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Physical Properties of Al-doped ZnO and Ga-doped ZnO
Thin Films Prepared by Direct Current Sputtering
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Abstract: Al-doped zinc oxide (AZO) and Ga-doped zinc oxide (GZO) thin films with the same
doping concentration (3.6 at%) were deposited on glass substrates at room temperature by direct current
(DC) magnetron sputtering. Consequently, we comparatively studied the doped thin films on the basis of their
structural, morphological, electrical, and optical properties for optoelectronic applications. Both thin films
exhibited excellent optical properties with more than 85% transmission in the visible range. The GZO thin film
had better crystallinity and smoother surface morphology than the AZO thin film. The conductivity of the GZO
thin film was improved compared to that of the AZO thin film: the resistivity decreased from 1.01 x 107° to 3.5
x 107 Q cm, which was mostly due to the increase of the carrier concentration from 6.5 x10% to 1.46 x 10!
cm~. These results revealed that the GZO thin film had higher quality than the AZO thin film with the same
doping concentration for optoelectronic applications.
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1 Introduction

Functional oxide materials have been widely
applied to develop the next generation of transparent
electronics, such as field-effect transistors, solid state
sensors, solar cell and electrochromic devices™. As
one of the most promising functional oxide materials,
ZnO has been used as electrodes in optoelectronic
devices, because of its excellent optoelectronic
properties, non-toxicity, low material cost, and
stability in hydrogen plasma processes” . Recently,
the deposition of highly conductive Al-doped ZnO
(AZO) and Ga-doped ZnO (GZO) thin films at
low substrate temperature has received an amount
of attention, since the low substrate temperature
minimizes the interdiffusion processes on previously
deposited materials and benefits the deposition of films
on polymer substrates for flexible electronic device

(19 Compared with other techniques,

applications
direct current (DC) magnetron sputtering technique is

used most often as it can prepare films on large areas at
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low deposition temperature, with good adhesion to the
substrate, high deposition rate, and reproducibility!".
Many researchers have employed DC magnetron
sputtering technique to prepare highly conductive AZO
and GZO thin films at low substrate temperature!''™"”.
Tao et al reported the GZO thin films deposited on
PEN substrate at room temperature with a resistivity as
low as 6.65 x 10™* Q cm"”. Pei e al reported the AZO
thin films deposited on Al,O,-buffered PET substrate
at room temperature with a resistivity of 8.4 x 107 Q
cm'", However, few studies have been reported on the
comparison of the properties of AZO and GZO thin
films prepared under the same doping concentration
and deposition conditions.

In this paper, AZO and GZO thin films with the
same doping concentration (3.6 at%) were deposited on
glass by DC magnetron sputtering at room temperature.
The structural, morphological, electrical and optical
properties of the AZO and GZO thin films were
compared in detail.

2 Experimental

AZO and GZO thin films were deposited on
glass substrates from home-made 3.6 at% AZO (ZnO/
Al,0,=96.4/1.8 at%) and GZO (ZnO/Ga,0,=96.4/1.8
at%) ceramic targets, respectively. Prior to deposition,
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the substrates were sequentially cleaned in an ultrasonic
bath with acetone, ethanol, and de-ionized water,
and then blown dried with nitrogen gas. The distance
between the target and substrate was fixed at 90 mm.
The base pressure in the chamber was kept below 5
x107* Pa. During the process of deposition, the film
was grown at room temperature (about 25 C) for 15
min with the flow rate of Ar of 30 sccm, the deposition
pressure of 0.4 Pa and the DC sputtering power of
200 W.

The phase structure of the thin films was
analyzed by X-ray diffraction (XRD) with Cu Ka
radiation in 0-20 Bragg-Brentano geometry (Bruker,
AXSD8 Advance, USA). The chemical structure and
composition of the thin films were studied by X-ray
photoelectron spectroscopy (XPS, Kratos AXIS
ULTRADLD, UK). The XPS measurements were
done after 30 s of Ar sputtering, in order to eliminate
contaminants captured from the air. The thickness of
the thin films was determined by a surface profilometer
(Veeco, Dektak150, USA). The surface morphology
was examined using an atomic force microscope (AFM,

CSPM5500, China). The optical transmittance and

reflection of the thin films were measured using an UV/
VIS/NIR spectrophotometer (Perkin-Elmer, Lambda
950, USA). The resistivity, carrier concentration and
mobility of the thin films were measured using Van
der Pauw method by Hall measurements (Accent,
HL5500PC, UK).

3 Results and discussion

The crystal structures of the AZO and GZO
thin films were analyzed by XRD. The XRD patterns
revealed strong preferred orientation (002) peaks as
shown in Fig.1, indicating that the thin films were
orientated with their axes perpendicular to the substrate
plane. The (002) diffraction peak position of 34.31° for
GZO thin film was relatively higher than that of 34.02°
for AZO thin film, which could be due to the smaller
difference in radius between Ga’" ions (0.062 nm) and
Zn"" ions (0.074 nm) than with AI’" ions (0.054 nm)
and Zn>" ions"*'"". The GZO thin film showed stronger
and sharper (002) diffraction peak than the AZO thin
film. The average grain size calculated according to the
Scherrer equation for the GZO thin film was 25.7 nm,
larger than that of 22.8 nm for the AZO thin film. These
results indicated the better crystal quality of the GZO
thin film than that of the AZO thin film.

The chemical bonding configurations of AZO

and GZO thin films were investigated by X-ray
photoelectron spectroscopy (XPS). Fig.2 shows the
curve-fit results of O 1s XPS spectra for the AZO and
GZO thin films. The low binding energy component
(denoted as OI) centered at 530.1 £ 0.1 eV is assigned
to the lattice oxygen of ZnO"®"’. The high binding
energy component (denoted as OII) centered at 531.6 +
0.1 eV is attributed to O~ ions in the oxygen deficient
regions within the matrix of ZnO"*". The relative
changes in the low and high binding energy components
therefore reveal the degree of O-Zn bonding and
oxygen vacancies. As shown in Fig.2, comparing to
the AZO thin film, the level of O-Zn decreased and the
level of oxygen vacancies increased for the GZO thin
film. The increase of oxygen vacancies could contribute
to the increase of the carrier concentration.
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Fig.1 XRD patterns of the AZO and GZO thin films
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Fig.2 Curve-fit results of O 1s XPS peaks of the (a) AZO and

(b) GZO thin films

The AFM images of the AZO and GZO thin films
are shown in Fig.3. Both the AZO and GZO thin films
exhibited similar dense and uniform morphology. The
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GZO thin film showed a smoother surface morphology
with the RMS roughness of 3.6 nm than the AZO thin
film with the RMS roughness of 5.6 nm. The decrease
in surface roughness reduced the absorption of oxygen
and thus contributed to improving the electrical

properties”**".
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Fig.3 AFM images of the (a) AZO and (b) GZO thin films

Table 1 Electrical properties of the AZO and GZO thin films

Fil Resistivity/ ~ Carrier concentration  Hall mobility
M 107 Q em) /(x 10% cm™) Hem*/V s)

AZO 10.1 6.5 9.5

GZO 3.5 14.6 12.3

Table 1 shows the electrical properties of the
AZO and GZO thin films deposited on glass substrates
at room temperature. The GZO thin film revealed an
improved conductivity comparing with the AZO thin
film: the resistivity decreased from 1.01 x 107> to 3.5
x 107" Q cm, which was mostly due to the increase of
the carrier concentration from 6.5 x 10” to 1.46 x 10*'
cm ™. The increase of free carrier concentration was
partially related to the increase of oxygen vacancies,
as shown in Fig.2. On the other hand, because
oxygen vacancy was a deep donor and there were few
stable oxygen vacancies in ZnO"”, the free carrier
concentration as high as10”-10' in the AZO or GZO
films was a result of the donor electron from the Al

or Ga dopant'”**?¥ Thus, compared with the AZO
film, the higher free carrier concentration for the GZO
film could be mainly attributed to the much more Ga’*
ions at substitutional Zn”" sites or interstitial positions,
which acted as shallow donor. This indicated that the
activation efficiency of Ga dopants could be much
higher than that of Al dopants at the same doping level.
In addition, the improvement of the mobility for the
GZO thin film compared to the AZO thin film can be
attributed to the improvement of the crystallinity, which
was supported by the analysis of XRD. As described
above, the GZO thin film had much higher peak value
of XRD and much narrower value of FWHM than the
AZO thin film, that is, it had the better crystal quality
than the AZO thin film.
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Fig.4 Optical transmittance of the AZO and GZO thin films

Fig.4 shows the optical transmission spectra
of the AZO and GZO thin films deposited on glass
substrates at room temperature. Both films showed
average transmittance higher than 85% throughout
the visible range. Compared to the AZO thin film, a
drastic decrease in the transmittance in the infrared
range was observed for the GZO thin film. This was
caused by the free carrier absorption. On the other
hand, the fundamental absorption edge of GZO thin
film moved to the short wavelength region compared
with that of AZO thin film, which was also attributed
to the increase in the carrier concentration. The band
gap widening with increasing carrier concentration was
due to the filling of the conduction band by electrons,
which was known as the Burstein-Moss effect’™*%),

4 Conclusions

AZO and GZO thin films with the same doping
concentration were deposited on glass substrates
by DC magnetron sputtering at room temperature.
The GZO thin film presented a smoother surface
morphology and better crystal quality than the AZO
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thin film. The conductivity of the GZO thin film was
improved compared to that of the AZO thin film: the
resistivity decreased from 1.01 x 107" to 3.5 x 107* Q
cm, which was mostly due to the increase of the carrier
concentration from 6.5 x 10* to 1.46 x 10°' cm™. The
increase of carrier concentration could be attributed
to the much higher doping efficiency of Ga dopants in
comparison with that of Al dopants and the increase of
the concentration of oxygen vacancies. These results
showed that the GZO thin film prepared at room
temperature had better structural, morphological and
electrical properties than that of the AZO thin film for
optoelectronic applications.
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