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Role of oxygen vacancy defect states in the n-type conduction of B-Ga,0;
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Based on semiempirical quantum-chemical calculations, the electronic band struc8+@&a0-

is presented and the formation and properties of oxygen vacancies are analyzed. The equilibrium
geometries and formation energies of neutral and doubly ionized vacancies were calculated. Using
the calculated donor level positions of the vacancies, the high temperatype conduction is
explained. The vacancy concentration is obtained by fitting to the experimental resistivity and
electron mobility. © 1999 American Institute of Physids$S0021-89769)03318-4

I. INTRODUCTION temperatures 600 °Q can be related to the thermal equi-

. . . librium of the O vacancy concentration with the partial pres-
The developments of the last decade in mlcroelectron|c§ure of Q of the atmospher®

allow, among o_ther things, the autom_atic moniForin_g and The optical band gap of the single-crystalline material
control of chemical processes. Operations of this kind arg .« been measured to be 4.2—4.95/The reason of this

geneLall%base(i oln three u_m(a) thépmomto(rjmg L:rr]nt(sen- relative uncertainty might be the anisotropy of the mono-
son (b) the central processing uniCPU), and(c) the con- clinic material, and/or the difference in preparation. The gap

e e e e 2p{les .4 & measured o plycrysalare also i te
y g P ' above mentioned energy interval.

optimizes and the actuator controls the injected fuel compo- Considering the coordinational difference of the lattice

sition fqr maximum performance at minimum cqnsumptlonSItes inB-Ga0; (e.g., four-fold and six-fold coordinated Ga
and emission. The closer the sensor is to the engine, the mor . X . . o

. . ._sjte9, ions at different sites can have very different binding
effective the system. This means, however, extreme chemica .

. : energies in the crystaf** A further difference between the
and thermal conditions, which the sensor must endure. Ga atoms is shown in band-structur lculafibhssed on
Many semiconducting oxides show characteristic a aloms 1S sho and-suciure calcua sec o

changes in conductivity when exposed to certain oxidizing OtIhe Extended Hekel Theory (EHT): simplified structural

reducing atmospheres. This feature makes them candidat pdels g(ljve rise ;0 ad60h/o Ges4:ontr||but|on o .th? I?westh
for sensor materials, but their resistance and signal stabilit Ing conduction band, that comes almost entirely from the

is poor in most of the cases. An exception is the chemicalI)})CtahGdrats'x'fOId coordinatel Ga atoms. Except for these

and thermally extremely stable, oxygen sensih@a,0s. results, the whole electronic band structurgBefa,0; has
Ga0; shows polymorphism, but at high temperatures”Ot been investigated, neither theoretically nor experimen-

only its 8 form is stable, and this is preserved upon cooling.@!Y- g : :

lts melting point is around 1900 °C, and it does not dissolve ~ 1he band-to-band transitions, observed in optical ab-

even in concentrated acids. Its conductivity) (at high tem- ~ SOTPtion measurements, show similar spread in results in the

peratures is proportional to thel/4-th power of the oxygen C€aseé of different research groups and samples. Photoconduc-

partial pressurein the surrounding gas: tivity experiments, aimed at exploring the gap states, raised
reproduction problem$with the only common observation
Ea that the conductivity response starts-aB.3 eV and has a

o~ P521’4e* KgT, (1) peak around the band gap energy. More recent electron en-

ergy loss spectroscopfEELS) studied? have also found a

with an activation energyH,) of ~2 eV at 950°C. gap state at this energy.

The electronic properties of single-crystalliieGa,05 _ In spite of the fact.that the_equilibration of O vacancies
are varying from insulator to conductor, depending on the/Vith the ; of the ambient gas is commonly accepted as the

circumstances of preparatigsubstrate temperature, ambient Principal mechanism of oxygen sensing, formation and mi-
composition, post-processingin sensor applications for re- gration of these vacancies, and their effects on the electronic
ducing gases, the effect of adsorbed molecules on the po|)p_roperties have not yet been theoretically investigated.

crystalline grain walls is usetiwhile oxygen sensing at high Changes in the conductivity @#-Ga0; are observed to

be primarily related to changes in the carrier den$itthis
density change, in turn, is caused by deviations of the O

dAlso at: Research Institute for Technical Physics and Materials Science(,’.oment of the bulk material from the stoichiometric rafio
P.0O.B. 49, Budapest, H-1525 Hungary. . . N

bCorresponding address: Theoretische Physik, UnivieiSith Paderborn, 10 €stablish a theoretical background to these observations,

D-33095 Germany; electronic mail: hajnal@scientist.com we have studied the equilibrium geometry and electronic
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FIG. 1. IXay, 3Xby, 2Xc, supercell of 3-Ga0;. Ga atoms are the X ) T

larger light shaded, the O atoms the smaller dark shaded ones. The numbers /
mark the three different Qvacancy sites.

structure oV, at all three possible lattice sites. In Sec. Il we
briefly recall the crystal structure information ghGa0O;,
then describe the supercell model we used in our calcularig. 2. Brillouin zone of-Ga,05. Thek points that overlap in thE point
tions. Next, we consider the applicable methods and ouof the 1-3-2 supercell are marked with different letters.

choice of the PM3 semiempirical quantum-chemical Hamil-

tonian. In Sec. lll, we analyze the relaxation of the Ga neigh-

bors of the O vacancies. The total energies of the supercelB. Applied computational methods

containing the defects are then used to calculate and sort the

_fortrr?attlk(])n er(lje_frfgles ;)ghe six casets und”etrhcons_lder&titmtl i:ystalline environment around a defect in,Ga. In this
IS the three difierent L vacancy sites, all tnree in heutral ang,a, o o multiple of the unit cell is taken into account, and

doubly positively charged staesAlso, the electronic struc- cyclic boundary conditions are applied
ture of the defect states is analyzed. This is used to model thg The CCM has been developed to b'e used in conjunction
n-type conductivity. Finally, the defect density is estimatedwi,[h linear combination of atomic orbitald CAO) elec-

by fitting the modgl parameter to Fhe observed temperaturEOmC structure calculation’$.The electronic interactions are
dependence of a given po!ycry§talllne sample. A summary o efined to be restricted to the Wigner—Seitz cell. The choice
the presented results is given in Sec. IV. of the supercell defines a reduced BZ. Since our CCM cal-
culations take only thé" point of the reduced BZ into ac-
count, we have to choose the supercell so thatktpeints
that are folded into th& represent a so-called spedigboint
set!® The choice of the supercell vectors,

a=ag, b=3Xb,, c=2Xc, 3

We have used the cyclic cluster mod€lCM) for the

IIl. COMPUTATION

A. Structure of B-Ga,0,
results in a set of specidl points, that satisfies the Chadi—

C with a base centered monoclinic unit cell containin 8Cohen criteri& up the ninth neighbor shell. The 120 atom
2/m > 9 supercell is shown in Fig. 1, thepoint set in Fig. 2. This

Ga and 12 O atoms(see Fig. 1 Half of the Ga atoms has supercell is the best one in the size range that is still of

six O neighbors in a distorted octahedral arrangement, the .
) ! reasonable computational demand. Our model for the crystal

other half is tetrahedrally coordinated. The numbers show . .
structure uses the x-ray diffraction data, due to Géller.

the three inequivalent positions of the O atoms in the crystal: : ) T .
i L There exist already localized basis implementations of
(1) has four Ga neighbors tetrahedrally arrangeyl lies in he fi incioles local . o f
the plane of a Ga trianglé€3) is out of plane of a Ga triangle the |_rst principles foca density appr_oxmatlor}LDA) 0
" density functional theoryDFT) applying CCM*® but the

N.b., the primitive unit cell of this ;tructure contains on!y size of the systeni120 atoms only allowed us to use it for
half as many atoms as the conventional one, and the primi;

. . the defect free cell.
tive translation vectorsa(, b’, ¢’) can be constructed from L . . -

) The minimal basis semiempirical Hartree—Fock methods
ag, by, ¢y as follows:

appear to be the optimal choice for energy minimization and
ao— by , agtbg electronic structure calculations. The PM3 parametrization of
— =—% . C'=¢. (2)  the NDDO quantum-chemical Hamiltonidnhave already
been proven to be useful in the analysis of point defects in
The Brillouin zone(BZ), defined by these primitive transla- apolar semiconductofé.Because of its self-consistent treat-
tions is depicted on Fig. 2. ment of the electronic structure, we expect it to describe

The space group of the crystal structure®Ga0; is

a'=
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qualitative trends also in a system where considerable char¢ 10 s ' "
transfer occurs due to polar bonds. Examples for such sy
tems are O containing Si surface structtfeand silicon i
suboxides?® Since parametrization of the method was focus- e ——————
ing on binding energies and molecular geomettesemi-
quantitative prediction of vacancy formation energies anc 0
relaxation geometries will be possible.

Energy [eV]
o
o

Ill. RESULTS AND DISCUSSIONS
A. Electronic structure of B-Ga,04

Regarding the ionicity of the bonds, a key property for
the estimation of vacancy formation energigsGa0; is a
border-line case. There is, unfortunately, no experiments
data for this property, and the basic approximations applier _sq ‘ . . . ) ) ‘
in chemistry predict a wide range of charge transfer values r '
Using the difference in Pauling electronegativity, 1.6, the
Ga-0 bond is 60% ionic, that is the charge transfer to the (§!G. 3. Band structure 0B-G&0;, between the specid points of the
atoms is 1.2 The Pauling data are derived from diatomic 1-3-2 supercell.

(i.e., multiple bondegdmolecules, thus they are expected to

overestimate ionicity in more complex systems. The other

. . . conduction band edge states can be treated as extesded
extreme s provided by the Sanderson-fjgartial charge, states of the 1D chain of Ga atoms in thglattice direction
which is 0.19 for GgO5. For comparison, in the case of '

Si0,, the Pauling charge transfer would be d.the Sand- This anisotropy explains the observed polarization depen-

erson partial charge 0.25. This tells us to handle these resul?s?nce In optical absorption as well as the anisotropy in the

.. 3’9
very carefully, since even the predicted trends are opposite iconduct|V|ty. The valance band edge states, on the other

the two methods. Airst principlesLDA calculationt® on the Pland, are arising from the nonbonding electron pairs of the

perfect cell at the experimental geometry, with a small basi%hree']cOId coordinated O atoms, with almost negligible dis-

set(six contracted Gaussians for alandp orbitalg resulted p_ers_ion. The iundamental opiical iransitions are then the ex-
in a charge transfer of 0.46or the fourfold coordinated O citations between these two types of states. The nonbonding

atoms (marked 1 in Fig. 1 and 0.2% and 0.34 for the oxygen states, due to their weak interactions with each other,

threefold coordinated one@ig. 1: 2 and 3, respectively ?eﬁma e;‘rf’é‘;"l'” the ~experimentally ~ observed  exciton
Due to the known overbinding effect in LDA, the calculated ppIng.

binding energy,—4.02 eV/bond is significantly exceeding tir IThE]’: C\I/ghilr eirrl:targr;y E)iirtgther;ﬁlincs\lﬁﬁmihcorlls\lstsr en-
the experimental value of2.46 eV/bond. ely of weakly interacting OR orbitals, € the lowe

Using the PM3 semiempirical method, we have mini- °""9Y band contains the Gs-4 2 bonding states.

mized the total energy of the 120 atom 1-3-2 supercell with

respect to the cell dimensions. The symmetry relations of th@. Oxygen vacancies in  B-Ga,0;

B-Ga0; crystal have been applied. The optimum lattice

vectors we found to be 6% shorter than the experimentaflro

value, and the binding energy was3.04 eV/bond. This is a

more realistic result, than that of the LDA, but is still stron-  G3,0,+Ga,0;:Vo+ £0,. (4)

ger than the experimental bond strength. The reason for this,

and the shorter bonds as well, is likely to be the overestimalt is generally assumed that vacancies in ionic compounds

tion of charge transfer, 1.45or the four-fold, and 1.3dfor ~ are formed in their doubly positivéabsolut¢ charge state.

the three-fold coordinated O atoms. The band gap, calculatebh€ formation in this case is described by the reaction

from the total energy of the supercell in ground and excited A+ _

state, is 5.58 eV. The deviation from the experimental values Ga0;—~Ga0s: Vo " + 70, % 28, ®

of 4.2—-4.9 eV is mainly due to the finite model, and alsowhere the electrons are moved to the vacuum energy (ével

because of the overestimated ionicity of the bonds. The cakV). Table | shows the estimated formation energies of the

culated band structure is shown in Fig. 3. The energy valueseutral E,,) and the doubly chargedE(,.) vacancies.

at the markedk points (same as in Fig. 2are simply con- They have been calculated using the PM3 total energies of

nected with straight lines. This is the band-structure calculathe defect and the perfect supercell. Since the CCM does not

tion for B-Ga0; with an SCF electronic structure method. take long range Coulomb interactions into account, the pre-
Detailed analysis of the wave functions confirms the presented values can only be used to compare formation ener-

diction from EHT calculations? that the conduction band gies of defects in the same charge stat, in columnE, .

edge has 64% contribution from Gadtates. However, we or E,,. of Table |). The structural relaxation was allowed up

do not find considerable difference between the contributiono the second nearest neighbor shell, total energies have been

from the tetrahedral and the octahedral Ga atoms. Thus, thmnverged to within 0.001 eV/atom.

The vacancy formation energies have been calculated
m the reaction
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TABLE |. Formation energies and donor levels of the O vacancies in 100 T T T T
B-G&0;3.

Sigrf Coordination Eyac (€V) Evme (V) Edor?
1 4 5.3 4.3 4.3 E
2 3 4.0 6.1 2.8 g 10
3 3 6.3 5.2 4.2 o]
=3
#See Fig. 1 o

bwith respect to the valance band edge.

The neutral vacancies give rise to doubly occupied dono
levels in the gap. The energy values of these are shown in tt
columnEy,, of Table I.

The relaxation of the neighboring Ga atoms is different %2 115 11 105 1 095 09 085
in the case of different sites: The first vacar{éyurfold co- 1000K/T
ordinated, number 1 in Flg.)Jha§ three Ga nelghbors_that FIG. 4. Arrhenius plot of the resistivity g8-G&0;. Square points: poly-
are octahedrally, and one that is tetrahedrally coordinateQyystaliine sample in pure Natmosphere. Triangles: polycrystalline sample
The former ones relax 0.07 A outwards from the vacancyin vacuum. Thick solid line: calculated assumingViy density of 5.0
site, while the latter one is relaxing 0.2 A inwards. The donorx10%m™.
state is localized on this atom, so that the GadAd 4 con-
tribution is ~70% with ans/p ratio of 2.5. Thep contribu-
tion makes this state point towards the vacancy site. Conductivity and Hall measurements prGa,0; have

Two tetrahedral Ga neighbors of the second VacancﬁhOWl‘?z that the conduction is purely electronic, and that the
(threefold coordinated, number 2 in Fig) dre relaxing 0.3 mobility in the single- as well as the polycrystalline phases
A inwards and form a weaksr bond. The octahedral Ga can be described by the relation
relaxes 0.07 A outwards. The above mentioned doubly occu- ~ g~ 06 eVkgT )
pied bonding state has an energy level in the forbidden gap.

In the neutral state, this vacancy seems to be energetical§nd the value of the mobility is 5 civ—'s™* at 1000°C.
favorable, but the gap state lies so deep in energy, that it cadsing Eg.(6) for the calculation of carrier density and Eq.
not be considered as a donor even at very high temperatured) for the carrier mobility, one can express the resistivity as
It might serve as hole trap, though. It is also likely to be the 1 1

gap state giving rise to the photoconductivity respofisad p=—=
also seen in EELS spectta. ML

The third (out of Ga triangle, number 3 in Fig) ¥a-  with only one constant, the vacancy concentration remaining
cancy has the highest formation energy in its neutral stataindefined. Figure 4 shows the Arrhenius plot of the resistiv-
The relaxation of its two octahedral Ga neighbors is outdity of polycrystalline 8-G&05; samples in pureN, atmo-
wards, and the tetrahedral relaxes inwards. This is similar tsphere and in vacuurfsquares and triangles, respectively
case of the firstfourfold coordinated vacangyas is the do- The solid line shows the calculated resistivity, using ).
nor state, localized on the tetrahedrally coordinated, inwardhe assumed vacancy concentratiohljs=5.0x 10 cm ™3,
relaxing Ga atom. A good agreement for the higher temperature region is
achieved. The difference at lower temperaturesder~ 900
K) arises probably from the contribution of other conductiv-
ity mechanisms.

®

C. Model for the n-type conduction

In the previous section, we have shown that oxygen va-
cancies are functioning as donors, thus explaining the higlllv' SUMMARY
temperaturen-type conduction in3-Ga0s. Now, it is pos- The electronic band structure of the perfe&tGa,O;
sible to construct an approximative expression for the conpgs peen calculated in a 120 atom CCM cell using the PM3
duction electron densityn() as a function of temperature, semiempirical Hamiltonian. With the same Hamiltonian and
supposing the O vacancy concentratidf to be constant, assuming up to second nearest neighbor relaxation, the total
and the lowest energy neutral, and lowest energy doublgnergy of supercells containing an oxygen vacancy have
charged vacancies to be in thermal equilibrium: been minimized with respect to atomic coordinates, applying
no symmetry restrictions. It is generally observed that the
©6) octahedrally coordinated Ga atoms relax only very little
away from the vacancy, while the tetrahedral ones relax con-
Here,AE is the formation energy differend@.3 eV) in the  siderably towards the vacancy center. Neutral and doubly
neutral state of vacancies 1 andgy, andEy, are the donor positively charged states have been found to be stable, and
level ionization energiel.2 and 2.5 eV, respectively formation energies of these have been derived.

ne~N,[e~ AF/keTe— Ea2aT 1 (1 — g~ AE/KeT)e~ Eax/eT],
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