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Abstract
In this study, Al-doped ZnO thin films were sputter deposited on glass substrate as a function of limited 

oxygen gas inlet. The crystal structure, optical, and electrical properties of the films were characterized 
using X-ray diffraction, scanning electron microscopy, UV-Vis spectroscopy, and Hall measurement. High 
crystallinity was found in all AZO samples. Surface morphology presented small grain size of ~ 50 – 100 nm, 
and thickness of AZO thin films were maintained approximately at 280 nm. Average optical transmittance 
of AZO films was about 90% in the 450 – 600 nm region, and optical band-gap values varied from 3.327 to 
3.380 eV. The electrical resistivity of AZO films decreased with an increasing amount of oxygen flux. These 
AZO films are quite appropriate for the perspective development of UV photodetectors as a central role 
absorbing components or n-type semiconducting layers.
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Tóm tắt
Trong nghiên cứu này, màng mỏng ZnO pha tạp Al được mọc đế thuỷ tinh với một lượng nhỏ khí oxy. 

Cấu trúc tinh thể, tính chất quang và tính chất điện của màng được phân tích bằng nhiễu xạ tia X, kính hiển 
vi điện tử quét, quang phổ UV-Vis và phép đo Hall. Độ kết tinh cao được tìm thấy trong tất cả màng AZO. 
Hình thái bề mặt có kích thước hạt nhỏ khoảng 50 – 100 nm và độ dày của màng mỏng AZO xấp xỉ 280 nm. 
Độ truyền qua trung bình của màng AZO khoảng 90% trong vùng bước sóng 450 – 600 nm và các giá trị độ 
rộng vùng cấm quang được xác định từ 3.327 đến 3.380 eV. Điện trở suất của màng AZO giảm khi tăng lưu 
lượng khí oxy. Kết quả nghiên cứu này thích hợp để ứng dụng vào bộ tách sóng quang UV, trong đó màng 
AZO đóng vai trò trung tâm và hấp thụ các thành phần hoặc lớp bán dẫn loại n.

Từ khóa: Đi-ốt quang UV, lưu lượng khí oxy, màng mỏng AZO, phún xạ RF-magnetron, tính chất điện, 
tính chất quang.
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1. Introduction
In recent decades, knowledge and usage of 

transparent conductive oxide (TCO) films in photonic 
and optoelectronic devices have made extensive 
progress (Ma & He, 2011; Yun & Kim, 2012). Among 
TCO family, indium tin oxide (ITO) film with great 
transparency in the visible range and good electrical 
conductivity, has been widely used in OLED (H. Kim 
et al., 1999), solar cells (Lien, 2010),... However, high 
cost of indium component has put limits on its broad 
application (Chavan et al., 2023). Therefore, different 
potential substitutes have emerged such as doped 
SnO2, TiO2… Recently, ZnO film has turned out to be 
a favorable candidate for its low cost, environmental 
friendliness, very good transparency in the visible 
range and good electrical conductivity. Moreover, 
ZnO films represent high crystallinity, good thermal 
conductivity, and good ability to deposit on plastic 
and glass substrates even at low temperatures.

In addition, ZnO is a wide bandgap semiconductor 
(Eg ~ 3.37 eV) and has a large exiton binding energy 
(~60 meV) at room temperature (Borysiewicz, 2019). 
ZnO exhibits inherently n-type semiconducting 
properties due to intrinsic defects such as oxygen 
vacancies O (Vo) and zinc interstitials (Zni). The ZnO 
carrier concentration and mobility are typically found 
in the range of       1016 – 1017 và 20 – 400 cm2V-1s-1, 
respectively (Vyas, 2020).

The optical properties of ZnO have also been 
extensively studied, with some reports indicating 
that the transmittance of ZnO films can reach over 
80% in visible light (Lai & Lee, 2008; Mekhnache 
et al., 2011). However, for TCO materials, the 
simultaneous existence of high conductivity and 
transparency is always a major challenge that 
receives much research interest. Several works 
pointed out that by doping group III elements (B 
(Wenas et al., 1991), Ga (Bhosle et al., 2006), Al 
(Maldonado & Stashans, 2010), In (Kumar et al., 
2004)) into ZnO films, electrical resistivity could be 
reduced and optical transparency in the visible range 
could be increased. Especially, Al-doped ZnO (AZO) 
is widely studied for its low cost, non-toxicity, and 
high thermal stability. Moreover, the electrical and 
optical properties of Al-doped ZnO films have been 
investigated in different reports, paving the way for 
tremendous application of AZO films in solar cells 
(Badgujar et al., 2022), OLEDs (Choi et al., 2013),... 
However, the optical and electrical properties of 

AZO films are quite sensitive to deposition and 
post-deposition conditions. Different methods have 
been employed to prepare high-quality AZO films 
such as metal-organic chemical vapor deposition 
(MOCVD) (Fragala et al., 2009), sputtering (Fang 
et al., 2002), atomic layer deposition (ALD) (Choi 
et al., 2013), sol-gel (Lee et al., 2009).  Among 
them, RF-magnetron sputtering is the most popular 
technique for AZO because of its ability to deposit on 
large areas with high deposition rate, good adhesion 
between the film and the substrate, low processing 
temperature, and ease in adjusting parameters during 
deposition (Fang et al., 2002; Park et al., 2006).

In this report, AZO thin films were prepared on 
glass substrates with RF-magnetron sputtering by 
introducing small oxygen gas flows (0.2 - 0.8 sccm). 
Crystal structures of AZO thin films were studied 
using X-ray diffraction (XRD) in range of 20 – 80°. 
The surface morphology and thickness of AZO films 
were observed using scanning electron microscopy 
(SEM). The optical properties of AZO films were 
analyzed using UV-Vis spectroscopy in the range 
of visible to near-infrared regions. The electrical 
properties of AZO films were characterized with 
Hall–effect measurement.

2. Experiments
AZO thin films were prepared by radio frequency 

(RF)-magnetron sputtering on glass substrates using 
2% Al-doped ZnO lab-made targets. They were 
subjected to one-day planet milling, disk shaping, and 
three-hour sintering at 1400 oC. The total sintering 
process (ramping, sintering, and cooling) took 
approximately 30 hours. The glass substrates were 
cleaned by acetone, ethanol, and isopropyl alcohol 
(IPA) for 5 min each, respectively. To eliminate 
contaminants and moisture still present on the glass 
substrate surface, the substrates were heated in a 
vacuum chamber remained at 5 × 10-3 Torr. The 
growth temperature of AZO films was maintained at 
200oC and power of 50W.  The argon gas flow was 
fixed at 60 sccm while the oxygen gas flow was set at 
0.2 sccm (sample 1), 0.4 sccm (sample 2), 0.6 sccm 
(sample 3), and 0.8 sccm (sample 4). The crystal 
structure of the AZO films was analyzed using X-ray 
diffraction (XRD). Scanning electron microscopy 
(SEM) and UV-VIS spectroscopic analysis were 
employed to study the surface morphology and 
transmittance properties. Hall measurement was used 
to characterize the electrical property.
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3. Results and discussion
Figure 1a shows XRD pattern of the AZO 

thin film deposited with various oxygen gas flow 
rates.  The sharp and well-defined peaks of (002) 
are observed in all AZO samples. The (002) plane 
of AZO films corresponds to a diffraction angle 
value of 2θ ~ 34°, showing the hexagonal structure 
of wurtzite and the high intensity growth orientation 
along the c-axis direction as the oxygen content 
progressively rises (Hwang et al., 2011; Otieno et 
al., 2019) (see Fig. 1b). The absence of diffraction 
peaks for aluminum and its compound indicates that 
aluminum atoms may have replaced Zn in the lattice 
location or locate at interstitial sites (Fragala et al., 
2009). Moreover, a small increase in oxygen inlet 
leads to highly improved crystallinity, resulting in 

larger grain sizes and a reduction of full width at half 
maximum (FWHM) (see Fig.1c) (Cao et al., 2014). 
When increasing the oxygen gas rate, the d-spacing 
value tends to decrease as well. This could be due 
to the different stress and strain emerging during the 
AZO film deposition process, which lowers the values 
of the lattice constant (see Fig.1d) (Bose et al., 2018). 
The films are in compressive stress conditions along 
the c-axis since the obtained stress along the c-axis 
presents negative values. The former component can 
be ascribed to a thermal mismatch between AZO 
films, and substrate and generation mechanism of the 
latter can be accredited to the growth process itself 
(Li et al., 2008). Evidently, small change in oxygen 
gas inlet produced greatly effects on the structure 
properties of AZO films.

Figure 1. (a) XRD spectra, (b)  XRD peak in the narrow range, (c) Full width at halt maximum (FWHM) 
of XRD (002) peaks and grain sizes, and (d) d-spacing of AZO samples as the function of small oxygen inlet

Table 1. Information about structural properties obtained from the XRD spectra

Sample 2θ
(o)

FWHM
(o)

Grain size
(nm)

c
(Å)

d-spacing
(Å)

Micro strain
(×10-3)

1 34.562 0.259 52.506 5.188 2.594 -3.341

2 34.588 0.252 53.874 5.184 2.592 -4.073

3 34.535 0.255 53.358 5.191 2.596 -2.605

4 34.614 0.242 56.125 5.180 2.589 -4.804
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Figure 2 presents the SEM images of the surface 
morphology of the AZO thin films. The particle sizes 
of AZO were found in 50 – 100 nm. As the oxygen 
content increased, the surface AZO thin films became 

Figure 2.  The top view of SEM images of (a) sample 1, (b) sample 2, (c) sample 3, 
and (d) sample 4, (e) the cross-sectional view of sample 3

smoother due to the etching effect (M. Kim et al., 
2016). The cross-sectional SEM image shows the 
thickness of AZO thin films is about ~ 280 nm (see 
Fig 2e).

Figure 3. (a)Transmission spectra and (b) Tauc’s plots used to estimate the optical band gap 
of AZO thin films as the function of small amount of oxygen flux

Dong Thap University Journal of Science, Vol. 13, No. 5, 2024, 113-120
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In Figure 3(a), all AZO films exhibit high 
average transmittance of more than 70% in the visible 
light spectrum, approaching to 90% in the 450 – 600 
nm visible light area, and decreases significantly in 
the infrared spectrum. The transmittance of the AZO 
films was found to rise in the visible region as the 
oxygen flow increased. However, transmittance of 
sample 3 dropped as a result of re-sputtering occurring 
during the deposition process (Suchea et al., 2007) . It 
goes in line with the SEM analysis since the incident 
light scattering will be reduced due to the relatively 
smooth surface as the oxygen content increases. 
Sample 1 exhibits the lowest transmittance; this could 
be attributed to the high density of point defects such 
as oxygen or Zn interstitial (Muchuweni et al., 2017). 

The band gap energy (Eg) of sputtered AZO 
thin film was obtained by applying well-known 
Tauc model and derivative spectroscopy techniques 
(Pankove, 1971). Fig. 3(b) shows the value of optical 
band gap fluctuated between 3.327 and 3.380 eV, 
which is consistent with the literature of ZnO (3.37 
eV) (Özgür et al., 2005). The band gap slightly 
increases when the oxygen gas rates increase due to 
the shift of the absorption edge to shorter wavelengths 

(see figure 3a), which could be explained by Burstein 
- Moss effect (Cao et al., 2014).

Figure 4.  Carrier concentration (n), Hall mobility 
(μH) resistivity (ρ) versus concentration Oxygen in 

the AZO thin films
Figure 4 presents the carrier concentration, 

mobility, and electrical resistivity of AZO thin 
films with a small oxygen inlet, as measured by the 
Hall technique. The following equation represents 
the relation between the resistivity (ρ), carrier 
concentration (n), carrier charge (e), and mobility (μH):

                          (1)

Table 2. Optical and electrical properties of AZO thin films deposited as the function
of small amount of oxygen flux

Sample
Optical properties Electrical properties

Transmittance
(400 - 800 nm)

Band gap
(eV)

n
(×1019 cm-3)

μH
(cm2/Vs)

ρ
(Ohm.cm)

1 89% 3.327 1.72 1.31 0.278
2 94% 3.380 1.81 1.07 0.320
3 92% 3.335 2.19 0.90 0.318
4 93% 3.374 2.13 0.92 0.319

The resistivity of n-type AZO thin films 
increases with increasing in oxygen flux, which is 
in good agreement with the previous work (M. Kim 
et al., 2016). Carrier concentration values are 1.72 
×1019 cm-3, 1.87 ×1019 cm-3, 2.19 ×1019 cm-3, and 2.13 
×1019 cm-3 for samples 1, 2, 3 and 4, respectively. 
These results show that the carrier concentration is 
enhanced by increasing the small amount of oxygen 
flux. It appears that the presence of additional oxygen 
during the deposition process could result in enhanced 
crystallinity, better replacement of aluminum ions 
at lattice sites. These all combine to an increase in 
carrier concentration. Mobility reduces as oxygen 
flux increases (see Table 2). Higher ionized impurity 
scattering and higher carrier concentration could 

relate to the decreased tendency of carrier mobility 
(Badgujar et al., 2022; Houng et al., 2007).

4. Conclusion
In summary, aluminum-doped ZnO was 

deposited on glass substrate using RF-magnetron 
sputtering as a function of a small oxygen flux (0.2 - 
0.8 sccm). The XRD analysis revealed a high quality 
of AZO crystalline and c-axis preferred orientation 
as the small oxygen inlet was introduced during the 
deposition process. Higher oxygen inlets result in 
smoother film surface morphology. The thickness 
is ~ 280 nm. Average optical transmittance is above 
80% in the visible region. Bandgap values vary 
from 3.327 to 3.380 as oxygen flux increases. The 
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Hall measurement results present the low electrical 
resistivities (~ 0.3 Ohm.cm), and high carrier 
concentration (~ 1019 cm-3). The obtained AZO films 
exhibit themselves as potential candidates for different 
photonic and optoelectronic applications such as UV-
photodetectors, UV-LED, TFT and flat panel displays.
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