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Magnetic circular dichroism and optical detection of electron paramagnetic resonance
of the SbG, heteroantisite defect in GaAs:Sb
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In an investigation of GaAs doped with Sb to a concentration of =1X10' cm, the electron-
paramagnetic-resonance (EPR) signal of the SbG, heteroantisite defect has been optically detected by
monitoring the microwave-induced changes in the magnetic-circular-dichroism (MCD) absorption sig-

nal. All hyperfine transitions expected for the two Sb isotopes (' 'Sb and ' Sb) were observed and the
identification of the SbG, defect is thus confirmed. The g value is 2.02 and the hyperfine constants are
0.220 cm ' (for ' 'Sb) and 0.120 cm ' (for ' 'Sb). The MCD signal of the Sbo, defect has been measured

being tagged to the EPR signal, and a comparison with the corresponding spectrum for the AsG, (EL2)
defect is made. The existing models fail to give a satisfactory explanation for the MCD spectra.

I. INTRODUCTION

The antisite defects in GaAs are interesting objects to
study in semiconductor physics because of their irnpor-
tant roles in technology, their fascinating physical prop-
erties, and, sometimes, their evasive nature when it comes
to identification. ' Of the native antisite defects the
Gaz, seems to form a simple double acceptor ' and the
Aso, has been observed in several different atomistic
configurations. Of those configurations the one related
to the double donor EL2 is by far the most investigated
because of its role in semi-insulating GaAs and its meta-
stable behavior.

The existence of heteroantisite defects, i.e., a group-III
impurity on the group-V sublattice or a group-V impurity
on the group-III sublattice, was demonstrated by the
detection of the B~, defect. This defect was identified by
local vibrationa1-mode spectroscopy, ' but no energy lev-
el has been observed in the band gap. More recently, the
existence of an energy level related to the SbG, heteroan-
tisite defect was tentatively inferred from Hall-effect mea-
surements on GaAs crystals doped with Sb in the 1 X 10'
cm range. The strength of the argument was later
significantly increased by electron-paramagnetic-
resonance (EPR) measurements on the same crystals.
The EPR spectrum showed four lines which were ex-
plained as being due to the Sbo, + charge state of the
double-donor heteroantisite defect, where the magnitude
of the hyperfine interaction in comparison with the ap-
plied microwave frequency (9.5 GHz) prevented observa-
tion of all the fourteen expected lines. A later photo-
EPR investigation' correlated the EPR spectrum with
the E, —05 eV energy level detected in the Hall-effect
measurements. Recently, the Sbz, defect was suggested
to be observed also in metalorganic vapor phase epitaxial
GaAs. "

The purpose of this work is to present a complete EPR

spectrum of the Sbo, heteroantisite defect, and thus to
confirm the identification of the defect. In order to do
this we have applied an optically detected EPR tech-
nique, where we first measure the magnetic-circular di-
chroism (MCD) of the absorption of the Sbo, defect. The
change of this signal as a function of magnetic field is
then studied during a double-resonance experiment using
24-GHz microwaves. According to previous EPR results
(Ref. 9), this microwave energy should allow all the ex-
pected transitions to be observed in a suitable magnetic
field range. In addition, due to the combination of spin
resonance and optical techniques we gain insight into the
absorption transitions of the Sbo, defects by measuring
the EPR signal as a function of the optical excitation en-
ergy. This excitation technique has been previously ap-
plied to the Aso, (EL2) (Ref. 12) and other Aso, defects,
and a comparison with those spectra may be helpful for
an understanding of the optical transitions responsible for
the MCD signal.

II. EXPERIMENTAL DETAILS

The MCD and the optically detected EPR experiments
were performed at pumped-liquid-He temperatures in a
Magnex 4T superconducting magnet optical cryostate.
The samples were mounted in a 24-GHz TEp&~ cavity
with large openings for optical access. The right- and
left-circularly polarized components of the light were
produced by dispersion of light from a 250-W tungsten
lamp in a Spex 1681 monochromator, and after the
monochromatic light was passed through an achromatic
linear polarizer the right- and left-circularly-polarized
light was produced by a Hinds PEM quartz modulator
operating at 42 kHz. The light transmitted through the
sample (and parallel to the magnetic field) was focused on
a cooled Cse detector (North Coast).

In the MCD experiments the difference in absorption
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between right- and left-circularly-polarized light,
aL —a~, is measured at a fixed magnetic field. The MCD
signal in absorption can be defined as'

ai —az =2(Iz II—) I[(I++II )d ],
where II and Iz are the transmitted light intensities for
left- (L) and right- (R) circularly-polarized light, respec-
tively, and d is the thickness of the sample. In Eq. (1) it is
assumed that (aL —az )d « 1, which was the case in our
experiments. In order to directly measure aL —a„a
double lock-in technique was used. One signal, detected
in phase with the 42-kHz modulator, was proportional to
(IL I„),an—d a second signal, detected in phase with an
optical chopper operating at =200 Hz, was proportional
to the total intensity (IL +I+). The two signals were di-
vided, and as a result also the spectral responses from
light source, monochromator, detector, etc. , were
corrected automatically. In the optically detected EPR
experiments the microwave-induced changes of the MCD
signal were measured as a function of magnetic field.
When the microwaves induce an EPR transition in the
Zeeman-split ground state, the Boltzmann-distributed
population differences in these energy levels equalize and
the intensity of the MCD signal decreases, thus indicat-
ing the resonances.

The sample used in this investigation is sample A used
in the previous EPR and photo-EPR investigations. '
In short, this GaAs crystal has been grown by the liquid-
encapsulated Czochralski technique and is doped to a lev-
el =1X10' cm with the isovalent impurity Sb. The
crystal contains two deep donors, the Aso, (EL2) with its
0/+ level at midgap and the (assumed) Sbo, defect with
its 0/+ transition at E, —0.5 eV, both in the concentra-
tion range (1—2) X 10' cm

III. EXPERIMENTAL RESULTS AND ANALYSIS

As was shown in Ref. 10, the Aso, (EL2) and the Sbo,
defects can exchange electrons and holes upon strong op-
tical illumination. For instance, by preilluminating the
sample with 1.46-eV photons the [Aso, (EL2)]+ and

Sbz, charge states were created. Of those, only the first
is MCD active. The MCD spectrum of Aso, (EL2) ob-
tained in this way is shown in Fig. 1 [denoted Aso, (EL2)]
and agrees with the Aso, (EL2) MCD spectra published
previously. ' If the MCD spectrum was measured
without preillumination, a more complicated spectrum
appeared [denoted AsG, (EL2)+Sbo, in Fig. 1]. Finally,
by illuminating the sample with 1.18-eV photons the
As&, (EL2) antisites are persistently quenched and only
the Sb~, + charge state is present in the sample. The
MCD spectrum obtained in this condition is denoted
Sbz, in Fig. 1.

The microwave-induced changes of the MCD signal as
observed by monitoring at h v= 1.4 eV and sweeping the
magnetic field are shown in Fig. 2 [the curve denoted
AsG, (EL2)]. It shows the well-known EPR spectrum
from the Aso, (EL2) antisite defect' with electron spin
S=

—,
' and nuclear spin I(As) =—', . If the same experiment

is performed on the "Sbo," MCD signal at h v=0. 8 eV a
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more complex spectrum, denoted SbG, in Fig. 2, appears.
In Fig. 3 the new EPR spectrum has been uncovered by
subtracting the "Sbz,'* spectrum in Fig. 2 from the corre-
sponding spectrum measured without microwaves.

The isotropic EPR spectrum in Fig. 3 was analyzed in
the model suggested for the SbG,

+ heteroantisite in
GaAs. Using S=

—,
' and the natural abundance of the Sb

isotopes (57%%uo
' 'Sb with I= ,' and 43% ' —Sbwith I= ,')—

the spin Hamiltonian can be written as

H=p B g S+S A, , I(' 'Sb)B 2 sb

+S Aip3 'I( Sb ) (2)
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FIG. 2. The microwave-induced changes of the MCD signal

when monitoring at hv=1. 40 eV show the AsG, (EL2) EPR
spectrum. When monitoring at h v=0. 8 eV a more complicated
EPR spectrum related to SbG, appears.

FIG. 1. By preilluminating the sample with different photon
energies different charge states of the SbG, and the AsG, (EL2)
defects could be occupied. The figure shows the MCD spectra
obtained after preillumination using hv=1. 46 eV (top spec-
trum), no preillumination (middle spectrum), and after photo-
quenching of the AsG, (EL2) defect using h v= 1.18 eV photons
(bottom spectrum).
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calculation to support that model has not been performed
and the negative spin-orbit coupling constant that would
be required is not understood. Alternatively it has been
suggested that the Aso, (EL2) MCD spectrum results
from photoneutralization of AsG, +, i.e., Aso, ++hv
~As&, + hole. This model is strongly supported by the
fact that it can explain the overall MCD line shape with
only one Stting parameter. ' '

Neither of the above models, when applied to Sbo„can
directly explain the SbG, MCD line shape. In the
internal-transition model, a positive spin-orbit coupling
constant within Tz would be required to understand that
the SbG, MCD peaks at 0.87 and 1.22 eV have a positive
and a negative sign, respectively. This is consistent with
the expected sign of the spin-orbit splitting but its magni-
tude is less than the expected one (the spin-orbit splitting
in Sb-containing III-V compounds is =0.7 eV, i.e., two
times the splitting in GaAs). Furthermore, the negative
MCD peak at 0.99 eV cannot be explained unless the I,
spin-orbit state is split by a perturbation of lower-than-
axial symmetry. ' On the other hand, the hole excitation
model (Sbo, +~Sbo, + hole) also cannot account for all

Sbo, MCD peaks. Since the (0/+) SbG, donor level is at
E, +1.0 eV it predicts only one negative MCD peak
which could correspond to the 1.22-eV peak in Fig. 1.
If in addition the photoionization process
SbG, +~Sbz, ++ electron is considered this should in-

duce a positive MCD peak with an onset near 0.75 eV
since the (+ /2+) Sbo, donor level has been found to be
at E, —0.75 eV. ' Thus this transition could be related to
the 0.87-eV peak in the SbG, MCD spectrum, but the
negative peak at 0.99 eV again remains unexplained.
These considerations show that neither model gives a sa-
tisfactory qualitative explanation for the SbG, MCD line
shape. However, a combination of both intradefect and
ionization transitions should be able to explain the ob-
served MCD line shape, but further work on the MCD
band modeling is required.
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