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ABSTRACT
Introduction: Transparent conducting films have received much attention in energy conversion
applications. To replace high-cost indium-tin-oxide (ITO), Ga-doped ZnO (GZO) film is considered
due to its high conductivity, good transparency, low cost, and low toxicity. Methods: GZO and
pure ZnO films were deposited on glass substrates by dc magnetron sputtering. The crystalline
structure of the samples was verified by using X-ray diffraction. In particular, the relationship be-
tween the electrical and optical characterization of the GZO film was investigated through the
plasmawavelength obtained from transmittance and reflectance spectra. Meanwhile, carrier trans-
port was directly confirmed by Hall effect-based measurements. Results: The GZO film shows a
hexagonal wurtzite structure, with successful incorporation of Ga into the ZnO lattice. Ga doping
increases the carrier concentration, leading to a decrease in the resistivity of the film. This study
also discusses the correlation of carrier transport obtained from Hall effect-based measurements
and optical spectroscopies. Here, we extracted the optical carrier concentration and optical mo-
bility from the plasma wavelength and compared them with the Hall data. Conclusion: The de-
pendence of carrier transport on ionized impurity scattering can be pointed out. It proposes an
effective way to qualitatively predict the electrical characteristics and transport properties of thin
films via optical transmittance and reflectance analysis.
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INTRODUCTION
Over the past few decades, transparent conducting
oxide (TCO) films have been widely used for elec-
trodes in optoelectronic applications such as thin-film
transistors, organic light-emitting diodes, and flat so-
lar cells1. Indium-tin-oxide (ITO) has been the best
TCO material due to its outstanding characteristics,
such as low resistivity and high transparency in the
visible range2. However, ITO is expensive due to the
scarcity of indium. ZnO has emerged as an alterna-
tive material for ITO because it has many advantages,
such as a wide band gap semiconductor (3.37 eV), a
high exciton binding energy (60 meV), low toxicity,
low cost, and high thermal stability 3. However, due
to a low carrier concentration, pure ZnOnormally has
weak electrical conductivity. To improve the conduc-
tivity, the most commonly used approach is doping
with IIIA-group elements, including Al, Ga, and In4.
Among them, Ga-doped ZnO (GZO) is a promising
candidate for good-performance TCO applications.
Apart fromhigh-cost deposition techniques, theGZO
filmdeposited bymagnetron sputtering exhibits some
advantages, such as a relatively simple process, good
uniformity, and high adhesion5.

In addition, analytical techniques are indispensable
for investigating the electrical and optical character-
istics of TCO films, specifically GZO films. Jo et
al. used four-point probes and ultraviolet−visible
(UV−Vis) spectra to study the resistance and trans-
mittance of GZO films6. Mahdhi et al. investi-
gated the thickness-dependent electrical and optical
properties of films by using Hall effect-based mea-
surements, and UV−Vis spectra were extended to the
near-infrared (NIR) region7. In addition, current-
voltage (J-V) characterization can also be employed to
analyze carrier transport8. However, the relationship
between optical and electrical signals through these
analytical techniques has been less reported.
Therefore, this study reports the optical-electrical re-
lationship of the GZO film. Specifically, the elec-
trical properties of the film are directly determined
from Hall effect-based measurements and indirectly
derived from the optical UV−Vis-NIR spectra. From
the comparison, the carrier transport of the film can
be estimated.

MATERIALS –METHODS
Pure ZnO and GZO films were prepared on glass
substrates using dc magnetron sputtering (Leybold
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Univex-450). The sputtering targets were self-
produced from ZnO (99.9%, Merck) and Ga2O3

(99.99%, Sigma Aldrich) with an atomic ratio of
Ga/Zn = 5/95. The powder mixture was blended with
distilled water and then ball-milled for 5 hours. Af-
ter that, the mixture was dried at 150◦C for 24 hours
and then pressed and sintered via solid-state reac-
tion at 1400◦C in air. Before loading into the sput-
tering chamber, the glass substrates were thoroughly
cleaned in an ultrasonic bath for 15 minutes with a
base, distilled water, and acetone solution to remove
dust and numerous organic contaminants. Further-
more, the substrate surface was plasma-treated under
an Ar pressure at 10−2 Torr to clean the substrates
and ensure uniformity and purity of the films. The
base and working pressures were 4×10−6 Torr and
3.5×10−3 Torr, respectively. The substrate temper-
ature and sputtering power were set at 300◦C and 60
W, respectively. The thickness of the films was con-
trolled at approximately 600 nm, corresponding to a
deposition time of approximately 20 minutes.
The crystalline structure of the pure ZnO and GZO
thin films was examined by using X-ray diffraction
(XRD, Bruker D8-Advance). The experimental elec-
trical parameters (carrier concentration, Hall mo-
bility, and resistivity) of the GZO film were deter-
mined at room temperature by Hall effect-basedmea-
surements (Linseis HCS-1) with the Van der Pauw
method. The optical transmittance and reflectance
spectra of the films (substrate included)were recorded
by using a UV−Vis-NIR spectrophotometer (Jasco V-
770) with a wavelength region of 300–2700 nm.

RESULTS

Structural characterization

Figure 1: XRD pattern of the GZO film compared to
the pure ZnO sample.

The crystalline structure of the GZO film is consid-
ered through the XRD patterns, as shown in Figure 1.
A single peak is observed at the 2θ position of 34.40◦

for the GZO film, corresponding to the (002) plane of
ZnO (JCPDS 36-1451). This suggests that the GZO
film has a hexagonal wurtzite structure with a pref-
erential c-axis orientation perpendicular to the sub-
strate. No peak relating to the Ga2O3 phase is found,
which implies the incorporation of Ga atoms in the
ZnOmatrix 9. Specifically, the (002) plane of theGZO
film shifts toward larger 2θ angles compared to the
pure ZnO film (34.34◦). According to Bragg’s law, a
larger 2θ angle is associated with a decrease in the in-
terplanar spacing d(002) (as shown in Table 1), indi-
cating the substitution of smaller-radius Ga3+ (0.068
nm) at Zn2+ sites (0.072 nm) 10. In addition, the
residual stress (ε) of the films can also be estimated
from the 2θ position of the (002) plane, as given by
ε = A(c – co)/co, where A = –232.8 GPa is the elastic
factor of ZnO, and c and co are the lattice constants of
the investigated films and stress-free powder11. Both
films have compressive stress due to the negative val-
ues (as shown inTable 1). Furthermore, the absolute ε
value of the GZO film is much smaller than that of the
pure ZnO film, indicating stress relaxation. Thus, the
deformation of the ZnO structure can be effectively
repaired by the substitution of Ga.
In addition, a higher diffraction intensity of the (002)
plane is observed for the GZO film. This suggests the
enhancement of the crystalline quality of theZnOfilm
by Ga doping. To support the improved crystalline
quality, the mean crystal size (D) of the films is cal-
culated by using the Scherrer equation12, as given by
D = 0.9λ /β cosθ , where λ = 0.154 nm is the X-ray
wavelength, β is the full width at half maximum, and
θ is the Bragg diffraction angle. The D-values are
found to be 32.5 and 35.3 nm for the pure ZnO and
GZO films, respectively. Thus, doping Ga improves
the crystalline structure of the ZnO film.

Electrical properties
Electrical properties, including resistivity (r), carrier
concentration (n), and mobility (µ) of the GZO film,
are directly determined from the Hall effect-based
measurements, as listed in Table 2. The GZO film
shows n-type behavior, as confirmed by the negative
Hall coefficient (RH ). Compared to pure ZnO, the
strong reduction in resistivity of the GZO films re-
sults from increasing both the carrier concentration
and mobility. The electrical properties obtained for
the GZO film are also better than those of some previ-
ous reports13,14. The conductivity of a pure ZnO film
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Table 1: Crystallographic data of the GZO and pure ZnO films.

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

Pure ZnO 34.34 0.2608 0.5217 -0.4475 32.5

GZO 34.40 0.2604 0.5208 -0.0537 35.3

Table 2: Electrical properties of the GZO and pure ZnO films.

Samples RH (10−2 cm3/C) n (1020 cm−3) µ (cm2/Vs) r (10−3Ωcm) Λ (nm)

Pure ZnO -9.34 0.7±0.1 22.8±0.7 4.1±0.4 1.9

GZO -1.09 4.9±0.3 25.5±1.0 0.50±0.02 4.1

is normally relatively low, mainly dominated by the
low carrier concentration generated from oxygen va-
cancies and zinc interstitials15. The incorporation of
Ga can increase the carrier concentration of the GZO
film. Concretely, Ga atoms can be ionized into Ga3+

at substitutional Zn2+ sites, thus contributing a free
electron from each Ga atom. In addition, the mobil-
ity of the GZO films is also improved compared to the
pure ZnO films and a previous study16.
From the Hall effect-based results, the effects of Ga
doping on the electrical properties of ZnO films can
include two aspects. First, Ga3+ can substitute Zn2+

sites in the ZnO lattice to produce donors and free
electrons. This mainly contributes to the increased
carrier concentration of the GZO film. Second, many
defects can exist in the ZnO film, causing a large com-
pressive stress in the pure ZnO film. The substitu-
tion of Ga can compensate for the defects (for exam-
ple, zinc vacancies – VZn) and relax the stress. This is
mainly responsible for the increased mobility of the
GZO film. Additionally, the reduction in acceptor
traps (VZn) also contributes to the carrier concentra-
tion. Consequently, the increases in the carrier con-
centration andmobility of the film are simultaneously
attributed to Ga doping.
Furthermore, the mobility is disturbed by scattering
mechanisms related to ionized impurities, lattice de-
fects, and grain boundaries. To understand the carrier
transport properties, the mean free path (Λ) of elec-
trons can be evaluated by the following formula 17:

Λ =
h
(
3π2n

)1/3 µ
2πe

where h is the Plank constant and e is the electronic
charge. The results of Λ are also shown in Table 2. It
is seen that the Λ-value of the GZO film is enhanced
more than twofold relative to the pure ZnO film. This
result also suggests an improvement in the crystalline
quality of the GZO film. However, these values of Λ

are still much smaller than the mean crystal size cal-
culated from the XRD data (Table 1). Consequently,
the grain boundary scattering can be ignored, whereas
the electronic scattering inside the crystalline grains
becomes dominant. It will be considered later in the
discussion section. Additionally, free-electron scat-
tering can also decrease the mobility. However, the
probability of electron-electron collisionswas demon-
strated to be very small in semiconductor materials at
room temperature18. Thus, the effect of free-electron
scattering on the mobility of the films can also be ne-
glected.

Optical properties

Figure 2a shows the transmittance spectra of the GZO
film in the wavelength region of 300–2700 nm. In
the visible region, the film exhibits good transparency
(~80%) with some interference fringes and a sharp
absorption edge. In the UV region, the decrease in
transmittance of the film may be due to the initiation
of elementary absorption in this region or to the dis-
placement of charge carriers in the internal energy re-
gion of the material 19,20. In the long wavelength re-
gion (>1000 nm), the transmittance of the film tends
to decrease continuously. This can be explained by
the change in plasma oscillation (plasma wavelength
λp or frequency wp) proportional to the carrier con-
centration. Light with a higher wavelength than l can
be completely reflected.
According to theoretical and practical calculations,
ZnO is a direct transition semiconductor; thus, the
optical bandgap of the ZnO-base films can be deter-
mined by using Tauc’s plot method 21, as given by
αhν2 ~ hν – Eg, where a, h, ν , and Eg are the ab-
sorption coefficient, Planck constant, frequency, and
optical band gap, respectively. The optical bandgap
of the GZO film is extrapolated from the straight-line
portion of the curve to the zero absorption coeffi-
cient value, as shown in Figure 2b. The Eg value of
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Figure 2: (a) Transmittance spectra and (b) Tauc’s plot of the GZO thin film.

the film is found to be ~3.57 eV. According to previ-
ous reports, the band gap of pure ZnO films is nor-
mally equal to approximately 3.3 eV22. This demon-
strates that the widening of the optical bandgap of the
GZO film is explained by the Burstein-Moss effect 23,
in which the higher the carrier concentration is, the
larger the bandgap is. This result completely agrees
with the carrier concentration obtained from the Hall
effect-based measurements.

DISCUSSION

Figure 3: Correlation between the transmittance
and reflectance spectra of the GZO film

The relationship between Hall effect-based measure-
ment and optical spectroscopy in estimating the elec-
trical properties of the GZO film is considered. Usu-
ally, when the electric field component of light inter-
acts with the electrons inside the film, there are ba-
sic optical phenomena such as absorption, transmis-
sion, and reflection. Figure 3 shows the transmittance
and reflectance spectra of the GZO film. Theoreti-
cally, if λ > λp, the films are as reflective as metals.

Otherwise, the films have high transmittance, simi-
lar to dielectrics. Therefore, λp is often determined
at the frequency position where transmittance equals
reflectance. Through the transmission and reflection
spectra of the GZO film, the λp-value is found at the
wavelength position of 1400 nm. From the plasma
wavelength value, the optical carrier concentration
(Nopt ) can be calculated as follows24:

Nopt =
m∗εoε∞

e2 ω2
p

= 4π2c2m∗εoε∞
e2 × 1

λ 2
p

where m∗ is the effective mass of electrons, c is the
light speed, and ε0 and ε∞ are the permittivity of free
space and the high-frequency permittivity of the ma-
terial, respectively. Assuming ε∞ = 4 and m∗ = 0.23
mo, where mo is the electron mass25,26, we can esti-
mate Nopt = 5.2 ×1020 cm−3 for the GZO film. This
value is approximate with the obtained carrier con-
centration from the Hall effect-based measurement
(4.9×1020 cm−3).
Apart from carrier concentration, a discussion on
mobility is indispensable. As previously reported by
Bruneaux et al.27, a difference between optical mo-
bility and Hall mobility values can be observed for
ZnO-based films. It is noted that the carrier trans-
port in materials under an electric field is restricted
by grain boundary scattering, reducing Hall mobil-
ity25. On the other hand, grain boundary scattering
will not affect optical mobility; instead, scattering in-
side the grains can be dominant28. However, in our
GZO film, the mean free path of electrons is minimal
compared to the mean crystal size, as shown in Tables
1 and 2. This suggests that grain boundary scatter-
ing has less effect on the carrier transport of the film.
Indeed, the optical mobility is found to be equal to
23.8 cm2/Vs, which is close to the Hall mobility (25.5
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cm2/Vs). This confirms the dominant electronic scat-
tering on ionized impurities instead of grain bound-
aries 29. Additionally, the inconsiderable differences
in the carrier concentration and mobility determined
from the Hall effect-basedmeasurement and the opti-
cal spectra suggest an accurate assessment of the elec-
trical properties of the GZO film.

CONCLUSION
Using the magnetron sputtering method, the resis-
tivity of the obtained GZO film (5×10−4 Wcm) is
one order lower than that of the pure ZnO sample,
which is suitable for transparent electrode applica-
tions. This is a result of increasing both the carrier
concentration and mobility of the film by doping Ga.
The comparison between the Hall and optical mobili-
ties indicates that the carrier transport is mainly gov-
erned by grain-boundary and ionized-impurity scat-
tering mechanisms for the pure ZnO and GZO films,
respectively. Consequently, this study suggests an ef-
fective way to accurately assess the electrical proper-
ties of transparent semiconducting films.

LIST OF ABBREVIATION
GZO: Ga-doped ZnO
MFP: Mean free path
XRD: X-ray diffraction
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