PHYSICAL REVIEW B 68, 155207 (2003

Donor structure and electric transport mechanism in 8-Ga,O4
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The electron paramagnetic resonafE®R study of 8-Ga 05 crystals gives evidence that donors can be
regarded as © vacancies trapping single electrons. The Lorentzian line shape of the EPR spectra observed in
the range of 5-300 K, which exhibit anisotrogicvalues, 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 jB- @O, 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 as 1), O(2), and Q3) (the symmetry is depicted in Fig.
1).1° Although, as stated by other authdeee below, elec-

B-G&0O3 belongs to the group of transparent conductivetrons trapped at the oxygen vacancies are the origin of the
oxides(TCO) with a wide band gap and electrical conduc- electrical conductivity, the conduction mechanism is not yet
tivity. In the last decades, indium tin oxidéTO) has been  fully understood. So, for example, which of the three oxygen
extensively investigated due to important applications suckites is primarily related to the donor structure, and therefore
as flat panel displays, thermal windows, and solar Cells.jinked to the electrical transport phenomenon, has not yet
Among the TCO’s,3-G&0O; exhibits at present the largest peen experimentally determined.
band gapE4=4.8 eV and thus a unique transparency from Hajnal etal’ estimated by semiempirical quantum-
the visible into the UV region, where the cutoff wavelength .pemical calculations that the formation energies/gflo-
is about 260 nmB-Gg0; is, therefore, attracting much at- cated at @1), O(2), and 43) in B-Ga,0; are 6.3, 5.3, and

tention for the future generations of optoelectronic devices; o eV, respectively, while the respective formation energies
operating at shorter wavelength$where standard TCO’s of Vg' are 5.2, 4.3, and 6.1 eV. They did not calculate the

including ITO are already opaque. . : PY .

The electrical conductivity of the TCO's is attributed to formation energies ozx ’ Whlc.h.may be close to the aver-
the existence of oxygen vacancies, which is caused by th@d® between those &g andVg ™. The top of the valence
tendency of all these oxides to deviate from the stoichio@nd corresponds top2O) states, and the bottom of the

metric compositiorf. The amount of oxygen vacancies in- co!"nduction band to Ga) states. According to their calcu-
duced depends mainly on the growth atmosphere, and detd@tion, the energy levels ofg are located at 4.2, 4.3, and 2.8
mines the electrical character of the specimens, which in théV above the top of the valence band. They also calculated
case of3-Ga0; can vary from insulating to conductife. the conduction-electron density as a function of the tempera-
The other presumably identified common feature is that théure and indicated a pure electronic character above 900 °C.
TCO'’s form edge-shared octahedral (l)hains® They suggested that, under the assumption of a constant con-
The defects inB-Ga,0; are oxygen vacancies surrounded centration .of oxygen vacancies, th_g carrier density can be
by cations. There are two notations to describe the type oxplained in terms of a thermal equilibrium between the two
defect and its effective charge relative to a normal lattice sitedefects with the lowest formation energies, nam¥ffy(3)
e.g., the Kiger-Vink (KV) notatior? and the spectroscopic andV3®(2), where the numbers in parentheses indicate cor-
notation. In this paper, the KV notation for materials with theresponding oxygen sites. Consequently, Hajeaél. con-
electrical conductivity induced by point defects is adopted.cluded thati) V§(1) can be disregarded due to the relatively
Oxygen vacancies compensated by two electrons or one elehigh formation energy(i) V§(3) leads to a deep donor level
tron, and not compensated are denotedVas V®, and that cannot be ionized even at very high temperatures, and
Vg', respectively, where the subscript O indicates the oxydiii) the carriers are provided through a thermal equilibrium
gen site and the superscript indicates the net effective chargbetweenvy(3) andVa®(2).
neutral,+1, and+2. Gourier’s group®**has reported that the conduction elec-
B-Ga,0; has oxygen ions in three different sites, denotedtrons exhibit a delocalized behavior in electron paramagnetic
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(a) Il. EXPERIMENTAL PROCEDURE

Single crystals of pure and Sn-dopegtGa,0O; were
grown by the floating-zone technique. Feed rods were pre-
pared by a sintering process, in whighGa 05 powder of
4N purity and mixed powder of 97 mol 98-Ga0; and 3
mol % SnQ were pressed at room temperature and subse-
quently annealed under air at 1500 °C for 10 h. Crystals were
grown with a pulling down rate of 5 mm/h and a constant gas
flow rate of 500 ml/min. The growth atmosphere was oxida-
tive in order to suppress the evaporation from the molten
zone. Due to the decomposition of £&% into GaO and Q@
at the high growth temperatures, the compositions of as-
grown crystals deviate from the stoichiometric, as in general
for TCO’s. Annealing for six days at 900 °C urrda 1 atm
O, atmosphere was carried out for the pure as-grown crys-
tals. The pure as-grown crystals were electrically conductive,
with a carrier density of about 10-10'® cm™3, whereas the
annealed crystals became insulating, in accordance with a
previous report> Samples were prepared by cleaving along
the (100 and (001) planes, with approximate dimensions of
0.2-0.5<7Xx7 mnt for optical and electrical resistivity
measurements, and0.2x2x 0.5 mn? for EPR and single-
crystal x-ray-diffraction measurements.

Single-crystal x-ray diffraction was performed with a Mac
Science MXC 4-cycle diffractometer at room temperature,
while powder x-ray diffraction was measured from liquid-

o) o) 00) helium temperature up to 1000 °C using a Rigaku Rint-TTR
diffractometer. Above room temperature a Pt holder was uti-
FIG. 1. (& Three-dimensional crystal structure #Ga0; with  lized, while a Cu one below. In both x-ray experiments, the

a unit cell. Three oxygen sites with different symmetry are denotedCy,,, emission line was utilized as radiation source. Single-
by &(1), O(2), and G3). Gallium atoms are in tetrahedral or octa- crystal diffraction enables the accurate measurement of de-
hedral coordination, denoted by Gaand G&2), respectively(b)  fined single reflections, after the crystal orientation has been
Projection of the three oxygen complexe¢1) O(2), and G3)  determined. The lattice parameters were estimated by the
along theb axis (slightly tilted). Rietveld analysis.

. . Constituent elementary analyses were performed with a
resonancéEPR measurements, that is, dynamic nuclear PO-shimadzu ESCA-850 equipment.

larization by the Overhauser effect and narrow EPR lines are’ cpn measurements were carried out using a JES-FA200

interpreted as motional narrowing. Although the small tem-y hand spectrometer with microwave frequencies of

perature dependence of the conductivity from room to quuid-~9.206_9.209 GHz at 293 K. Low-temperature EPR spectra

helium temperatures further support the electron delocaliza‘i\,ere measured using a Bruker EMX10/X2and spectrom-

tion, the large Stokes shift in the blue luminescenceqe yith —9.62-9.69 GHz in the range of 5-300 K. Both
indicates, on the contrary, electron localization. To accomy

date both models. thev h dth spectrometers employed 100 kHz field modulation.
mo ate both mode S'.t ey have proposed that OXygen vacan- Optical absorption spectra were measured at 293 K using
cies assemble, forming donor clusters that fulfill the Mott

> : ) S a Hitachi U-3500 spectrometer in the range of 180—3000 nm.
criterion for impurity band conduction, i.e., the oxygen va-

. ! Electrical resistivity measurements in the temperature
cancy concentration is large enough to achieve the overlap (?Emge of 5-300 K were done using an Accent HL5500PC

the electron wave functions between adjacent clusters. The, | effect measurement equipment without magnetic field.

cluster size has been suggested to be about few nm from g mic electrodes realized by Au sputtering on (160
transmission electron mlcroscqu/EM) study. The donor- plane were located on the edge of the specimen in a quad-
state energy levels are experimentally determined to be lg;

d bel he b h duci rangle configuration, which conforms to the van der Pauw
cated atEy~0.04 eV below the bottom of the conduction \eihoq. The specimens were measured under dark condi-

ban.d.' Thus, the paramagnetic centers are Qelocallzed ar"ﬁ'ons, in order to avoid the photogeneration of free carriers.
exhibit a degenerate semiconductor behavior even when

trapped in donor states at low temperatures.
In this paper, we propose donor structure and electric con-

. . . . . Ill. CRYSTAL STRUCTURE
duction mechanism iB-Ga0; single crystals. The study is

carried out in terms of EPR, infraredR) absorption, elec- B-Ga,05; has monoclinic structure, with the space group
trical resistivity, single-crystal and powder x-ray-diffraction C2/m.%° The lattice parameters at room temperature are mea-
measurements. sured to bea=12.23 A, b=3.040 A, ¢=5.807 A and the
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TABLE I. Atomic positions of 3-G&0s. 0.6 T - — T T
i v a- axis 2 :
Atom X z Coordination O b - axis
- 0 @) c - axis 7
Ga(l) 0.0904 0.7948 fourfold R 04r ]
Ga2) 0.3414 0.6857 sixfold - L g B i
o(1) 0.1674 0.1011 threefold 3 .
0(2) 0.8279 0.4365 fourfold g 021 S v
o) 0.4957 0.2553 threefold 5 98 ¢vVvYV V]
£ - vvV 1
S -
unique axis8=103.7°. Figure {a) shows the unit cell, which i
contains four formula units. Eight Ga atoms and twelve O i i
atoms are evenly distributed into two Ga and three O non- ool Ll
equivalent sites at positionsi 4 (0,0,0;1/2,1/2,D (x,0,2) 0 500 1000
(Table .47 Ga ions are surrounded by O ions in either Temperature (K)

tetrahedral, G.(a),.or_ octahedral coordln_atlo_n, @, while FIG. 2. Temperature dependence of the lattice parameters in
one oxygen site is in tetrahedral coordination and the othe{he range 4—1273 K for the pure as-gro@rGa,0s crystal. The
two sites are threefold coordinated. .The three oxygen SlteI%ttice expansion 1) is expressed relative to those measured at
are denoted as (@, O(2), and Q3). Figure 1a) also illus- 5oy temperature, according 8d =[I(T)—1(293)]/1(293) where
trates how @1) and Q3) are located at the edge shared by aj(T) denotes each of the, b, and c lattice parameters at the
Ga(1) and a G&) chain, whereas @) is at the edge shared emperaturer.
by a G41) and two G&2) chains.

Figure Xb) shows the projection of the three oxygen com-
plexes along théy axis. The structure is as follows: (D,
bond not in plane to two Ga) and one Gl) ions; Q2),

which showed a maximum intensity for the as-grown sample
among the regarded reflections. After annealing, the intensity

. e ) of the (020) reflection diminished by about 15%, contrasting
bond in tetrahedral coordination with three (@aand one  \iith the about 60% increase of t§602) reflection, which

Ga1); O(3): bond in plane to two Gd) and one G&) ions.  pecame the most intense. Therefore, Table Il indicates that
B-G&0; presents two cleavage planes, the main one ignnealing promotes a remarkable increase of(@®2) and

the (100 plane, and the secondary tt@01). The first corre- (g4 reflections, while no remarkable variation is observed
lates with the @) site, while the second with the(D and ¢, the (h00) reflections.

0O(2) sites, indicating clearly the order of bonding strength,
that varies from @), O(1) to O(3), also from higher to
lower coordination.

The presence of oxygen vacancies produces inward and
outward displacements of ions, resulting in reduction of sym-
metry. Then, allowed reflections might reduce in intensity
and forbidden reflections might be detectable. The results in
IV. EXPERIMENTAL RESULTS Table Il suggest that annealing does not remarkably affect
the oxygen concentration in the(®) site, clearly linked to
the (100) plane, instead promotes a notable decrease in the

According to the space-group and sites symmetry, the obeoncentration of vacancies on the sitegl)Oand/or G2),
servable reflections in the case 8fGa,O; are defined by which are contained in the planes parallel to t6@21) plane.
the general selection rulés:(hkl), h+k=2n; (hol), h Figure 2 shows the temperature dependence of the lattice
=2n; (OKkl), k=2n; (hk0), h+k=2n; (0k0), k=2n; parameters, expressed relative to the values measured at 293
(h00), h=2n; with n integer(1,2,3,4,5. Single-crystal dif- K for the pure as-grown-Ga,O; crystals @=12.23 A, b
fraction measurements indicated that the pure as-growrr 3.040 A, ancc=5.807 A), in the range of 4—1273 K. The
samples as well as the annealed ones fulfill these selectidattice expansion coefficient (4210 ¢ K~1) along theb
rules. andc axes is three times larger than that (440 % K1)

In Table Il are listed the measured integrated intensities o&long thea axis, indicating that the lattice expansion takes
representative directions normalized by (020 reflection,  place principally in thg100) plane.

A. X-ray and electron diffraction

TABLE Il. Single-crystal x-ray integrated reflection intensities for the pure as-grown and annealed
B-Ga,05 crystals. Measured values are given relative to (%0 reflection (100 %). [(00) with h= 12,
(0k0) with k=4, and (00) with |=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
| 0 0 0 0 0 0 1 2 3 4

As-gr(%) 100 <0.05 91.0 41.2 11.3 0.6 131 70.7 0.2 8.1
Ann.(%) 100 <0.05 98.2 41.5 95 <0.05 15.8 134.4 0.3 13.8
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FIG. 3. EPR spectra for the pure and Sn-doped as-grown :_3 1.959
B-Ga03 crystals with the magnetic field applied perpendicular to o
the (100 plane at 293 K.
The results obtained by electron-diffraction experiments . BioOl-
have been described in detail in a previous pap&he TEM "o 3 80 90 120 150 180
observations indicated that there is a local break of symmetry Angle (degree)

in small domains of average size below 5 nm. The forbidden

= . i FIG. 4. Angular variations of the EPR lines for the pure as-
(102) reflection was found at the 1/2 position between thegrown B-Ga0; crystal measured at 293 K i@ the (001) plane

main reflections along thg(,o4 vector. The plane distance anq (p) the (010 plane. The solid curves are calculated using Eq.
corresponding to the diffuse scattering at the 1/2 position igy) with the parametersg .0, ,0,) = (1.960,1.958,1.962

2.90 A, i.e., half thec lattice constant. The 1/2 position in-

tensity weakened after annealing in ap &mosphere. Sinceé G, Each EPR spectrum consists of a single sharp line at
the annealed sample had changed from conductive t0 iNSUrg g m\T. S doping leads to an increase of the linewidth by
lating, it was suggested that the diffuse scattering is relate bout one order of magnitude, instead, annealing decreases

with the existence of oxygen vacancies, whose concentratiO{p]e intensity by about two orders of magnitudeot
in small domains can be linked with the donor-cluster mOdeEhowr).ls

i 13
proposed by Bineet al. _ _ Figure 4 shows the angular variations of the EPR lines in
The electron spectrocopy for chemical analysis elemeng,, (001) and (010) planes for the pure as-grown sample at

tary analyses of pure and Sn-doped samples were done UsiBg3  The angular dependence can be described by a spin
integrated intensities of the lines at the characteristic enelyamiltonian with orthorhombic symmetry in the form!®f
gies, 532 eV and 21.4 eV, of O¢) and Ga(38), respec-

tively. The elementary ratios of Ga to O for the pure as-
grown and annealed samples were obtained to be 43:57 with H= p1e9xBxSct uedyBySy+ 1g9.B.S; @
the experimental errors of=2%. Although the as-grown
sample was expected to have large deviation from stoichiomwhere ug is the Bohr magnetorB is a resonance magnetic
etry in comparison with that of the annealed sample, therdield, andS(=3) is an effective spin. The value of thez
was no difference in the ratios. In addition, the Sn signalgxis is determined experimentally to be substantially differ-
from the Sn-doped sample could not be detected. The S@nt from the two otheg values. The principak axis of
concentration of the nominally 3 mol % Sp@oped sample orthorhombic centers is parallel to the crystallmexis. The
may be less than the experimental precision of 2—3 at%. X andy axes are rotated around theaxis by ¢ and 6+ /2
The direct evidence for the oxygen vacancies could not b@&ngles from the axis, respectively. The solid curves in Fig.
obtained by the above x-ray and electron diffraction, and* calculated using Eq.(1) with the g values of
chemical analysis. In order to elucidate the structure of thédx,9y,9,) =(1.960,1.958,1.962and an angle ot=24° for

donor cluster, further experiments and more complex analyzhe pure as-grown sample are in good agreement with the
ing techniques are required. experimental points. Thg values of the Sn-doped and an-

nealed samples observed at 293 K are the same as those of
the pure as-grown sample within experimental errors.
B. EPR The ground state o/} in oxides is a spin-singlet state,
Figure 3 shows the EPR spectra observed for the pure arlging insensitive to EPR. Instead§ consisting of an un-
Sn-doped as-growrB-Ga,O; crystals with the magnetic paired electron are paramagnetic. The EPR lines with the
field applied perpendicular to tH&00) plane at 293 K with  negativeg-shift from theg value (@.=2.0023) of the free
a microwave power of 0.1 mW and a frequency-e9.618 electron are consequently assigned/@) with S=3.
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) FIG. 7. Optical absorption spectra measured at 293 K for the
FIG. 5. Temperature dependence of the EPR spectra with thgyre as-grown, annealed, and Sn-dope®a,0; crystals.
magnetic field applied perpendicular to t#1®0) plane for the pure

as-growns-Gg0; crystal, C. Infrared absorption

The EPR spectra measured at different temperatures are Figyre 7 shows the optical absorption spectra measured at
shown in Fig. 5. The magnetic field was applied perpendicupg3 K in the range of 200-3000 nm for the pure as-grown,
lar to the (100 plane, the incident microwave power being annealed, and Sn-dopegtGa,0; crystals. The band edges
about 1-50uW in order to avoid saturation of the EPR .. gpserved approximately at 260 nm for all three samples.
signal. The resonance field in Fig. 5 shifted to higher fields The absorption coefficient for the pure as-grown sample

When the temperature decreased_. This corresponds ot & well as the Sn-doped sample gradually increases in the
shift of the cavity resonances to higher frequencies. In con:

sequence, the observgdralues are constant in the tempera-mfr"’“ed wavelength region, 1000-3000 nm, whereas it Is

ture range of 5-300 K within the experimental errors_neg”gibly small for the annealed sample. The IR absorption

(£0.0007. A steep increase in the EPR linewidth in Fig. 5 is associated Wi_th the plgsma frequency, which is deterr_nined

was observed when the temperature was lowered below 1 the f_ree carrier density (elec_:trons/crﬁ). A decrease in

K. This result is opposite to that found for paramagnetict e carrier dgnsny Iee}ds to a shift of the plasma frequgncy to

centers in ionic crystals, where line broadening occurs by al wer energies, that is, longer wgvelengt.hs. Concernlng the

enlarged lattice-spin relaxation rate at higher temperafdres.PUr¢ as—g7rown85amples, the carrier density was estimated to
Figure 6 shows the inverse of the linewidth 4B) as a be n~10""—10" (1/cn¥) by electrical measuremeriSThe

- . iated plasma frequencies correspond to free space
function of the inverse of the temperatureLfor the pure associa .
and Sn-doped as-grown samples. The temperature depe avelengths in the order 6¢10-30um. On. the qther hgnd,
dence of the linewidths for the Sn-doped as-grown sampl though the annealed sample was electnca!ly |nsula_1t|ng, the_
differs from that for the pure as-grown sample. That of the PR measurements suggested that the carrier density associ-
ajed Withvg had diminished by only about two orders of

annealed sample could not be observed because of the we '3 ' g :
magnitude'® The lack of plasma absorption for the annealed

signals. sample may be due to the shift of the plasma frequency to
100 gr— T 1 3 the very far IR, which is linked to the decrease in the carrier
F 153"0xp(-220/T)+1.1"exp(-aT) | concentration as explained above. The annealing process
) 5 33;2‘3%'3;73}‘18 1 promotes replacing/S® with O?~ and/or removing elec-
ol ° Sheo @) trons fromVy and V9.
of :
g 1 ] D. Electrical resistivity
g % The resistivity for the pure as-growps-Ga0O; crystal
T F OSSR g~ — was measured by the van der Pauw method, which is based
C on the assumption of an isotropic electrical conduction. The
I 1 measured values represent an average of the anisotropic ones
along thec andb axis, which according to Uedat al3 differ

1 | L | 1 | 1 | L
01 0 0.02 004 008 008 0410 from each other by about one order of magnitude.

1T ( K ) Figure 8 shows the temperature dependence of the inverse
of the electrical resistivity, i.e., the conductivity, for the pure
FIG. 6. Inverse of the linewidth (AB) as a function of the as-grown B-GaO; crystal. Similar to the temperature
inverse of the temperature {Tl/ for the pure as-grown and Sn- dependence of the inverse linewidth of the EPR spectra,
doped 8-Ga,0; crystals. The solid and dashed curves calculatedthe conductivity exhibits in a first approximation an expo-
using exponential functions fit the experimental points very well. nential dependence on the inverse temperature in the range
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A L ened by the unresolved shf interaction and approximately
20 - represented by a Gaussian function.
25" exp(-130 M2 erp(-3/T) Van Vleck®?! calculated how the line shape of a pair of
the hyperfine line changes with the ratio of the exchange
] frequency to the hyperfine interaction frequency as param-
] eter. The phenomenon is known as exchange narrowing. The
i line shape approximates to a Lorentzian for the strong
. exchange.
. The fairly narrow EPR spectra at high temperatures,
which are caused by motional narrowitfgare discussed in
the same way as exchange narrowing predicted by Van
o Vleck2%?1 The Lorentzian line shape is given in the form of

1|||\|||\\||\I|||

0 0.05 0.10 0.15 0.20

1T (K™ )= o 3
(@) (w—w0)2+(w§hf/wmn)2’ ®

Y
o

Conductivity (Q'1 cm” )
(4]

N

FIG. 8. Temperature dependence of the inverse of the electrical
resistivity, i.e., the conductivity, for the pure as-groygaGa0,

crvstal wherew, is a resonance frequenayy, is associated with a
Y .

width of the resonance absorption induced by the shf inter-
action, andw,,, represents that spin flips of electrons occur
ter 27/ w,,, through motional narrowing.
‘Localization or delocalization of electrons around the
o(;xygen vacancies strongly corresponds to whether the ob-

from 40 up to about 120 K. The conductivity saturates abov
120 K, reaches a maximum, and then decreases above 200
The decrease is probably related to phonon scattering

electrons. served EPR spectrum is represented by a Gaussian or Lorent-
zian line shape, respectively. Figure 9 shows the integration
V. DISCUSSION of the observed derivative curves together with the fitting
A EPR curves for the pure and Sn-doped samples. In the case of the
_ 1 ) ) pure sample, the observed line shapes above 10 K fit Lorent-
Hajnal et al.* concluded from their calculations that the zians except at 200 K with S“ght asymmetry. Below 10 K,

carrier density is determined by the thermal equilibrium be+the observed line shapes are intermediate between Lorentz-
tween the concentrations af5 and V3®. In the calcula-  jan and Gaussian curves. Such behavior distinctly appears in
tions, however, the possibility for the formation ¥ was  the Sn-doped sample. There are three temperature regions:
not taken into account. The EPR technique is a powerful toothe line shape below 80 K fits a Gaussian, that above 130 K
to reveal localized and delocalized states of unpaired eledits a Lorentzian, and that between 100—125 K is intermedi-
trons. Although information ornV/g cannot be obtained by ate. These results suggest tkBt the donor electrons in the
EPR, it will be shown below, how from the results &%  pure sample are delocalized everb& and(2) those in the
(namely, the line shapes, the temperature dependence of tf&-doped sample may be localized around the oxygen vacan-
linewidths, and the anisotropig values a model for the cies below about 80 K.
donor structure and the electron conduction mechanism can Next, let us consider the temperature dependence of the
be worked out. linewidth for the pure and Sn-doped samples in Fig. 6. The
First, the line shape of the EPR spectrum is consideredialues ofAw(= w2,/ wpy,) in Eq. (3) can be obtained from
As discussed by the Gourier’s grotf!®the line broadening the observed linewidtiAB of the resonance in the unit of
at low temperature is probably caused by a superhyperfinmagnetic field. They satisfy the relatidgm\ w=gBAB, and
(shf) interaction between the electron spin and nuclear spinthus w,,, turns out to be inversely proportional toB. The
of near Ga ions in the form & relation of 1AB versus 1T for the pure and Sn-doped
samples is shown in Fig. 6. The experimental data can be
Lo . - fitted by exponential functions, 16322°T+1.1e"®T and
Hshf:ZJl ALSHAYYS +AS,, (2 3004991 0.8, respectively. The difference in the activation
energy, 19 and 42 meV for the pure and Sn-doped samples,
where|' is the nuclear spin of théth Ga ligand ion and respectively, might be originated by a decrease in the con-
Ai]-(j =X,y,2) is a shf coupling constant. THEGa and’'Ga  centration ofvg after Sn doping, since Fig. 7 indicates a
isotopes with the natural abundance of 0.602 and 0.398, redecrease in plasma absorption for the Sn-doped sample rela-
spectively, possess the nuclear spin of 3/2, and the magnetiive to the pure one. Their behaviorsAB at the higher-
moments of 2.01 and 2.55 respectively, in the unit of thetemperature range are consistent with a model for a ther-
nuclear magneton. Due to tleecharacter of the conduction mally activated polaron hopping betwevg 's.22 The fairly
electron, the associated shf coupling constant is assumed $mall activation energy of 0.7 meV in the temperature range
be isotropic, i.e.A}=A'(j =X,Y,z). When distances to Ga of 5-30 K for the pure sample suggests tunneling between
ions increase, the coupling constant &f decreases. As a Vg’s rather than hopping. On the other hand, the values of
consequence, the EPR spectrum is inhomogeneously broatAB for the Sn-doped sample is independent of the tem-
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(b) Sn-doped Ga203
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FIG. 9. (Color online Integration of the observed derivative EPR spectra in the temperature range of 5—300aKdore as-grown
sample andb) Sn-doped sample with fitting Gaussian curves or Lorentzian curves(d) idenotes an impurity signal.

perature in the range of 5—-100 K, suggesting the possibilitciated with the structure of the oxygen complexes, shown in
that electrons are localized arou\:@ or transfer to neavg Fig. 1(b) and described as follows.
through tunneling as well as the pure sample. (i) The Q1) complex is composed of a G4 and two
Motional narrowing observed in the EPR spectra at highGa(2) ligands in a plane, except that @Gais slightly bent
temperatures is related to electron transfer, whose rate mdgom thec axis. One of the principal axes is parallel to the
be larger than the shf interaction frequency. Electrons arexis, and the other is approximately parallel to thexis.
expected to transfer through hopping or tunneling betweeiThe remaining is perpendicular to the two defined axes.
Vg’s or through narrow impuritylike band conduction. Here, (i) The O2) complex forms a tetrahedron consisting of a
we consider the relation between the electron transfer and tHéa(1l) and three G@) ligands. One of the principal axes is
anisotropicg tensor observed for the pure and Sn-dopecthe direction along the combination of(® and G&l),
samples when motional narrowing occurs. which is rotated about 30° from the axis. The other is
If oxygen vacancies are created at the thr€&)00(2),  parallel to theb axis. The remaining is perpendicular to the
and Q3) sites with equal probabilities, electrons are local-two defined axes.
ized or delocalized around the oxygen vacancy sites with (iii) The Q3) complex is composed of two @B and a
different symmetry as shown in Fig(d). Electrons move at Ga&?2) ligands in a plane. The three principal axes are ex-
random between these three sites when temperature increagested to be the axis perpendicular to the plane, thexis
up to 300 K. As a consequence, the averaging between thgarallel to the direction combining the two @G and the
EPR spectra with different configurations leads to an isotrodirection combining @) and G&2).
pic g tensor. However, the observgdensors are anisotropic. The observed angular variations of the EPR lines in the
This discrepancy may be removed by an assumption tha010 and(001) planes(Fig. 4) determine the principal axes.
motional narrowing occurs preferentially between ones ofThe principalz axis coincides with the crystallineaxis. The
0(1), O(2), and G3). other two lie consequently in th@10) plane, thex axis
Which of the sites @), O(2), and @3) is responsible for being rotated 24° from the axis to thea axis. This is con-
electron transfer is discussed in terms of the anisotrgpic sistent with the estimated structure of thé€Dcomplex, and
tensor. The principal axes of tlgetensor are strongly asso- indicates thatvg’s are presumably generated in thé€2D
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sites. From the above model, donor electrony/8(2) are  leads to the larger overlap, giving rise to the larger conduc-
expected to transfer along theaxis through hopping and tivity along this axis. However, as the cluster size found in
tunneling because the () sites are located at the edges the same samples by TEWRef. 14 are~3 nm, the signifi-
sharing chains of octahedra and tetrahedra alongbtagis ~ cant difference in the andc lattice parameters is not enough
[as shown in Fig. (&)]. to explain the anisotropy of the conductivity.

Finally we consider formation of a narrow impuritylike ~ The temperature dependence of the conductivity for the
band of donor electrons. Hajnat al** concluded that the Pure sample in Fig. 8 can be represented by a double expo-
conduction band-edge state can be extended states of orfeential function 28 3%+ 2e~ 3T, which is very similar to
dimensional chain of Ga atoms in thelattice direction. that of the inverse linewidth for the same sample in Fig. 6
Their calculation is consistent with the anisotropy of opticale€xcept for half the activation energy. Both the inverse line-
absorption edge in the range of 260—280 (Ref. 23 and  Wwidth and the conductivity are almost constant below 50 K,
the conductivity*?® Recently, the peculiar peak structure in but rapidly increase above 50 K. The following points are
the optical absorption edge at low temperature wagoncluded.
reportec?* The peaks have been interpreted as transitions (i) At low temperaturegbelow 50 K) the donor electrons
from discrete energy levels in low dimensional acceptor clustunnel betweeVd 's. The tunneling model is equivalent to
ter with size about 3—4 nm. This acceptor cluster model ighe overlap of the electron wave functions in the donor
consistent with the result that the properties of the absorptiostates, i.e., the Mott criterion.
edge could be observed even in the annealed sample. The (i) At high temperaturesabove 50 K, the temperature
blue luminescence broadband with a peak around 370 nraehavior obeys the Arrhenius equation, being strongly asso-
and the excitation bands with two peaks at 260 and 276 nraiated with the thermal activation of polaron hoppfrig.
were observed in the pure as-grown sample, while these The TEM study indicates that the size of the donor clus-
bands completely disappeared in the annealed safpleters is~3 nm!* Binet and Gourief®?* proposed that the
These results suggest ti{aj the excitation bands of the blue conduction occurs by the electron hopping between donor
luminescence are due to transitions from the valence band ®@usters and that some of acceptors are assembled in low
the donor levels, which are associated with the oxygen vadimensional cluster with size about 3—4 nm. This charge
cancies, and2) the donor and acceptor absorption bandstransfer requires an activation energy, which increases as the
overlap in the range of 260—280 nm. As a consequence, th@stance between donors increases, i.e., as the concentration
impuritylike donor band does not lie in the conduction-bandof V8 decreases. In agreement with this expectation, the ac-
edge, but below it. tivation energy for the Sn-doped sample is larger than that of

The anisotropy of the donor band is not necessarily thehe pure as-grown ongig. 6), since according to the plasma
same as that of the conduction band, with an assumption thabsorption in the IRFig. 7), the carrier concentration de-
the oxygen vacancies were created at random in the crystatreases after Sn doping.

However, the preferential vacancy creation, which is similar
to the one-dimensional chain of Ga atoms could induce the
anisotropy. Further donor band calculation in the base of the VI. CONCLUSIONS

preferential vacancy sites will be required. The electrical conductivity of thg8-GaO5 crystals ex-

hibits a semiconductor behavior even at very low tempera-
B. Mechanism of the conductivity tures. The carrier electrons, whose concentration correlates
3.23 with that of oxygen vacancies, exhibit a delocalized behavior
' even when trapped at the oxygen vacancies. This observation
is consistent with motional narrowing of the EPR spectra in
e temperature range of 5—300 K, which show a Lorentzian
ne shape. Both the temperature dependence of the inverse

Uedaet a reported strong anisotropy of the electrical
properties forB-Ga03, the conductivity along thd axis
being about one order of magnitude larger than that along th
c axis. In the preceding section, we have concluded that vg;

cancies are created preferentially at th@)Gsites, and that linewidth and the conductivity can be described by the

eIect_rons iV move along the b axis. In this section, the Arrhenius equation, where each curve includes exponential
re_Iat|o_n betweep the grystal structure and_ the reported eIe‘:‘:‘[nd constant terms. The exponential term suggests the trans-
tric anisotropy is considered more in detail. fer of electrons between the donor clusters by a thermally

l?’herehare fc_JurFQ) ;Ilglr;ments along thé axis in a unit 4 activated hopping process, whereas the constant term sug-
cell as shown in ig. (B). Oxygen vacancies are assume gests a tunneling process in the clusters and/or between
to be created in the @) alignments, the shortest distance the

(2.6 A) between two @) vacancies is along a direction
tited about 45° from thé101) to theb axis. The distances

between two @) vacancies from further alignments are 3.0, ACKNOWLEDGMENTS
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