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Abstract. Highly c-axis oriented Ga-doped ZnO films (GZO) have been grown on sapphire (0001) substrates by
pulsed laser deposition (PLD) method. Photoluminescence (PL) spectra indicate that Ga atoms have a large effect on
the luminescent properties of ZnO films. PL spectra of GZO films show near band edge (NBE) emissions and broad
orange deep-level emissions. The NBE emission shifts to higher energy region and the intensity decreases with the
increase of Ga concentration. The blue shift of NBE emission results from Burstein-Moss effect. The quenching
of NBE emission is ascribed to the noradiative recombination. The orange emission is related to the oxygen
vacancies.
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1. Introduction

As a versatile wide band-gap semiconductor material,
zinc oxide (ZnO) has a variety of applications includ-
ing field effect transistors, gas sensors, piezoelectric
devices, surface acoustic wave (SAW) devices, solar
cells and so on. In recent years, particular attention has
been paid to ZnO for its potential applications in blue
and ultraviolet light emitting diodes (LEDs) and laser
diodes (LDs) due to the large band-gap (3.3 eV) and
large exciton binding energy (60 meV) at room tem-
perature. To realize LEDs and LDs, the key challenge
is preparing low resistivity n-type and p-type ZnO thin
films, which will lead to the fabrication of p-n junction.
Many groups have focused on making p-type ZnO thin
films and various methods have been tried [1, 2]. Ga
and N co-doping method may be the most promising
way to realize p-type ZnO from the viewpoint of theo-
retical calculation [3, 4], and Joseph et al. have reported
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success in obtaining p-type ZnO using Ga and N co-
doping method [5].

On the other hand, Ga-doped zinc oxide (GZO) has
been widely studied as a type of low resistivity n-type
transparent conducting oxides (TCO) [6, 7]. A number
of studies have been devoted to improving the elec-
trical conductivity and transmittance. Low resistivity
and high transmittance ZnO films have been obtained
with Ga doping [7, 8]. Although many investigations
on GZO thin films have been done so far, only a few
authors have touched upon their luminescent properties
[9, 10]. A further understanding of the photolumines-
cence of Ga doped ZnO is essential and helpful for its
optical applications.

2. Experimental

The targets used in our experiment were made from
high purity ZnO powder (99.99%, Aldrich Chemical
Company, Inc, USA) doped with desired amount of
Ga2O3 (99.99%, Rare Earth Ltd. Co. Japan). The disk-
shaped targets of 25 mm in diameter and 2 mm in
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thickness were obtained by the iso-static cold press
(200 MPa) and then sintered at 1100◦C for 6 hours.
GZO thin films were deposited on sapphire (0001) sub-
strates by pulsed laser deposition using KrF excimer
laser (Lambda Physics LPX, 248 nm). The laser was
operated at a pulse rate of 5 Hz and the energy density
is maintained at about 1 J/cm2. The laser beam was fo-
cused through 50 cm focal length lens onto a rotating
target at 45◦ angle of incidence. The background oxy-
gen pressure ranged from 100 mTorr to 300 mTorr. The
substrate temperature was constant at 400◦C during the
film growth.

Crystal structures and lattice parameters of the films
were characterized by the X-ray diffraction (XRD)
method using Cu Kα radiation (Rigaku, D/MAX
2100H). PL measurements were carried out by the
excitation of He-Cd laser with 325 nm wavelengths.
The carrier concentrations were obtained by Hall Effect
measurements (HEM-2000, EGK). All the properties
were measured at room temperature.

3. Results and Discussion

GZO films with Ga doping ranging from 0.4 to 3.0 at.%
were grown on sapphire (0001) substrates by PLD tech-
nique at 400◦C and 200 mTorr oxygen pressure. All
films show pure wurtzite structure the same as ZnO
despite of Ga doping. Figure 1 shows a typical XRD
pattern of GZO film doped with 2 at.% Ga. Only the
(000l) peaks are found along with sapphire (0006) re-

Fig. 1. XRD θ /2θ scan of 2 at.% Ga doped GZO film fabricated on
sapphire (0001) substrate by PLD method at 400◦C and 200 mTorr.

flection, which indicates that the film has been grown
with c-orientation. The lattice constant c is calculated
from XRD data. Figure 2 exhibits the lattice constant
and FWHM (2θ /ω-scan) for (0002) reflection of GZO
films as a function of Ga concentration. With the in-
crease of Ga concentration, the lattice constant c and
FWHM values gradually increase from 5.204 to 5.230
Å and 0.127 degree to 0.247 degree, respectively. The
increase in lattice constant and FWHM can be ascribed
to the increase of local strain or point defects asso-
ciated with Ga atoms. But we should stress that de-
spite high Ga doping, ZnO films exhibit only slight
degradation in crystal structure, but no impurity phase
appears.

Figure 3 shows PL spectra for GZO thin films
with different Ga concentrations grown at 400◦C and
200 mTorr. The PL of pure ZnO film fabricated un-
der similar conditions is shown in the figure as a ref-
erence. NBE emission and broad deep-level emission
are observed from all films. As shown in the figure,
the intensity of NBE emission depends strongly on Ga
concentration, and it decreases with the increase of Ga
concentration. The NBE peak has a slight shift toward
higher energy region when Ga concentration increases.
Figure 4 represents the variation of NBE emission peak
position and the intensity of NBE and deep-level emis-
sion with Ga doping concentrations. The NBE peak
shifts from 3.264 eV to 3.287 eV when Ga concen-
tration increases from 0.4 to 3.0 at.%. It can be seen
that NBE emission quench quickly with the increase
of Ga concentration, which implies that nonradiative
recombination is introduced with the dopant.

The blue shift of NBE emission is believed to orig-
inate from Burstein-Moss effect. We know that Ga is
a kind of donor in ZnO. Hall Effect measurements in-
dicate that the carrier concentration for GZO films in
our study (1019–1020 cm−3) is higher than Mott den-
sity (1018 cm−3) [11]. So the degenerated electrons en-
ter the conduction band and this results in a shift of
the quasi-Fermi level of electrons in the conduction
band. The increase of Fermi level in the conduction
band of the degenerated semiconductor leads to the
energy band widening, called Burstein-Moss band fill-
ing effect [12]. The band energy shift �Eg is about
20 meV when Ga concentration increase from 0.4 to
3.0% in the present case, which is much smaller than
that expected from Burstein-Moss effect. This indicates
that the band gap narrowing effects such as electron-
electron and electron-impurity interactions should be
taken into account [13].
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Fig. 2. The lattice constant and 2θ /ω-scan FWHM for (0002) reflex of GZO films prepared at 400◦C and 200 mTorr as a function of Ga doping
concentration.

Fig. 3. PL of GZO films with different Ga doping concentrations
grown on sapphire (0001) at 400◦C and 200 mTorr.

The quenching of NBE emission implies that some
nonradiative process occurs in GZO films. A similar
phenomenon was observed by Tsang et al. [14] in GaP
crystals. They interpreted that such behavior is due
to nonradiative Auger recombination processes associ-
ated with degenerated electrons, in which the energy re-
leased by an electron recombination is immediately ab-
sorbed by another electron, and then this energy is dissi-
pated by phonons. Auger process has been thought of as
a major reason of nonradiative recombination in semi-
conductor films [15], quantum well [16] and quantum
dots [17]. In wide band gap materials, Auger process
depends on the doping level and becomes important
when the doping concentration is above Mott density.
On the other hand, when Ga doping level is high,
the impurity clusters or impurity-defect complexes
may also limit the radiative efficiency of GZO films
[18].

From Fig. 3 we can also see an interesting phe-
nomenon that all GZO films show broad orange deep-
level emissions with maximum at about 2.0 eV, which
is different from the green emission of pure ZnO. Com-
pared with PL of pure ZnO (see Fig. 3), the incorpora-
tion of Gallium apparently results in a competitive phe-
nomenon that overwhelms the green emission. It should
be mentioned that XRD results indicate no contribu-
tion of Ga doping to the creation of an impurity phase
responsible for the orange emission. Many researchers
have reported on the deep-level emission. Although it
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Fig. 4. The NBE emission intensity (a), deep-level emission intensity (b) and the position shifts (c) as a function of Ga doping concentration.

is still controversial, an acceptable explanation of the
origin of the green emission is the DA-type transition
between donor centers and acceptor centers related to
oxygen and zinc defects [19, 20]. While all GZO films
in the present case show wide orange deep-level emis-
sions, the deep-level emission intensity shows only
slight variation with Ga concentration, which suggests
that the deep-level emission has no close dependence
on Ga concentration.

To understand the orange emission of GZO films,
we fabricated GZO films at different oxygen pressures.
Figure 5 gives PL spectra of GZO films with 2.0 at.%
Ga doping grown at 400◦C and different oxygen
pressures. Both NBE emission and broad orange emis-
sion are observed for all films. With the increase of
oxygen pressure, no obvious change is seen for NBE
emission, but the intensity of orange emission de-
creases. The increase of oxygen pressure results in
the decrease of the concentration of oxygen vacan-
cies. So we can conclude that the orange emission
is also related to the oxygen vacancies in the GZO
films.

The orange emission has also been observed from
ZnO doped with lithium, sodium, nitrogen, phospho-
rous, argon and neon [21, 22]. Shan et al. reported the
broad orange emission of Al doped ZnO thin films [23].
We can find that PL characteristics of ZnO doped with
different impurities are similar to one another. In all
cases, the spectra show a broad orange emission band

Fig. 5. PL of GZO films prepared at different oxygen pressure and
400◦C on sapphire (0001) substrates.

with maximum in the range between 1.8 and 2.2 eV. It
is possible that the introduction of the impurity atoms
changes the potential energy around the impurity, and
results in the variation of the energy levels of oxygen
vacancies. The radiative recombination process respon-
sible for the orange emission would take place between
the donors associated with oxygen vacancies and the
acceptors associated with the native defects adjacent to
the impurity.
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4. Conclusions

In conclusion, luminescence properties of GZO thin
films have been studied. All films show NBE and or-
ange deep-level emissions. The NBE emission peak has
a blue shift when the doping concentration increases
from 0.4 to 3.0 at.% because of Burstein-Moss band
filling effect. The nonradiative recombination process
introduced by Ga doping results in the decrease of NBE
emission intensity. The orange emission intensity de-
creases with the increase of ambient oxygen pressure
which suggests that the origin of the orange emission
could to be related to oxygen vacancies.
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