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Identification of the Bi&, heteroantisite defect in GaAs:Bi
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GaAs lightly doped with the heaviest group-V atom, bismuth (Bi), has been studied by conventional
electron-spin resonance (ESR) and by ESR detected via the magnetic-circular-dichroism (MCD) absorp-
tion. A new Bi-related sharp-line MCD band has been observed on which two MCD-ESR lines have
been discovered. They are shown to arise from the singly ionized Biz, double donor. Most remarkably,
a substantial fraction, about 10%, of the total Bi content is found to occupy the Ga site. The BiG, MCD
absorption band is tentatively assigned to an exciton deeply bound to the singly ionized double donor

~ +Bi~,

I. INTRODUCTION

In elemental crystalline semiconductors only two basic
types of lattice disorder exist: vacancies and interstitials.
In binary semiconductors a third type of intrinsic disor-
der is possible, namely antisite defects. These are mis-
placed atoms, e.g. , an anion on a cation site, or vice ver-
sa. These antisite defects were almost completely ignored
until the middle of the 1970s.' The first reliable experi-
mental evidence for an antisite defect was obtained for
the III-V semiconductor GaP, where the Pz, anion an-
tisite defect was identified by electron-spin resonance
(ESR). For GaP, GaAs, and InP the anion antisites Po„
As~„and P,„, respectively, have become the most reli-
ably identified intrinsic defects. '

Isovalent (isoelectromc) impunties in GaAs have at-
tracted interest as dopants to reduce the dislocation den-
sity of semi-insulating material. In such samples also
anion heteroantisites, i.e., non-native group-V dopants on
the Ga site, have been discovered, the first example being
Sba., in GaAs:Sb, and very recently Pz, in GaAs:P. In
this paper we report on the identification of the Bi&,
heteroantisite in GaAs:Bi and we show that heteroan-
tisite formation probability in GaAs increases dramati-
cally by five orders of magnitude in the sequence As&„
Sb&„and Bi&,.

The data to be reported here are mostly based on the
magnetic-circular-dichroism (MCD) absorption tech-
nique. The MCD absorption is defined as the difFerence
in absorption of right and left circularly polarized light
when the sample is placed in an external magnetic field
and the light propagates along the field direction. Of par-
ticular interest for defect studies is the paramagnetic
MCD which is temperature dependent. It arises from the
difFerential optical absorption due to transitions between
Zeeman split levels. The paramagnetic MCD signal
strength is therefore proportional to the ground-state
spin polarization. The technique reveals its full power
when combined with microwaves. If the MCD signal is

monitored at a fixed photon energy while sweeping the
magnetic field, there will be a change in the MCD signal
at resonance since the microwave transitions change the
ground-state spin polarization. This change is the
MCD-ESR signal. In many cases MCD-ESR is consider-
ably more sensitive than conventional ESR.

II. EXPERIMENTAL DETAILS

The GaAs:Bi crystals used for this study were grown
by the liquid encapsulation Czochralski technique from a
bismuth-doped melt. A secondary-ion mass spectroscopy
analysis of the pulled crystal indicates a Bi concentration
of 2.6X 10' cm corresponding to an efFective segrega-
tion coefficient of around 1X10 for Bi in GaAs. Hall-
efFect analysis of this material shows semi-insulating
behavior with resistivities in the mid 10 0 cm range and
a mobility of about 5800 cm /V s at 300 K.

Conventional ESR measurements were performed at
9.55 GHz using 100-KHz field modulation and lock-in
detection. The samples were mounted in a liquid-He
continuous-liow cryostat. A E-band (18—26 GHz) opti-
cally detected magnetic-resonance setup built around a
4-T superconducting split-coil magnet was used for
magnetic-circular-dichroism absorption and MCD-ESR
studies.

III. RESULTS

It was first attempted to observe ESR lines attributable
to Bi&, by conventional ESR at 9.55 GHz. No such sig-
nal was found up to fields of 1.75 T in this early stage but
the GaAs:Bi samples revealed the four-line Aso, +

hyperfine pattern between 0.15 and 0.44 T already in the
dark.

In the next step, the MCD absorption of a GaAs:Bi
sample was measured. A spectrum is shown in Fig. 1 and
it is readily recognized to be a superposition of the well-
known As&, EL2+ MCD absorption band and a new,
sharply structured band between 1.1 and 1.2 eV. Figure
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TABLE I. Parameters for group-V antisites in GaAs.

PG,
Aso,

121Sb

Bi

1.99
2.04
2.02
2.055

A (GHz)

1.80
2.70
6.61

10.96

A /Af

0.140
0.184
0.188
0.141

Formation
probability f

—10
—10

10
—1

(0/+) level
below E, (eV)

0.75
0.48

0.35—0.50

tions exist. They are plotted in the Breit-Rabi diagram
of Fig. 4. With g and 3 as listed in Table I for Bi&„ the
two allowed (km+=+1) microwave transitions at 20.45
GHz, shown as the dashed line in Fig. 4, provide a fit to
the two MCD-ESR lines in Fig. 3, and are accurate to
within 5 mT. We therefore assign these lines to the Bi&,
antisite. The experimental error in g and 2 is 0.005 and
0.05 GHz, respectively.

It is noted that the above assignment is consistent with
the observed change in resonance fields of the two
MCD-ESR lines when the microwave frequency is slight-
ly increased. Second, a g value close to the free-electron
value (2.002) is what one expects for an s-like ground
state. Finally, it is now demonstrated by a scaling pro-
cedure that the hf-parameter 3 deduced from the spec-
trum is reasonable also. Listed in Table II are the hf pa-
rameters of the group-V antisites in GaAs, VG, +, the
doubly negative group-V hexafluoride radicals, VF6
and of the fourfold ionized group-V free atoms, V +."
As for the free V + ions, the electron configuration of the
group-V element in the hexafluorides is ns . In an ionic
picture, the charge state of a singly ionized group-V an-
tisite double donor in GaAs is also V + with an ns'
configuration. One can therefore use the ratio
A (Aso, + )/A (AsF6 ) =0.287 for scaling the A values
of SbF6 and BiF6 to obtain estimates of 3 for SbG, +

and Bio, +. These values are given in brackets in Table
II and to within 10% agree with the hf parameters deter-
mined experimentally. Thus, the Biz, + assignment is
sound.

The microwave transition observed by MCD-ESR
within the F=5 manifold should also be observable by
conventional ESR at 9.55 GHz, see the short arrow in
Fig. 4. Once g and A are known from the K-band
MCD-ESR data, the resonance field at 9.55 GHz can be
predicted accurately. It should occur at 1.42 T. The
ESR spectrum, therefore, has been remeasured between
1.3 and 1.5 T using signal-averaging techniques. The
9.55-GHz trace in Fig. 3 is an average of 10 individual
scans. A weak isotropic line at 1.42 T with a peak-to-
peak width of 35 mT (true width 42 mT) is, in fact, ob-
served already in the dark. This finding provides the final
confirmation for the Bio,+ model.

Most often, MCD-ESR lines correspond to a decrease
in MCD absorption intensity as for the 2.06-T line in Fig.
3, since microwave transitions usually destroy the spin
polanzation partially and thus the paramagnetic MCD.
A sign reversal, as for the 1.63-T line in Fig. 3, has been
reported occasionally, e.g., in the MCD-ESR spectra of
Fe + in Inp (Refs. 12 and 13) and for the BiM, + defect in
Bi,2MO2o (M= Si, Cie, Ti) sillenite crystals. ' For

InP:Fe + optical pumping effects have been invoked' to
explain the effect. Although optical pumping can lead to
a ground-state population inversion, ' this explanation is
inadequate in the present case. Alternatively, for
InP:Fe + the effect has been ascribed' to specific spin-
lattice relaxation rnechanisrns. A similar model has been
proposed for Bi~ in sillenites. ' Here we suggest still
another but very simple and transparent explanation.
The MCD absorption intensity at a fixed photon energy
as a function of the magnetic field is a measure for the
total ground-state electron-spin polarization P which is
the sum of the individual contributions from all occupied
Zeeman levels, in the present case all (F,m~) levels in
Fig. 4. For such an individual contribution PF, the fol-
lowing proportionality holds

TABLE II. Hyperfine parameters A in GHz for V~, + an-
tisites in GaAs and tetravalent group-V ions.

"As Sb 209B.

Vaa

(VF 2 )d

Ag'

2.70'

9.40
14.66

6.61'
(6.14)
21.39
35.10

10.96'
(10.35)
36.02
77.53

'Reference 5.
"Predicted by scaling, see text.
'This work.
Reference 10.

'Calculated value for a free-ion ns electron, Ref. 11.

where E~ is the energy of the level (F,m~), all other
symbols having their usual meaning. The above relation
reveals that Zeeman levels with a positive (negative) slope
versus FX give a negative (positive) contribution to the to-
tal polarization. In particular, for a vanishing slope there
is no contribution to the polarization. Therefore, a mi-
crowave transition starting from a level with zero slope
and ending in a level with negative slope necessarily in-
creases the total polarization and thus the MCD intensi-
ty. The only condition is that the occupation of the lower
level is higher than that of the upper one. Of course, this
is the case in thermal equilibrium. This situation is seen
to occur for the 1.63-T transition in Fig. 4. It is suggest-
ed that this is the basic mechanism producing enhancing
MCD-ESR signals. Analogous considerations immedi-
ately show that the 2.06-T transition quenches the MCD
intensity.

The Bi~, + concentration estimated from the ESR in-
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tensity is around 3 X 10' cm . This small concentration
explains why the Bio., + ESR line was not observed in the
initial attempt. On the other hand, this BiG, concen-
tration is large in view of the total Bi concentration of the
sample, 2.6X10' cm . If an antisite formation proba-
bility f is defined as the ratio of group-V antisite concen-
tration and the total group-V atom concentration, one
finds a dramatic increase of f with increasing group-V
atomic number. For the intrinsic Aso, defect in GaAs f
is around 10, for Sbo, it is around 10, and for Bio,
it is near 10, see Table I. Most likely, this increase is a
consequence of the decreasing electronegativity in the se-
quence As, Sb, Bi. Size effects, on the other hand, seem
to play a minor role.

It has not been possible to measure the positions of the
two Biz, donor levels, e.g. , by photo-ESR. However,
rough estimates can be obtained in the following way.
According to the electrical specifications of the sample
and to the fact that ESR of As&, + is observed in the
dark, it is clear that the Fermi level is pinned to the
midgap position, i.e., 0.75 eV below the conduction-band
edge E,. From the known trend for the chalcogen double
donors S, Se, Te in silicon' and from theoretical predic-
tions, ' one expects for the group-V double donors on
a Ga site in GaAs that both donor levels become shal-
lower in the sequence As&„Sb&„and BiG,. For Sb the
second level (+/++) is at E, —0.7 eV. The corre-
sponding BiG, level cannot be significantly shallower
since this would prevent observation of the Biz, + ESR
and MCD-ESR in the dark. Therefore the
Bio,(+ /++ ) level should be in the range 0.7 —0.65 eV
below E, . ' The first donor level of a double donor in
tetrahedrally bonded semiconductors is typically 0.2—0.3
eV above the second level. ' ' Thus, the Bio,(0/+ ) level
is expected in the range 0.35—0.50 eV below E, .

Apart from the parameters discussed above, Table I
also contains a column for A /Af which is a measure for
the density of the second donor electron at the central
atom of the antisite in question. This density for Bi&, +

is smaller than for As&, + or Sb&, + but still typical for
group-V antisites in III-V compounds. In this connection
it is also instructive to note that the bismuth Fermi con-
tact interaction decreases from the free-ion value

Af =77.5 GHz to 36.0, 19.2, and 10.9 GHz in sixfold
Auorine coordination, ' sixfold oxygen coordination, '

and fourfold As coordination, respectively. Of course,
this trend rejects the decreasing ionicity of the ligands.

The Bio, + MCD-ESR is observed only on the MCD
absorption band in Fig. 2. Therefore the band must be
related to Bi&, and the initial state of the optical transi-
tion responsible for it must be the Bio, + ground state.
The shape of the Bi&, + band is, however, very different
from the Aso, EL2 (Ref. 7) and the Sbo, + (Refs. 23
and 24) MCD bands. They have a spectral extent exceed-
ing that of the Bio, + band by about a factor of 7 and
they do not reveal any sharp structures. This broadband
character is one strong argument for the involvement of
ionizing transitions in the MCD absorption of As&,
EL 2+ and Sbz, +. ' Nevertheless, other authors for
As~, EL2+ prefer an interpretation in terms of an inter-

nal 3,—+ T2 transition. The characteristics of the Bio,
MCD band reveal that an ionizing transition, in this case,
is very unlikely. It is therefore proposed that the Biz, +

MCD absorption is due to the creation of an exciton at
Bi&, + according to the reaction Bi++hv~Bi&, +X.
This interpretation is suggested by the striking similarity
of the Bio., + MCD band and those of excitons bound to
neutral shallow donors in GaP. The Bi&, +X bound ex-
citon can be viewed as Bio, h with the electron deeply
bound in the Bio,(0/+ ) donor level and with the hole h

weakly bound to the neutral Biz, donor. In this model
hole binding must result from a short-range potential,
possibly mediated by the strain field induced by the ex-
pected very large, totally symmetric outward relaxation
of the As ligands surrounding Bio,. The exciton model is
consistent with the energetic position of the 1.103-eV
zero-phonon line in the Biz,+ MCD spectrum. Neglect-
ing the hole binding energy and using the above estimate
for the Bio,(0/+ ) level position one finds that the Bio, +

exciton ZPI. should occur between 1.17 and 1.02 eV. Al-
though the excitonic model for the Bio, + MCD band is
appealing it needs further confirmation, in particular
since the A

&
~T2 internal transition model for Bio, also

has appealing features. One difficulty with the latter
model, connected with the enormous spin-orbit coupling
of bismuth p electrons (e.g., b,„=2.58 eV for the Bi +,
configuration s p', free-ion ground state), is, however,
evident. The calculated 2, ~T2 splitting is very close to
1.0 eV for the Pz„ the As&„and the Sb~, antisites in
GaAs. ' ' Assuming the same splitting for Bio„ the
spin-orbit interaction within the T2 state may reduce the
separation between the spin-orbit levels I 6 ( A, ) and I 7

( T2) to a value much too small to account for the posi-
tion of the 1.103-eV zero-phonon line.

V. CONCLUSION

Semi-insulating GaAs doped with Bi to a level of
2.6X10' cm has been studied by conventional ESR,
MCD, and MCD-ESR. The MCD-ESR together with
the ESR results unambiguously demonstrate the ex-
istence of BiG, antisite defects. Their concentration
amounts to about 10/o of the total Bi concentration, and
it is concluded that antisite formation probability in
GaAs increases by five orders of magnitude in the se-
quence As&„Sb&„BiG,. Estimates for the two levels of
the Bi&, double donor are given. A simple explanation
for the occurrence of enhancing MCD-ESR signals is
presented.

The shape of the observed Biz, MCD absorption band
is qualitatively different from those reported for a11 other
anion antisites in III-V compounds. It is suggested that
the optical transition giving rise to the MCD band, in the
present case, involves an exciton deeply bound to BiG, +.
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