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Electron paramagnetic resonance identification of the Sbg. heteroantisite defect in GaAs:Sb

M. Baeumler, J. Schneider, and U. Kaufmann
Fraunhofer-Institut fiir Angewandte Festkorperphysik Eckerstrasse 4, 7800 Freiburg, West Germany

W. C. Mitchel
Air Force Wright Aeronautical Laboratories, Wright-Patterson Air Force Base, Ohio 45433-6533

P. W. Yu
University Research Center, Wright State University, Dayton, Ohio 45435
(Received 22 November 1988; revised manuscript received 19 January 1989)

GaAs doped with antimony (Sb) to a level of 10" cm ~3 has been studied by electron paramag-
netic resonance (EPR). A new EPR spectrum has been discovered which is identified as the Sbga
heteroantisite defect. The electronic structure of this defect is practically identical with that of
the intrinsic-anion antisite defects in GaP, GaAs, and InP. The EPR results show that Sb can be
incorporated as an electrically active defect and therefore is not a suitable isovalent dopant in the
growth of low-dislocation-density semi-insulating GaAs.

Doping of III-V compounds with non-native group-III
or -V elements, so-called isovalent impurities, has attract-
ed considerable interest as a means to reduce dislocation
densities of semi-insulating materials.! In particular In
doping of otherwise undoped liquid encapsulated Czo-
chralski (LEC) GaAs has been studied extensively and
has resulted in low-dislocation-density (<1000 cm ~2)
semi-insulating (p= 107 @ cm) GaAs:In material.?~

To be useful in the growth of semi-insulating LEC
GaAs, an isovalent dopant should be electrically inactive.
However, this is not necessarily the case. Boron, for ex-
ample, which is a common isovalent contaminant in LEC
GaAs can be incorporated on the As site if the material is
grown under Ga-rich conditions.® Thus, boron can form a
heteroantisite defect Bos which should be electrically ac-
tive as a (double) acceptor.

Antimony (Sb) doping of LEC GaAs has also been
studied.»>”® Such material turned out to be high-re-
sistive n type but the resistivity never exceeded 10° @ cm
in contrast with undoped or In-doped material. Hall
effect measurements>’-® have revealed a deep donor level
at £.—0.48 eV which has been attributed to the Sb
dopant. It has been suggested”® that this level might be
related to the Sbg, heteroantisite.

In this Rapid Communication we will present the re-
sults of an electron-paramagnetic-resonance (EPR) study
of GaAs:Sb samples grown from near stoichiometric
melts. These results provide a direct confirmation of the
existence of Sbg, heteroantisite defects in high concentra-
tions and they show that this defect is electrically active.
Very likely it is in fact responsible for the E. —0.48 eV
donor level in GaAs:Sb. .

The two GaAs:Sb samples studied in this work were cut
from the same ingots (4 and B) as were those investigated
rccently by Hall effect and photoluminescence measure-
ments.® Both ingots weré pulled by the LEC technique
from pBN crucibles. Melt 4 was slightly As rich, while
melt B was slightly Ga rich. The ingots had room-
temperature resistivities around 10° © cm and contained a
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total Sb concentration of about 10'° cm 3. Both samples
exhibited the EPR signal identified here with Sbg,. How-
ever, the signal intensity in sample 4 was a factor of 3
stronger than that in sample B. Therefore, all results re-
ported here refer to sample 4. The EPR measurements
were performed at 9.5 GHz using 100-kHz field modula-
tion and lock-in detection. Signal averaging was frequent-
ly employed to enhance the signal-to-noise ratio. The
samples were mounted in a liquid-He continuous flow cry-
ostat and could be illuminated with monochromatic light.
Defect concentrations were determined from the EPR sig-
nal intensities by comparison with a sulfur doped GaP
standard.

The EPR spectrum of sample A is shown in trace (a) of
Fig. 1. Four broad lines (linewidth 39 mT) at fields of
216, 566, 708, and 767 mT are seen. They are isotropic
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FIG. 1. (a) Measured EPR spectrum of GaAs:Sb showing
four lines due to Sbga*. (b) Simulation of the Sbga* spectrum
with the spin Hamiltonian parameters quoted in Table 1.
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and are observed in the dark. Below 9 K they start to sat-
urate. For reasons to be given below, these four lines are
identified with the Sbg, ™ heteroantisite. The relatively
sharp features at 157 and 326 mT are not part of the
Sbga ™ spectrum, but arise from the glue used to mount
the sample and from a defect near the surface, respective-
ly. The latter signal is absent in freshly etched samples.
Trace (b) in Fig. 1 is a simulation of the Sbg, * spectrum
which will be explained later.

Dramatic changes in the EPR spectrum occur when the
sample is illuminated with below band-gap light. In Fig. 2
a dark spectrum is compared with a spectrum recorded
after 5 s of optical excitation with Azv=1.46 eV. After il-
lumination the Sbg, * lines have almost completely disap-
peared and a new four line spectrum has emerged which is
readily recognized as that of the Asga T antisite defect. 10
As will be discussed below these light-induced effects are
fully consistent with the known optical properties of Asga.

Since Sb is isovalent with As, the defect Sbas should be
diamagnetic and should not give rise to an EPR spectrum.
On the other hand, in full analogy with Asg, in GaAs
(Ref. 11) and Pg, in GaP,'? Sbg, is expected to be a dou-
ble donor which is paramagnetic in its singly ionized
charge state, Sbgat. The orbital part of its ground-state
wave function is expected to be s-like and this is consistent
with the observed isotropy and saturation behavior of the
lines in Fig. 1(a). Therefore, a strong, isotropic Fermi
contact hyperfine (hf) interaction between the electronic
spin and the nuclear spins of Sb is expected. It is the ob-
servation of this hf interaction which allows an unambigu-
ous chemical identification of the Sbg, defect.

Antimony has two isotopes '>!Sb and '?>Sb with natu-
ral abundancies of 57% and 43%, respectively. They have
nuclear spins I3 = 3 and I1;3=7. Thus, the spin Ham-
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FIG. 2. EPR spectra of GaAs:Sb (a) measured in the dark
and (b) measured after 5 s of illumination with hv=1.46 eV.
The Sbga* concentration in (a) is very similar to that of Asgs ™
in (b) (=1x10'® cm ~3?) although the line intensities differ
significantly. This is due to the different nuclear spin multiplici-
ties of Sb and As.
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iltonian appropriate to analyze the spectrum in Fig. 1(a)
has the form

# =gusH-S+AI'S (1)

with electronic spin S = 3. The g factor and the hf con-
stants 421, Aj23 are pararheters to be determined from
the spectrum. In zero magnetic field the hf interaction
splits the Sbg, ™ ground state into states of total angular
momentum F=]+S=23 for '?!Sb and F=3,4 for
1238b. In a magnetic field these states are split and their
energies are given by the eigenvalues of the above Hamil-
tonian for which simple analytical solutions exist.!> They
are plotted in the Breit-Rabi diagrams of Fig. 3. A per-
fect fit to the positions of the four Sbg, * lines is obtained
with the parameters g, A2, and 4,3 as given in Table I
if the lines are assigned to the four transitions shown in
Fig. 3. The consistency of this assignment is easily
checked by noting that the isotropic hf coupling constant
A is given by

A=(87r/3)ggNuBuN|u/s(0)| 2, )

where up is the Bohr magneton, gy and uy are the nu-
clear g factor and nuclear magneton, respectively, and
| w;(0) | % is the paramagnetic electron’s density at the nu-
cleus. Thus A;2;/A4,23=1.84, as inferred from Table I,
should be equal to gA?!/giA?3. In fact, the latter quantity,
as obtained from tables of nuclear data, is 1.846. This
confirms the identification of the new EPR spectrum with
Sbga. As already mentioned, the simulation in Fig. 1(b)
has been performed with the Sbg, parameters listed in
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FIG. 3. Zeeman splittings of the Sbg, ™ ground states (Breit-
Rabi diagrams) for the isotopes '*!Sb and '>’Sb as obtained
from the exact solutions of the Hamiltonian given in the text.
Observed EPR transitions are indicated by arrows.
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TABLE I: EPR parameters of antisite defects in GaP, InP,
and GaAs. Note that the A, values contain a relativistic correc-
tion which is especially prominent for Sb (Ref. 16). In this case
it amounts to 52% of the unrelativistic value.

g A(GHz) A;,(GHz) A/A; Reference
GaP:*'Pg. 2.007 2.90 13.31 0.218 14
InP:3'P, 1.998 2.76 13.31 0.207 15
GaAs:"’Asga  2.04 2.70 14.66 0.184 9
GaAs:'Y'Sbga  2.02 6.61 35.10  0.188 This work
GaAs:'#Sbg,  2.02 3.60 19.01 0.189 This work

Table I, which fix the line positions. No additional pa-
rameter is needed to fit the relative intensity of the '2'Sb
and '2’Sb lines. This quantity is fixed by the natural
abundancies and the nuclear spins of the two Sb isotopes.
Although the hf splitting provides a definite chemical
identification of the Sbg, defect, the EPR spectrum con-
tains little information about the defect’s surroundings.
Therefore, we assume that we encounter the simplest case:
namely, that of an isolated antisite Sbg,Ass. Of course, a
small fraction (~0.1%) of Sbg, may be present in the
form of SbgaAs3Sb complexes.

In Table I the spin Hamiltonian parameters of the Sbg,
heteroantisite in GaAs are contrasted with those of the in-
trinsic anion antisites in GaP,'* InP,'> and GaAs.” The
table also contains a column for A4, which is the value of 4
in Eq. (2) calculated for a single ns electron (n =3,4,5 for
P, As, and Sb, respectively) of the free atoms.'® The ratio
A/Ay represents the paramagnetic electron’s density at
the central atom of the antisite in question.!” For all the
antisites listed in Table I this density is nearly constant,
varying only between 18% and 22%. In particular, A/Ay
is practically identical for Asga* and Sbg,* in GaAs in-
dicating that these two antisites have the same or at least
nearly the same microscopic structure. This conclusion is
further supported by the fact that Sbg,+ and Asg, * have
practically the same EPR linewidths which are a measure
for the li%and hf interaction with the four nearest-
neighbor >As nuclei. Thus, the wave-function localiza-
tion must be very similar for Sbga ™ and Asga™. This
point seems to be important in view of the disputes about
the exact microscopic nature of Asg, in as-grown GaAs. '°

The present data very strongly support the view that the
E.—0.48 eV donor level previously inferred from Hall
measurements® on the same GaAs:Sb samples is in fact
the Sbg,>* donor level. According to the Hall data this
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level pins the Fermi level Er. However, because of residu-
al acceptors the Sbg,** level will be partially compensat-
ed and one expects to observe the Sbg, ¥ EPR in the dark,
but no Asga T EPR since the Asg.>* level at E. —0.75 eV
is below Er and therefore fully occupied (neutral). This is
nicely confirmed by the dark spectrum in Fig. 2(a) from
which a Sbg,t concentration of = 1x10'® cm ™3 is ob-
tained. From previous photo-EPR studies of Asg, " it is
known that this signal in undoped semi-insulating GaAs
can often be enhanced with light in the 1.4 eV range, the
enhancement resulting from the process Asg.’+hv
— Asga T +e ~.!! It is almost certain that the simultane-
ous generation of Asg, T and quenching of Sbg,* in Fig.
2(b) is due to the above process and the subsequent trap-
ping of the electrons at Sbgat. The Asgat concentration
inferred from Fig. 2(b) is 1.2%10'® cm ~3. It thus ap-
pears that Av=1.46 eV excitation quantitatively transfers
electrons from Asg,° to Sbg, ™.

The Asga’ concentration in standard undoped semi-
insulating GaAs is close to 1 X 10! cm 73, i.e., of the order
one ppma. The Sbga T concentration in the samples stud-
ied here is around 1x10'® cm ~3, too. Since the total Sb
concentration was near 10'° ¢cm ™3, ~0.1% of the Sb
dopant atoms enter the GaAs lattice as Sbg, heteroan-
tisites. Thus, formation of Sbg, is a factor of ~1000
more likely than that of Asg,, probably because of the
more metallic character of Sb as compared to As.

In conclusion, doping of GaAs with isovalent Sb leads
to the formation of Sbg, heteroantisites. At a doping level
of 10" cm 73, about 0.1% of the dopant atoms are incor-
porated in this electrically active form. Comparison with
previous Hall data provides very strong evidence that the
Sbg,%* donor level is at E. —0.48 eV. For this reason Sb
is not a suitable isovalent dopant in the growth of semi-
insulating GaAs with resistivities in the 107-10® Qcm
range.

Whether Sbg, is really a double donor, as is the case for
the intrinsic antisites Asg, in GaAs and Pg, in GaP,
remains to be investigated. In addition, it would be very
desirable to know whether Sbg, exhibits metastable be-
havior as does Asg,. If the metastability arises from an
off-center motion of the antisite, as suggested for
AsgGa, '3 the corresponding effect for Sbg, may be im-
peded by size effects.
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