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Metallic conductivity and metal-semiconductor transition in Ga-doped ZnO
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This letter reports the metallic conductivity in Ga:ZnO system at room temperature and a
metal-semiconductor transition (MST) behavior at low temperatures. Z*~G a”~ O films, deposited
by pulsed laser deposition in the pressure range of —IO"2 Torr of oxygen, were found to be
crystalline and exhibited degeneracy at room temperature with the electrical resistivity close to
1.4x 104 flcm and transmittance >80% in the visible region. Temperature dependent resistivity
measurements of these highly conducting and transparent films also showed, for the first time, a
MST at —170 K. Mechanisms responsible for these observations are discussed in the terms of
dopant addition and its effect on ionization efficiency of oxygen vacancies. © 2006 American

Institute of Physics. [DOI; 10.1063/1.2165281]

The ever-increasing demand for transparent conducting
oxides (TCO) for usage in fiat panel displays, light emitting
diodes (LEDs), photovoltaics, and architectural window ap-
plications, has been the primary motivation for research on
TCOs.12 Currently, indium tin oxide (ITO) is used for most
of the TCO applications because of its high transmittance in
the visible region and resistivity close to 1.Ox 1074 f! cm.23
However, ITO usage has caused concerns because of the
high cost of indium and its limited supply.3 In addition, dif-
fusion barrier characteristics and thermal stability of ITO
pose a problem for transparent electrodes in LEDs. ZnO
doped with group-11l impurities (e.g., Al and Ga) has shown
promising results as a relatively inexpensive alternative TCO
material with optical and electrical properties comparable to
those of 1TO.2Z Some other materials which exhibit similar
properties are Cd2Sn04,F ;Sn02 and Nb;Ti02.67 The recent
discovery of a transparent metal-Nb;Ti02 which is transpar-
ent in the visible region and also shows a positive tempera-
ture coefficient of resistivity (TCR), has generated a lot of
excitement and a stimulus to understand the carrier genera-
tion and transport in highly conductive TCOs.7 A transition
from an insulating to a metallic system can be explained by
the increase in carrier concentration and formation of a de-
generate band due to doping, as suggested by Mott.s How-
ever, in the case of highly conducting TCOs, where extrinsic
as well as intrinsic donors are known to affect the carrier
concentration and the conductivity, the exact nature and in-
terdependence of these entities is far from understood. In this
letter, we report the properties of highly degenerate Ga:ZnO
thin films and their dependence on vacancies, whose ioniza-
tion efficiencies were found to be dependent on extrinsic
doping. In order to understand the fundamentals of carrier
generation and transport characteristics, we have investigated
the temperature dependence of the resistivity of Ga-doped
ZnO thin films with varying vacancy concentrations. We
present optical, structural, chemical, and electrical property
measurements to understand interesting characteristics of
Ga:ZnO films. The possible mechanisms responsible for the
observation of metallic conductivity at room temperature and
metal-semiconductor transition (MST) at lower temperatures
in Zno 95Ga(j 05O film are discussed in terms of donor charac-
teristics and ionization efficiency of oxygen vacancies.
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which are found to be dependent on dopant concentration.

Zno9sGa(josO films were grown on c-plane sapphire
single crystal substrates by pulsed-laser deposition (PLD).9
The gallium-doped ZnO target used was prepared by the
conventional solid-state reaction technique. A pulsed KrF ex-
cimer laser with a wavelength of 248 nm was used for abla-
tion. The energy density of the laser beam was varied from
4-7 J/cnr with a repetition rate of 10 Hz. The chamber was
evacuated to a base pressure of 1x 10-3 Torr, and the depo-
sition was carried out at 2 x 102 Torr of oxygen pressure.
The deposition was performed in the temperature range of
400-450 °C for 12 min. For comparison of the properties,
pure ZnO films were also grown under similar deposition
conditions. To investigate the effect of oxygen concentration
on the film properties, films were deposited under higher
oxygen pressure (1L x 10™1 Torr). In addition, films were also
annealed in air at 600 °C for 15 min to study the same. X-ray
diffraction (XRD) (6-26 scan) of the films was carried out
using a Rigaku X-ray diffractometer with Cu Ka radiation
(X=1.54A) and a Ni filter. A JEOL-2010 field emission
transmission electron microscope (TEM) with an attached
gatan image filter was used to perform the structural charac-
terization of the film. X-ray photoelectron spectroscopy
(XPS) was performed using a Riber LAS-3000 instrument
with a Mg Ka x-ray source. Analysis of the oxidation states
from the spectrum was performed by deconvolution using
Shirley routine and Casa software.10 The values correspond-
ing to the C Is peak were used as reference for the curve
fitting analysis.  Optical measurements  (absorption/
transmission) were made using a Hitachi; U-3010 Spectro-
photometer, while the electrical resistivity was measured us-
ing the four-point probe technique.

Figure 1 shows an XRD trace for the film grown at
400 °C and 2.4 x 102 Torr of oxygen pressure, which shows
that the films are highly textured along the ¢ axis and aligned
with the (0006) peak of sapphire. The absence of additional
peaks in the XRD pattern excludes the possibility of any
extra phases and/or large-size precipitates in the films. Fur-
ther structural details were obtained using high-resolution
TEM (HRTEM) and selective area electron diffraction
(SAED) patterns. Film thickness was determined to be
—240 nm, from a low magnification cross-sectional TEM
image shown in Fig. 2(a). From Fig. 2(b), which is a HR-
TEM image, it can be seen that the ZnO film has grown
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RG. 1 XRD of the Zno¢Ga0050 film deposited at 400 °C and 2
X 10-2 Torr of oxygen.

epitaxially on sapphire and is free of any nanosized clusters
or precipitates, which might have been difficult to detect by
XRD. SAED taken from the interface is shown as an inset in
Fig. 2(b), and illustrates the following epitaxial relationship:

(0002)*1 (0002),, (2110)f \(01 f0)s, (01 fONI (2110)s. This ep-
itaxial relationship corresponds to a 30° or 90° rotation in the
basal plane of the sapphire (0001) substrate. The epitaxy in
such a large (16%) misfit system occurs as a result of domain
matching epitaxy, where integral multiples of film planes,
6(01 Tb)y match with 7(2110), of the substrate planes.u
Chemical analysis of the film was performed using XPS to
determine the extent and nature of gallium solubility in ZnO.
From a high-resolution XPS spectrum, the positions of

RG. 2. (a) Low magnification image of the film on sapphire, (b) HRTEM of
the interface and the inset showing the SAED of the same.
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RG. 3. Plot of resistivity vs temperature for (a) Zno 0sGa0050 film grown at
2 X 10-2 Torr of oxygen and (b) 1 X 10~' Torr of oxygen.

Ga2/232 and Ga2p m peaks were found to be at 1119.0 eV
and 1146.2 eV, respectively. These peak positions are in good
agreement with the previously reported values,1' which sug-
gest that gallium exists as Ga3+ The absence of gallium ox-
ide clusters, as observed from the HRTEM and XRD analy-
ses, indicates that Ga3+ occupies Zn substitutional sites and,
therefore, can act as an effective donor.

The effect of doping was studied by measuring the elec-
trical and optical properties of the films grown under differ-
ent conditions. Figure 3 shows the effect of oxygen pressure
on the temperature dependence of resistivity for Ga-doped
ZnO films. Figure 3(a) corresponds to the film grown at 2
X 102 Torr of oxygen pressure, which shows a MST: Me-
tallic conductivity above ~170 K, and semiconducting be-
havior at temperatures below it, as can be clearly seen in the
inset. Room-temperature resistivity of this film was deter-
mined to be 1.4 x 1074 f! cm. Pure ZnO grown under similar
conditions and the doped films deposited in higher oxygen
pressure, however, showed higher room-temperature resistiv-
ities and exhibited only semiconducting behavior. Figure
3(b) is the plot of resistivity versus temperature for the film
grown in higher oxygen pressure (1 X 10“*Torr) which has
the resistivity of 2 x 103 f! cm at ambient temperatures. The
resistivities of the films annealed at 600 °C. for 15 min and
undoped ZnO were found to be on the order of —10~1 f! cm.
These films also showed negative TC.R; characteristic of
semiconducting behavior. The metallic conductivity ob-
served here can be explained by the formation of a degener-
ate band appearing in heavily doped semiconductors as sug-
gested by Mott.s Similar observations of high conductivities
and positive TC.R have also been reported in the case of
Al:Zn0O,1314 Nb:Ti077 and P: Si.15s The increase in conduc
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NG. 4. Transmission spectra of (a) as-deposited Ziin"Gann™O film grown at
2 X I(r2 Torr of oxygen, (b) same film annealed in air at 600°C for 15 min,
(c) as-deposited 7n;,..»Gaz,»») film grown at 1X H r: Torr of oxygen, and
(d) as-deposited ZnO film grow'n at 2 X 10-2 Torr.

tivity of ZnO thin films is a combined effect of Ga doping
and oxygen vacancies, which act as donors and lead to
degeneracy.1617 However, the increase in resistivity—
observed for annealed samples and for those grown in higher
oxygen pressure—suggests that the oxygen vacancies are the
major contributors to the increase in carrier concentration.
The decrease in carrier concentration also shifts the Fermi
level below the conduction band and thus explains the ob-
served semiconducting behavior for these samples. The
variation of carrier concentration is also manifested in Fig. 4,
which illustrates the transmission spectra of the films depos-
ited and processed under different conditions. The transmit-
tance of all the films in visible region was found to be
~80%. It can also be seen from the figure that for the film
with the lowest resistivity, the absorption edge is shifted to-
ward higher energy due to the Burstein-Moss effect.1819
However, on annealing, the absorption edge moves to higher
wavelength, indicating the decrease in carrier concentra%iolﬂ)
due to reductfon M the number of oxygen vacanciejs.
Photoluminescence measurements also showed similar peak
shifts, further strengthening our argument that the carrier
concentration is increased partly due to the increased number
of vacancies. It was observed that the PL peak corresponding
to the film annealed in air showed a redshift due to the filling
of vacancies and reduced carrier concentration, which is in
agreement with the observed increase in resistivity and semi-
conducting nature of this film.

Although, vacancies play an important role in lowering
the resistivities in Ga-doped ZnO, they are not as effective in
pure ZnO, since pure ZnO grown under a similar growth
condition showed considerably higher resistivity and also ex-
hibited semiconducting behavior. This indicates that the en-
ergy levels of oxygen vacancies in ZnO are effected to a
certain extent by dopants, such as gallium. Thus, gallium not
only acts as an effective donor, but also changes the oxygen
vacancy characteristics, which leads to very low resistivities.
In addition, gallium also tends to affect the carrier transport,
as is evident at low temperatures. The presence of impurity
atoms, such as gallium, can lead to disorder in a degenerate
semicgnductor, resulting in localization of the electronic
states'” and corresponding increase in resistivity with a nega-
tive TCR, as observed in Fig. 4(a). However, at temperatures
higher than the transition, electrons are delocalized due to
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thermal activation, and the conductivity is dominated by
phonon scattering. Further work is needed in order to fully
understand the effect of gallium on electrical properties of
Zn0, especially at low temperatures.

In conclusion, we have grown highly conducting and
transparent gallium-doped ZnO thin films on sapphire by
PLD. For 5 at. % Ga-doped samples, the resistivity value is
close to 1.5 X1CTs 11cm and the transmittance is ~80%.
Such low resistivities and high transmittances were achieved
with an optimized combination of dopant and oxygen va-
cancy concentration. In addition, this is the first time that
metallic conductivity with a metal-semiconductor transition
has been observed in gallium-doped ZnO. Detailed structural
characterization confirms the epitaxial nature of the films and
also suggests the absence of extra phases and/or nanoclus-
ters. XPS analysis reveals that gallium is present as Ga3+
and, therefore, can act as an effective donor. The high con-
ductivity observed arises from the interactions of oxygen va-
cancies and the gallium dopants. Oxygen vacancies increase
the carrier concentration considerably, but, the energy levels
or the ionization efficiencies of these vacancies depend on
the dopant, such as gallium, present in the ZnO matrix. The
room-temperature properties of Ga-doped ZnO rival those of
commercially available ITO, which makes it a promising
candidate for various TCO applications. Also, the metallic
nature and the MST observed at low temperatures in ZnO
due to gallium doping are certainly intriguing and further
work is needed to understand these phenomena completely,
which could give insight into the transport characteristics of
TCOs with low resistivities.
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