν)2 against 
the photon energy (hν), where α represents the absorption 
coefficient and A is a constant dependent on the material’s 
nature. The energy bandgap value is determined by 
extrapolating the straight-line portion of the curve to the 
point where the absorption coefficient is zero, providing 
the energy bandgap. The Eg values for the films were 
determined as 3.33 eV for pure ZnO, 3.40 eV for AZO, 3.47 
eV for GZO, and 3.53 eV for IZO films, respectively. It is 
evident that the doped ZnO films tend to shift towards higher 
energies compared to the pure ZnO ones. This indicates a 
consistent pattern of Eg and carrier concentration, aligning 
with the Burstein-Moss effect [26].

4. Discussion
As shown in Fig. 1 and Table 1, the dopants do not 

influence the direction of film growth, yet there is a variation 
in the intensity of the (002) peak among the differently 
doped films. The increase in the intensity of the (002) 
peak in the doped ZnO films is observed, with the highest 
crystalline enhancement for the In-doped ZnO film. This 
demonstrates that doping with group IIIA elements does not 
alter the growth direction (002) but enhances crystal quality. 
Notably, with the same doping ratio of 1%, the IZO film 
exhibits a greater improvement in crystal quality compared 
to AZO and GZO films. Furthermore, the variation in radius 
between the dopant and the lattice results in alterations in 
the 2θ angle and full width at half maximum (FWHM) of 
the doped ZnO film. To facilitate the observation of this 
alteration, an angular range from 33.5 to 35.5° for 2θ was 
explored, alongside the calculation of crystallographic 
parameters of the films. Initially, there is no alteration in the 
2θ angle towards higher or lower values observed in pure ZnO 

 (C)

(A)			            (B)

Fig. 3. (A) Transmittance spectra and (B) Eg bandgap of 
pure ZnO films and ZnO films doped with Al, Ga, and In.
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and In-doped ZnO. Additionally, the 2θ angle of the AZO 
film exhibits a minimal deviation in comparison to the 2θ 
angle of pure ZnO, emphasising the good crystalline quality 
of AZO and IZO films. According to the previous study 
[27], doping with a concentration of 2 wt% of aluminium 
exhibited the phenomenon of shifting the diffraction peak 
(002). However, in our study, the doping concentration of 
aluminium and indium (1 wt%) was insufficient to cause 
a shift in the (002) peak, but it was adequate to enhance 
the crystal quality. The 2θ angle of Ga-doped ZnO exhibits 
a significant leftward deviation compared to the pure ZnO 
film. Typically, when gallium is doped, it would shift 
to the right of 2θ of ZnO, corresponding to a decrease in 
the lattice constant c [28]. However, the 2θ angle of this 
GZO film demonstrates the opposite behaviour, indicating 
that the presence of interstitial Ga in the ZnO network is 
predominant rather than substituting. The FWHM of GZO 
and IZO films is narrower than that of ZnO film, indicating 
excellent crystalline quality. Conversely, the FWHM of the 
AZO film increased slightly but remained very small and 
negligible.

The changes in carrier concentration (ne), mobility (µH), 
and resistivity (ρ) are observed in ZnO and doped ZnO 
films across varying measuring temperature, as shown in 
Fig. 2. From 323 to 773 K, the carrier concentration in the 
ZnO film slightly increases, whereas the mobility increases 
rapidly, resulting in a gradual decrease in resistivity with 
temperature. This also shows that the pure ZnO film does 
not exhibit the typical degeneracy of semiconductors, 
with µH increasing due to thermal activation. For doped 
films, from 323 to 523 K, the carrier concentration of Al, 
Ga, and In-doped ZnO remains relatively stable, while 
mobility experiences a slight increase, leading to equivalent 
resistivity among these films. However, from 523 to 673 
K, both Al and Ga-doped ZnO films exhibit an increase in 
both carrier concentration and mobility, with a significant 
rise in carrier concentration contributing to reduced 
resistivity. This suggests a substantial influence of carrier 
concentration on the temperature-dependent resistivity 
of AZO and GZO films. Additionally, the IZO film also 
demonstrates an increase in ne and µH, with µH experiencing 
a rapid increase, considered the primary factor contributing 
to decreased resistivity with temperature. The increased 
carrier concentration in these films is contributed by 
oxidation within this temperature range, where free carriers 
emerge from the substitution of zinc ions with impurity 
ions and oxygen vacancies [29]. The increase in mobility 
is attributed to electron scattering on ionised impurities and 
predominant discharge defects causing transport disruptions 
in the film [30]. Between 673 and 773 K, the resistivity of 
doped ZnO starts increasing again due to a sharp decrease 
in carrier concentration and mobility, indicating metal-like 
degeneration properties in these films.

5. Conclusions
In conclusion, this study successfully deposited pure 

ZnO, AZO, GZO, and IZO films, where each film was doped 
with a dopant ratio of 1 wt% using the magnetron sputtering 
method. Significant variations in structural, electrical, and 
optical properties were observed among these ZnO films 
doped with different group IIIA elements. Notably, the 
electrical properties of the doped ZnO films were found to 
be closely linked to the measuring temperature, as revealed 
by Hall effect measurements. Specifically, the presence of 
Al and Ga impurities led to enhanced conductivity, primarily 
driven by a notable increase in carrier concentration with 
rising measuring temperature. In contrast, IZO films 
exhibited heightened mobility, resulting in increased 
conductivity. These findings underscore the intricate 
interplay between doping elements, measuring temperature, 
and the electrical behaviour in ZnO films, offering valuable 
insights for further optimisation and application in various 
electronic and optoelectronic devices.
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