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Donor structure and electric transport mechanism in b-Ga2O3
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The electron paramagnetic resonance~EPR! study ofb-Ga2O3 crystals gives evidence that donors can be
regarded as O22 vacancies trapping single electrons. The Lorentzian line shape of the EPR spectra observed in
the range of 5–300 K, which exhibit anisotropicg values, suggests that motional narrowing occurs in this
temperature range. For any magnetic-field orientation a single EPR line is observed, indicating that donor
electrons are predominantly created in one of the three different oxygen sites in theb-Ga2O3 crystal. A
previous transmission electron microscopy study suggested that a break of symmetry in domains of 2–3 nm
correlates with a preceding cluster model of oxygen vacancies. From the temperature dependence of the EPR
linewidth and the electrical conductivity it is found that the electron conduction in the clusters and/or between
them is governed by a tunneling process at low temperatures, whereas at temperatures above 50 K, the
transport of electrons through hopping between the clusters is thermally activated.
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I. INTRODUCTION

b-Ga2O3 belongs to the group of transparent conduct
oxides ~TCO! with a wide band gap and electrical condu
tivity. In the last decades, indium tin oxide~ITO! has been
extensively investigated due to important applications s
as flat panel displays, thermal windows, and solar ce1

Among the TCO’s,b-Ga2O3 exhibits at present the large
band gap,Eg54.8 eV,2 and thus a unique transparency fro
the visible into the UV region, where the cutoff waveleng
is about 260 nm.b-Ga2O3 is, therefore, attracting much a
tention for the future generations of optoelectronic devi
operating at shorter wavelengths,3,4 where standard TCO’s
including ITO are already opaque.

The electrical conductivity of the TCO’s is attributed
the existence of oxygen vacancies, which is caused by
tendency of all these oxides to deviate from the stoich
metric composition.5 The amount of oxygen vacancies in
duced depends mainly on the growth atmosphere, and d
mines the electrical character of the specimens, which in
case ofb-Ga2O3 can vary from insulating to conductive.6,7

The other presumably identified common feature is that
TCO’s form edge-shared octahedral (MO6) chains.8

The defects inb-Ga2O3 are oxygen vacancies surround
by cations. There are two notations to describe the type
defect and its effective charge relative to a normal lattice s
e.g., the Kro¨ger-Vink ~KV ! notation9 and the spectroscopi
notation. In this paper, the KV notation for materials with t
electrical conductivity induced by point defects is adopt
Oxygen vacancies compensated by two electrons or one
tron, and not compensated are denoted asVO

x , VO
d , and

VO
dd , respectively, where the subscript O indicates the o

gen site and the superscript indicates the net effective cha
neutral,11, and12.

b-Ga2O3 has oxygen ions in three different sites, deno
0163-1829/2003/68~15!/155207~9!/$20.00 68 1552
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as O~1!, O~2!, and O~3! ~the symmetry is depicted in Fig
1!.10 Although, as stated by other authors~see below!, elec-
trons trapped at the oxygen vacancies are the origin of
electrical conductivity, the conduction mechanism is not
fully understood. So, for example, which of the three oxyg
sites is primarily related to the donor structure, and theref
linked to the electrical transport phenomenon, has not
been experimentally determined.

Hajnal et al.11 estimated by semiempirical quantum
chemical calculations that the formation energies ofVO

x lo-
cated at O~1!, O~2!, and O~3! in b-Ga2O3 are 6.3, 5.3, and
4.0 eV, respectively, while the respective formation energ
of VO

dd are 5.2, 4.3, and 6.1 eV. They did not calculate t
formation energies ofVO

d , which may be close to the ave
age between those ofVO

x andVO
dd . The top of the valence

band corresponds to 2p~O! states, and the bottom of th
conduction band to 4s~Ga! states. According to their calcu
lation, the energy levels ofVO

x are located at 4.2, 4.3, and 2.
eV above the top of the valence band. They also calcula
the conduction-electron density as a function of the tempe
ture and indicated a pure electronic character above 900
They suggested that, under the assumption of a constant
centration of oxygen vacancies, the carrier density can
explained in terms of a thermal equilibrium between the t
defects with the lowest formation energies, namely,VO

x (3)
andVO

dd(2), where the numbers in parentheses indicate c
responding oxygen sites. Consequently, Hajnalet al. con-
cluded that~i! VO

x (1) can be disregarded due to the relative
high formation energy,~ii ! VO

x (3) leads to a deep donor leve
that cannot be ionized even at very high temperatures,
~iii ! the carriers are provided through a thermal equilibriu
betweenVO

x (3) andVO
dd(2).

Gourier’s group12,13has reported that the conduction ele
trons exhibit a delocalized behavior in electron paramagn
©2003 The American Physical Society07-1
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resonance~EPR! measurements, that is, dynamic nuclear p
larization by the Overhauser effect and narrow EPR lines
interpreted as motional narrowing. Although the small te
perature dependence of the conductivity from room to liqu
helium temperatures further support the electron delocal
tion, the large Stokes shift in the blue luminescen
indicates, on the contrary, electron localization. To acco
modate both models, they have proposed that oxygen va
cies assemble, forming donor clusters that fulfill the M
criterion for impurity band conduction, i.e., the oxygen v
cancy concentration is large enough to achieve the overla
the electron wave functions between adjacent clusters.
cluster size has been suggested to be about few nm fro
transmission electron microscopy~TEM! study.14 The donor-
state energy levels are experimentally determined to be
cated atEd;0.04 eV below the bottom of the conductio
band.13 Thus, the paramagnetic centers are delocalized
exhibit a degenerate semiconductor behavior even w
trapped in donor states at low temperatures.

In this paper, we propose donor structure and electric c
duction mechanism inb-Ga2O3 single crystals. The study i
carried out in terms of EPR, infrared~IR! absorption, elec-
trical resistivity, single-crystal and powder x-ray-diffractio
measurements.

FIG. 1. ~a! Three-dimensional crystal structure ofb-Ga2O3 with
a unit cell. Three oxygen sites with different symmetry are deno
by O~1!, O~2!, and O~3!. Gallium atoms are in tetrahedral or oct
hedral coordination, denoted by Ga~1! and Ga~2!, respectively.~b!
Projection of the three oxygen complexes O~1!, O~2!, and O~3!
along theb axis ~slightly tilted!.
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II. EXPERIMENTAL PROCEDURE

Single crystals of pure and Sn-dopedb-Ga2O3 were
grown by the floating-zone technique. Feed rods were p
pared by a sintering process, in whichb-Ga2O3 powder of
4N purity and mixed powder of 97 mol %b-Ga2O3 and 3
mol % SnO2 were pressed at room temperature and sub
quently annealed under air at 1500 °C for 10 h. Crystals w
grown with a pulling down rate of 5 mm/h and a constant g
flow rate of 500 ml/min. The growth atmosphere was oxid
tive in order to suppress the evaporation from the mol
zone. Due to the decomposition of Ga2O3 into GaO and O2
at the high growth temperatures, the compositions of
grown crystals deviate from the stoichiometric, as in gene
for TCO’s. Annealing for six days at 900 °C under a 1 atm
O2 atmosphere was carried out for the pure as-grown c
tals. The pure as-grown crystals were electrically conduct
with a carrier density of about 1017– 1018 cm23, whereas the
annealed crystals became insulating, in accordance wi
previous report.15 Samples were prepared by cleaving alo
the ~100! and ~001! planes, with approximate dimensions
0.2– 0.53737 mm3 for optical and electrical resistivity
measurements, and;0.23230.5 mm3 for EPR and single-
crystal x-ray-diffraction measurements.

Single-crystal x-ray diffraction was performed with a Ma
Science MXC 4-cycle diffractometer at room temperatu
while powder x-ray diffraction was measured from liqui
helium temperature up to 1000 °C using a Rigaku Rint-T
diffractometer. Above room temperature a Pt holder was
lized, while a Cu one below. In both x-ray experiments, t
Cua1 emission line was utilized as radiation source. Sing
crystal diffraction enables the accurate measurement of
fined single reflections, after the crystal orientation has b
determined. The lattice parameters were estimated by
Rietveld analysis.

Constituent elementary analyses were performed wit
Shimadzu ESCA-850 equipment.

EPR measurements were carried out using a JES-FA
X-band spectrometer with microwave frequencies
;9.206–9.209 GHz at 293 K. Low-temperature EPR spec
were measured using a Bruker EMX10/12X-band spectrom-
eter with ;9.62–9.69 GHz in the range of 5–300 K. Bo
spectrometers employed 100 kHz field modulation.

Optical absorption spectra were measured at 293 K us
a Hitachi U-3500 spectrometer in the range of 180–3000 n

Electrical resistivity measurements in the temperat
range of 5–300 K were done using an Accent HL5500
Hall-effect measurement equipment without magnetic fie
Ohmic electrodes realized by Au sputtering on the~100!
plane were located on the edge of the specimen in a qu
rangle configuration, which conforms to the van der Pa
method. The specimens were measured under dark co
tions, in order to avoid the photogeneration of free carrie

III. CRYSTAL STRUCTURE

b-Ga2O3 has monoclinic structure, with the space gro
C2/m.10 The lattice parameters at room temperature are m
sured to bea512.23 Å, b53.040 Å, c55.807 Å and the

d
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unique axisb5103.7°. Figure 1~a! shows the unit cell, which
contains four formula units. Eight Ga atoms and twelve
atoms are evenly distributed into two Ga and three O n
equivalent sites at positions 4i , ~0,0,0;1/2,1/2,0! (x,0,z)
~Table I!.16,17 Ga ions are surrounded by O ions in eith
tetrahedral, Ga~1!, or octahedral coordination, Ga~2!, while
one oxygen site is in tetrahedral coordination and the o
two sites are threefold coordinated. The three oxygen s
are denoted as O~1!, O~2!, and O~3!. Figure 1~a! also illus-
trates how O~1! and O~3! are located at the edge shared by
Ga~1! and a Ga~2! chain, whereas O~2! is at the edge share
by a Ga~1! and two Ga~2! chains.

Figure 1~b! shows the projection of the three oxygen co
plexes along theb axis. The structure is as follows: O~1!,
bond not in plane to two Ga~2! and one Ga~1! ions; O~2!,
bond in tetrahedral coordination with three Ga~2! and one
Ga~1!; O~3!: bond in plane to two Ga~1! and one Ga~2! ions.

b-Ga2O3 presents two cleavage planes, the main one
the ~100! plane, and the secondary the~001!. The first corre-
lates with the O~3! site, while the second with the O~1! and
O~2! sites, indicating clearly the order of bonding streng
that varies from O~2!, O~1! to O~3!, also from higher to
lower coordination.

IV. EXPERIMENTAL RESULTS

A. X-ray and electron diffraction

According to the space-group and sites symmetry, the
servable reflections in the case ofb-Ga2O3 are defined by
the general selection rules:17 (hkl), h1k52n; (h0l ), h
52n; (0kl), k52n; (hk0), h1k52n; (0k0), k52n;
(h00), h52n; with n integer~1,2,3,4,5!. Single-crystal dif-
fraction measurements indicated that the pure as-gr
samples as well as the annealed ones fulfill these selec
rules.

In Table II are listed the measured integrated intensitie
representative directions normalized by the~020! reflection,

TABLE I. Atomic positions ofb-Ga2O3.

Atom x z Coordination

Ga~1! 0.0904 0.7948 fourfold
Ga~2! 0.3414 0.6857 sixfold
O~1! 0.1674 0.1011 threefold
O~2! 0.8279 0.4365 fourfold
O~3! 0.4957 0.2553 threefold
15520
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which showed a maximum intensity for the as-grown sam
among the regarded reflections. After annealing, the inten
of the ~020! reflection diminished by about 15%, contrastin
with the about 60% increase of the~002! reflection, which
became the most intense. Therefore, Table II indicates
annealing promotes a remarkable increase of the~002! and
~004! reflections, while no remarkable variation is observ
for the (h00) reflections.

The presence of oxygen vacancies produces inward
outward displacements of ions, resulting in reduction of sy
metry. Then, allowed reflections might reduce in intens
and forbidden reflections might be detectable. The result
Table II suggest that annealing does not remarkably af
the oxygen concentration in the O~3! site, clearly linked to
the ~100! plane, instead promotes a notable decrease in
concentration of vacancies on the sites O~1! and/or O~2!,
which are contained in the planes parallel to the~001! plane.

Figure 2 shows the temperature dependence of the la
parameters, expressed relative to the values measured a
K for the pure as-grownb-Ga2O3 crystals (a512.23 Å, b
53.040 Å, andc55.807 Å), in the range of 4–1273 K. Th
lattice expansion coefficient (4.231026 K21) along theb
and c axes is three times larger than that (1.431026 K21)
along thea axis, indicating that the lattice expansion tak
place principally in the~100! plane.

FIG. 2. Temperature dependence of the lattice parameter
the range 4–1273 K for the pure as-grownb-Ga2O3 crystal. The
lattice expansion (D l ) is expressed relative to those measured
room temperature, according toD l 5@ l (T)2 l (293)#/ l (293) where
l (T) denotes each of thea, b, and c lattice parameters at the
temperatureT.
ealed
TABLE II. Single-crystal x-ray integrated reflection intensities for the pure as-grown and ann
b-Ga2O3 crystals. Measured values are given relative to the~020! reflection (100 %). (h00) with h> 12,
(0k0) with k>4, and (00l ) with l>5 are over the available goniometer range.

h 0 2 4 6 8 10 0 0 0 0
k 2 0 0 0 0 0 0 0 0 0
l 0 0 0 0 0 0 1 2 3 4

As-gr.~%! 100 ,0.05 91.0 41.2 11.3 0.6 13.1 70.7 0.2 8.1
Ann.~%! 100 ,0.05 98.2 41.5 9.5 ,0.05 15.8 134.4 0.3 13.8
7-3
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The results obtained by electron-diffraction experime
have been described in detail in a previous paper.14 The TEM
observations indicated that there is a local break of symm
in small domains of average size below 5 nm. The forbidd
(102̄) reflection was found at the 1/2 position between
main reflections along theq(204̄) vector. The plane distanc
corresponding to the diffuse scattering at the 1/2 positio
2.90 Å, i.e., half thec lattice constant. The 1/2 position in
tensity weakened after annealing in an O2 atmosphere. Since
the annealed sample had changed from conductive to i
lating, it was suggested that the diffuse scattering is rela
with the existence of oxygen vacancies, whose concentra
in small domains can be linked with the donor-cluster mo
proposed by Binetet al.13

The electron spectrocopy for chemical analysis elem
tary analyses of pure and Sn-doped samples were done u
integrated intensities of the lines at the characteristic e
gies, 532 eV and 21.4 eV, of O(1s) and Ga(3d), respec-
tively. The elementary ratios of Ga to O for the pure a
grown and annealed samples were obtained to be 43:57
the experimental errors of62%. Although the as-grown
sample was expected to have large deviation from stoichi
etry in comparison with that of the annealed sample, th
was no difference in the ratios. In addition, the Sn sign
from the Sn-doped sample could not be detected. The
concentration of the nominally 3 mol % SnO2 doped sample
may be less than the experimental precision of 2–3 at %

The direct evidence for the oxygen vacancies could no
obtained by the above x-ray and electron diffraction, a
chemical analysis. In order to elucidate the structure of
donor cluster, further experiments and more complex ana
ing techniques are required.

B. EPR

Figure 3 shows the EPR spectra observed for the pure
Sn-doped as-grownb-Ga2O3 crystals with the magnetic
field applied perpendicular to the~100! plane at 293 K with
a microwave power of 0.1 mW and a frequency of;9.618

FIG. 3. EPR spectra for the pure and Sn-doped as-gro
b-Ga2O3 crystals with the magnetic field applied perpendicular
the ~100! plane at 293 K.
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GHz. Each EPR spectrum consists of a single sharp lin
350.8 mT. Sn doping leads to an increase of the linewidth
about one order of magnitude, instead, annealing decre
the intensity by about two orders of magnitude~not
shown!.18

Figure 4 shows the angular variations of the EPR lines
the ~001! and ~010! planes for the pure as-grown sample
293 K. The angular dependence can be described by a
Hamiltonian with orthorhombic symmetry in the form of19

H5mBgxBxSx1mBgyBySy1mBgzBzSz , ~1!

wheremB is the Bohr magneton,B is a resonance magneti
field, andS(5 1

2 ) is an effective spin. Theg value of thez
axis is determined experimentally to be substantially diff
ent from the two otherg values. The principalz axis of
orthorhombic centers is parallel to the crystallineb axis. The
x andy axes are rotated around theb axis byu andu1p/2
angles from thec axis, respectively. The solid curves in Fig
4, calculated using Eq.~1! with the g values of
(gx ,gy ,gz)5~1.960,1.958,1.962! and an angle ofu524° for
the pure as-grown sample are in good agreement with
experimental points. Theg values of the Sn-doped and an
nealed samples observed at 293 K are the same as tho
the pure as-grown sample within experimental errors.

The ground state ofVO
x in oxides is a spin-singlet state

being insensitive to EPR. Instead,VO
d consisting of an un-

paired electron are paramagnetic. The EPR lines with
negativeg-shift from theg value (ge52.0023) of the free
electron are consequently assigned toVO

d with S5 1
2 .

n

FIG. 4. Angular variations of the EPR lines for the pure a
grown b-Ga2O3 crystal measured at 293 K in~a! the ~001! plane
and ~b! the ~010! plane. The solid curves are calculated using E
~1! with the parameters (gx ,gy ,gz)5~1.960,1.958,1.962!.
7-4
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The EPR spectra measured at different temperatures
shown in Fig. 5. The magnetic field was applied perpendi
lar to the~100! plane, the incident microwave power bein
about 1–50mW in order to avoid saturation of the EP
signal. The resonance field in Fig. 5 shifted to higher fie
when the temperature decreased. This corresponds to
shift of the cavity resonances to higher frequencies. In c
sequence, the observedg values are constant in the temper
ture range of 5–300 K within the experimental erro
~60.0007!. A steep increase in the EPR linewidth in Fig.
was observed when the temperature was lowered below
K. This result is opposite to that found for paramagne
centers in ionic crystals, where line broadening occurs by
enlarged lattice-spin relaxation rate at higher temperature19

Figure 6 shows the inverse of the linewidth (1/DB) as a
function of the inverse of the temperature (1/T) for the pure
and Sn-doped as-grown samples. The temperature de
dence of the linewidths for the Sn-doped as-grown sam
differs from that for the pure as-grown sample. That of t
annealed sample could not be observed because of the
signals.

FIG. 5. Temperature dependence of the EPR spectra with
magnetic field applied perpendicular to the~100! plane for the pure
as-grownb-Ga2O3 crystal.

FIG. 6. Inverse of the linewidth (1/DB) as a function of the
inverse of the temperature (1/T) for the pure as-grown and Sn
dopedb-Ga2O3 crystals. The solid and dashed curves calcula
using exponential functions fit the experimental points very we
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C. Infrared absorption

Figure 7 shows the optical absorption spectra measure
293 K in the range of 200–3000 nm for the pure as-grow
annealed, and Sn-dopedb-Ga2O3 crystals. The band edge
are observed approximately at 260 nm for all three samp

The absorption coefficient for the pure as-grown sam
as well as the Sn-doped sample gradually increases in
infrared wavelength region, 1000–3000 nm, whereas i
negligibly small for the annealed sample. The IR absorpt
is associated with the plasma frequency, which is determi
by the free carrier densityn (electrons/cm3). A decrease in
the carrier density leads to a shift of the plasma frequenc
lower energies, that is, longer wavelengths. Concerning
pure as-grown samples, the carrier density was estimate
be n;1017– 1018 (1/cm3) by electrical measurements.15 The
associated plasma frequencies correspond to free s
wavelengths in the order of;10–30mm. On the other hand
although the annealed sample was electrically insulating,
EPR measurements suggested that the carrier density as
ated withVO

d had diminished by only about two orders o
magnitude.18 The lack of plasma absorption for the anneal
sample may be due to the shift of the plasma frequency
the very far IR, which is linked to the decrease in the carr
concentration as explained above. The annealing pro
promotes replacingVO

dd with O22 and/or removing elec-
trons fromVO

x andVO
d .

D. Electrical resistivity

The resistivity for the pure as-grownb-Ga2O3 crystal
was measured by the van der Pauw method, which is ba
on the assumption of an isotropic electrical conduction. T
measured values represent an average of the anisotropic
along thec andb axis, which according to Uedaet al.3 differ
from each other by about one order of magnitude.

Figure 8 shows the temperature dependence of the inv
of the electrical resistivity, i.e., the conductivity, for the pu
as-grown b-Ga2O3 crystal. Similar to the temperatur
dependence of the inverse linewidth of the EPR spec
the conductivity exhibits in a first approximation an exp
nential dependence on the inverse temperature in the ra

he

d

FIG. 7. Optical absorption spectra measured at 293 K for
pure as-grown, annealed, and Sn-dopedb-Ga2O3 crystals.
7-5



v
00

e
e

o
le

f

c

re

fin
in

, r
ne
th
n
d

o

tely

of
ge
m-
The
ng

es,

Van
of

ter-
ur

he
ob-
rent-
tion
ng
f the
ent-
K,
ntz-

rs in
ions:
0 K
di-

can-

the
he

f

d
be

n
les,
on-
a
rela-

er-

ge
een

of
m-

ric

YAMAGA, VI´LLORA, SHIMAMURA, ICHINOSE, AND HONDA PHYSICAL REVIEW B 68, 155207 ~2003!
from 40 up to about 120 K. The conductivity saturates abo
120 K, reaches a maximum, and then decreases above 2
The decrease is probably related to phonon scattering
electrons.

V. DISCUSSION

A. EPR

Hajnal et al.11 concluded from their calculations that th
carrier density is determined by the thermal equilibrium b
tween the concentrations ofVO

x and VO
dd . In the calcula-

tions, however, the possibility for the formation ofVO
d was

not taken into account. The EPR technique is a powerful t
to reveal localized and delocalized states of unpaired e
trons. Although information onVO

x cannot be obtained by
EPR, it will be shown below, how from the results onVO

d

~namely, the line shapes, the temperature dependence o
linewidths, and the anisotropicg values! a model for the
donor structure and the electron conduction mechanism
be worked out.

First, the line shape of the EPR spectrum is conside
As discussed by the Gourier’s group,12,13 the line broadening
at low temperature is probably caused by a superhyper
~shf! interaction between the electron spin and nuclear sp
of near Ga ions in the form of12

Hsh f5(
i 51

n

Ax
i I x

i Sx1Ay
i I y

i Sy1Az
i I z

i Sz , ~2!

where I i is the nuclear spin of thei th Ga ligand ion and
Aj

i ( j 5x,y,z) is a shf coupling constant. The69Ga and71Ga
isotopes with the natural abundance of 0.602 and 0.398
spectively, possess the nuclear spin of 3/2, and the mag
moments of 2.01 and 2.55 respectively, in the unit of
nuclear magneton. Due to thes character of the conductio
electron, the associated shf coupling constant is assume
be isotropic, i.e.,Aj

i 5Ai( j 5x,y,z). When distances to Ga
ions increase, the coupling constant ofAi decreases. As a
consequence, the EPR spectrum is inhomogeneously br

FIG. 8. Temperature dependence of the inverse of the elect
resistivity, i.e., the conductivity, for the pure as-grownb-Ga2O3

crystal.
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ened by the unresolved shf interaction and approxima
represented by a Gaussian function.

Van Vleck20,21 calculated how the line shape of a pair
the hyperfine line changes with the ratio of the exchan
frequency to the hyperfine interaction frequency as para
eter. The phenomenon is known as exchange narrowing.
line shape approximates to a Lorentzian for the stro
exchange.

The fairly narrow EPR spectra at high temperatur
which are caused by motional narrowing,12 are discussed in
the same way as exchange narrowing predicted by
Vleck.20,21The Lorentzian line shape is given in the form

I ~v!5
I 0

~v2v0!21~vsh f
2 /vmn!

2
, ~3!

wherev0 is a resonance frequency,vsh f is associated with a
width of the resonance absorption induced by the shf in
action, andvmn represents that spin flips of electrons occ
after 2p/vmn through motional narrowing.

Localization or delocalization of electrons around t
oxygen vacancies strongly corresponds to whether the
served EPR spectrum is represented by a Gaussian or Lo
zian line shape, respectively. Figure 9 shows the integra
of the observed derivative curves together with the fitti
curves for the pure and Sn-doped samples. In the case o
pure sample, the observed line shapes above 10 K fit Lor
zians except at 200 K with slight asymmetry. Below 10
the observed line shapes are intermediate between Lore
ian and Gaussian curves. Such behavior distinctly appea
the Sn-doped sample. There are three temperature reg
the line shape below 80 K fits a Gaussian, that above 13
fits a Lorentzian, and that between 100–125 K is interme
ate. These results suggest that~1! the donor electrons in the
pure sample are delocalized even at 5 K and~2! those in the
Sn-doped sample may be localized around the oxygen va
cies below about 80 K.

Next, let us consider the temperature dependence of
linewidth for the pure and Sn-doped samples in Fig. 6. T
values ofDv(5vsh f

2 /vmn) in Eq. ~3! can be obtained from
the observed linewidthDB of the resonance in the unit o
magnetic field. They satisfy the relation\Dv5gbDB, and
thusvmn turns out to be inversely proportional toDB. The
relation of 1/DB versus 1/T for the pure and Sn-dope
samples is shown in Fig. 6. The experimental data can
fitted by exponential functions, 153e2220/T11.1e28/T and
30e2490/T10.8, respectively. The difference in the activatio
energy, 19 and 42 meV for the pure and Sn-doped samp
respectively, might be originated by a decrease in the c
centration ofVO

d after Sn doping, since Fig. 7 indicates
decrease in plasma absorption for the Sn-doped sample
tive to the pure one. Their behaviors 1/DB at the higher-
temperature range are consistent with a model for a th
mally activated polaron hopping betweenVO

d ’s.22 The fairly
small activation energy of 0.7 meV in the temperature ran
of 5–30 K for the pure sample suggests tunneling betw
VO

d’s rather than hopping. On the other hand, the values
1/DB for the Sn-doped sample is independent of the te

al
7-6
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FIG. 9. ~Color online! Integration of the observed derivative EPR spectra in the temperature range of 5–300 K for~a! pure as-grown
sample and~b! Sn-doped sample with fitting Gaussian curves or Lorentzian curves. * in~a! denotes an impurity signal.
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perature in the range of 5–100 K, suggesting the possib
that electrons are localized aroundVO

d or transfer to nearVO
d

through tunneling as well as the pure sample.
Motional narrowing observed in the EPR spectra at h

temperatures is related to electron transfer, whose rate
be larger than the shf interaction frequency. Electrons
expected to transfer through hopping or tunneling betw
VO

d’s or through narrow impuritylike band conduction. Her
we consider the relation between the electron transfer and
anisotropicg tensor observed for the pure and Sn-dop
samples when motional narrowing occurs.

If oxygen vacancies are created at the three O~1!, O~2!,
and O~3! sites with equal probabilities, electrons are loc
ized or delocalized around the oxygen vacancy sites w
different symmetry as shown in Fig. 1~b!. Electrons move at
random between these three sites when temperature incr
up to 300 K. As a consequence, the averaging between
EPR spectra with different configurations leads to an iso
pic g tensor. However, the observedg tensors are anisotropic
This discrepancy may be removed by an assumption
motional narrowing occurs preferentially between ones
O~1!, O~2!, and O~3!.

Which of the sites O~1!, O~2!, and O~3! is responsible for
electron transfer is discussed in terms of the anisotropg
tensor. The principal axes of theg tensor are strongly asso
15520
ty

h
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re
n

he
d

-
h

ses
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at
f

ciated with the structure of the oxygen complexes, shown
Fig. 1~b! and described as follows.

~i! The O~1! complex is composed of a Ga~1! and two
Ga~2! ligands in a plane, except that Ga~1! is slightly bent
from thec axis. One of the principal axes is parallel to theb
axis, and the other is approximately parallel to thea axis.
The remaining is perpendicular to the two defined axes.

~ii ! The O~2! complex forms a tetrahedron consisting of
Ga~1! and three Ga~2! ligands. One of the principal axes i
the direction along the combination of O~2! and Ga~1!,
which is rotated about 30° from thec axis. The other is
parallel to theb axis. The remaining is perpendicular to th
two defined axes.

~iii ! The O~3! complex is composed of two Ga~1! and a
Ga~2! ligands in a plane. The three principal axes are
pected to be thec axis perpendicular to the plane, theb axis
parallel to the direction combining the two Ga~1!, and the
direction combining O~3! and Ga~2!.

The observed angular variations of the EPR lines in
~010! and~001! planes~Fig. 4! determine the principal axes
The principalz axis coincides with the crystallineb axis. The
other two lie consequently in the~010! plane, thex axis
being rotated 24° from thec axis to thea axis. This is con-
sistent with the estimated structure of the O~2! complex, and
indicates thatVO

d’s are presumably generated in the O~2!
7-7
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sites. From the above model, donor electrons inVO
d(2) are

expected to transfer along theb axis through hopping and
tunneling because the O~2! sites are located at the edg
sharing chains of octahedra and tetrahedra along theb axis
@as shown in Fig. 1~a!#.

Finally we consider formation of a narrow impuritylik
band of donor electrons. Hajnalet al.11 concluded that the
conduction band-edge state can be extended states of
dimensional chain of Ga atoms in theb lattice direction.
Their calculation is consistent with the anisotropy of optic
absorption edge in the range of 260–280 nm~Ref. 23! and
the conductivity.3,23 Recently, the peculiar peak structure
the optical absorption edge at low temperature w
reported.24 The peaks have been interpreted as transiti
from discrete energy levels in low dimensional acceptor cl
ter with size about 3–4 nm. This acceptor cluster mode
consistent with the result that the properties of the absorp
edge could be observed even in the annealed sample.
blue luminescence broadband with a peak around 370
and the excitation bands with two peaks at 260 and 276
were observed in the pure as-grown sample, while th
bands completely disappeared in the annealed samp18

These results suggest that~1! the excitation bands of the blu
luminescence are due to transitions from the valence ban
the donor levels, which are associated with the oxygen
cancies, and~2! the donor and acceptor absorption ban
overlap in the range of 260–280 nm. As a consequence
impuritylike donor band does not lie in the conduction-ba
edge, but below it.

The anisotropy of the donor band is not necessarily
same as that of the conduction band, with an assumption
the oxygen vacancies were created at random in the cry
However, the preferential vacancy creation, which is sim
to the one-dimensional chain of Ga atoms could induce
anisotropy. Further donor band calculation in the base of
preferential vacancy sites will be required.

B. Mechanism of the conductivity

Uedaet al.3,23 reported strong anisotropy of the electric
properties forb-Ga2O3, the conductivity along theb axis
being about one order of magnitude larger than that along
c axis. In the preceding section, we have concluded that
cancies are created preferentially at the O~2! sites, and that
electrons inVO

d move along the b axis. In this section, th
relation between the crystal structure and the reported e
tric anisotropy is considered more in detail.

There are four O~2! alignments along theb axis in a unit
cell as shown in Fig. 1~a!. If oxygen vacancies are assume
to be created in the O~2! alignments, the shortest distanc
~2.6 Å! between two O~2! vacancies is along a directio
tilted about 45° from thê101& to theb axis. The distances
between two O~2! vacancies from further alignments are 3
5.8, and 4.1 Å along theb, c, anda axis, corresponding to the
b andc lattice parameters and one third of thea lattice pa-
rameter, respectively. The anisotropy of the conductiv
along theb andc axes may be explained by the difference
the electron wave-function overlap between adjacent don
The smaller distance between the O~2! sites along theb axis
15520
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leads to the larger overlap, giving rise to the larger cond
tivity along this axis. However, as the cluster size found
the same samples by TEM~Ref. 14! are;3 nm, the signifi-
cant difference in theb andc lattice parameters is not enoug
to explain the anisotropy of the conductivity.

The temperature dependence of the conductivity for
pure sample in Fig. 8 can be represented by a double e
nential function 25e2130/T12e23/T, which is very similar to
that of the inverse linewidth for the same sample in Fig
except for half the activation energy. Both the inverse lin
width and the conductivity are almost constant below 50
but rapidly increase above 50 K. The following points a
concluded.

~i! At low temperatures~below 50 K! the donor electrons
tunnel betweenVO

d ’s. The tunneling model is equivalent t
the overlap of the electron wave functions in the don
states, i.e., the Mott criterion.

~ii ! At high temperatures~above 50 K!, the temperature
behavior obeys the Arrhenius equation, being strongly as
ciated with the thermal activation of polaron hopping.22

The TEM study indicates that the size of the donor clu
ters is ;3 nm.14 Binet and Gourier13,24 proposed that the
conduction occurs by the electron hopping between do
clusters and that some of acceptors are assembled in
dimensional cluster with size about 3–4 nm. This cha
transfer requires an activation energy, which increases as
distance between donors increases, i.e., as the concentr
of VO

d decreases. In agreement with this expectation, the
tivation energy for the Sn-doped sample is larger than tha
the pure as-grown one~Fig. 6!, since according to the plasm
absorption in the IR~Fig. 7!, the carrier concentration de
creases after Sn doping.

VI. CONCLUSIONS

The electrical conductivity of theb-Ga2O3 crystals ex-
hibits a semiconductor behavior even at very low tempe
tures. The carrier electrons, whose concentration correl
with that of oxygen vacancies, exhibit a delocalized behav
even when trapped at the oxygen vacancies. This observa
is consistent with motional narrowing of the EPR spectra
the temperature range of 5–300 K, which show a Lorentz
line shape. Both the temperature dependence of the inv
linewidth and the conductivity can be described by t
Arrhenius equation, where each curve includes exponen
and constant terms. The exponential term suggests the tr
fer of electrons between the donor clusters by a therm
activated hopping process, whereas the constant term
gests a tunneling process in the clusters and/or betw
them.
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