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Electron-paramagnetic-resonance observation of gallium vacancy
in electron-irradiated p-type GaAs
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We report an observation by electron paramagnetic resonance (EPR) of the gallium vacancy defect in

GaAs. The defect is observed after electron irradiation of p-type GaAs. The gallium vacancy defect
shows trigonal symmetry; its spin-Hamiltonian parameters are determined as S= z, gll[»& j

=1.98+0.02,

gi[»ij =2.08+0.01, All[»il =(280+20) X10 cm ', and Aq[»l) =(130+10)X10 cm '. A tight-
binding Green s function calculation confirms the defect model and identifies its charge state as 2 —.
The gallium vacancy is unstable at room temperature, the thermal annealing parameters being Fermi-
level dependent.

I. INTRODUCTION

Native defects in as-grown as well as irradiated GaAs
materials remain a subject of active research. ' A number
of experimental results have been published on the obser-
vation of defects in the arsenic sublattice. Deep-level-
transient-spectroscopy (DLTS) studies on electron-
irradiated n- and p-type samples have established a series
of electron traps (labeled E 1 —E5}and hole traps (labeled
HO —H5). Most of these traps (except H2 —H5} have
been attributed to defects in the As sublattice, i.e., As-
vacancy-As-interstitial Frenkel pairs in various
configurations. ' Positron annihilation (PA) results
provided further evidence of the existence of the As va-
cancy in irradiated samples. Electron-paramagnetic-
resonance (EPR) studies have revealed three dominant
defects in electron-irradiated n-type GaAs, one of which
is correlated to the As antisite and the other two to de-
fects associated with the As vacancy. ' Less information
is known about the Ga vacancy, and in particular no
EPR study, to our knowledge, has been reported before.

Although the Ga vacancy has been evoked in recent
studies, no direct information on its microscopic struc-
ture could be obtained. In particular it has often been
considered that the Ga vacancy plays an important role
in the free-carrier compensation and the impurity
diffusion. It was predicted from theoretical calcula-
tions that the Ga vacancy would be a stable defect in all
neutral or negative charge states while a structural
change would occur when it was positively charged. Ex-
perimental studies of native defects in GaAs have made
use of high-energy electron irradiation which produces
primary defects in both sublattices. ' However, DLTS
studies have not evidenced any Ga-vacancy-related deep
levels in electron-irradiated GaAs. ' Recent positron
lifetime results, on the contrary, revealed a negatively
charged vacancy in electron-irradiated p-type GaAs
which has been attributed to the Ga-vacancy defect. " In

this work we report an EPR spectrum in 1-MeV
electron-irradiated p-type GaAs and present strong evi-

dence for the identification of this spectrum with the 2—
charge state of the Ga vacancy.

II. EPR RESULTS

p-type ([Zn]=4.6X10' cm ) GaAs samples have
been irradiated with 1-MeV electrons at room tempera-
ture. The irradiation was performed with a Van de
Graaff accelerator. Water cooling and small electron flux
(0.7 pA/cm ) have been used to avoid the heating of the
sample above T =30'C during irradiation. Electron
doses range from 2X 10' to 1 X 10' crn . After irradia-
tion, all samples have been kept in liquid nitrogen before
the EPR measurements. The EPR measurements were
carried out at 4 K with an X-band spectrometer working
at 9.37 GHz. For electron doses higher than 2X10'
crn all samples showed in thermal equilibrium a super-
position of at least two different EPR spectra. One of
them is the Aso, defect. ' After subtracting this antisite
spectrum, we obtain a spectrum (see Fig. 1) whose angu-
lar variation is shown in Fig. 2(a). Its spin concentration
increases linearly with electron dose as is shown in Fig. 3,
from which we estimate the production rate to be 0.03
cm '.

The orientation dependence of the EPR spectrum im-
plies a trigonal symmetry of the defect. (Further analysis
led us to recognize that the central hyperfine splitting
comes from one atom whose nuclear spin should be —', .)

The experimental spectrum has been simulated with the
following spin Hamiltonian:

B=psB.g S+S A I,
with S=—,', I=—,'. Since both As and Ga atoms have
I=

—,
' nuclear spin, we have considered two cases: first, a

central hyperfine interaction with one As ( As: I =
—,',
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FIG. 3. The Ga-vacancy concentration vs electron dose.
FIG. 1. (1) EPR signal at 4-K thermal equilibrium of Zn-

doped GaAs sample after a dose of 1X10' cm, 1-MeV elec-
tron. B~~~oo&~, hv=9. 37 GHz, and the microwave power P =2
mW. (2) Simulation spectrum for As antisite. (3) After subtrac-
tion the Ga vacancy spectrum becomes the dominant signal.

100%); and second, a central hyperfine interaction with
one Ga ( 'Ga: I=—',, 40%; Ga: I=—'„60% abun-

dance). It has been found that for both cases, a good
spectrum simulation can be obtained with the following g
values:

and

A 1(», )
=(280+20) X 10 cm

gilt»~l 1.98+0.02 and g~f », j
=2.08+0.01 .

As for the hyperfine tensor, we found the axial direction
of the A tensor should be the same as that of the g tensor.
In the first case, hyperfine interaction with one As, the
experimental spectrum is well fitted with
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FIG. 2. (a) Orientation dependence of Ga-vacancy spectrum.
Taken for B~~[001], [ill], and [110]. (b) Simulation spectrum
for the above three orientations. Parameters are given in the
text.

A~(„1)=(130+10)x 10 cm

When considering two isotopes such as Ga and 'Ga,
we note that the hyperfine values corresponding to Ga
and 'Ga should be different (with a ratio of

A: 'A = g~: 'g~=1. 344:1.708). We have

' A l(1„)=(300+20)x 10 cm

'At(», )
=(150+10)X 10 cm

for the two-isotope simulation. The individual linewidth
is found to be 190+10 G. The above hyperfine splitting
values are, however, not large enough (relative to the in-
dividual linewidth) to allow a clear distinction between
the two cases, contrary to the case of the Ga interstitial
in Al, ,Ga As, where the larger hyperfine splitting
(640X10 cm ' for 'Ga) made it easy to identify the
Ga origin. ' Nonetheless, we found that the one isotope
simulation gives a better fit in aspect of the fine structure.
The simulated spectrum for the one-isotope case is shown
in Fig. 2(b); its angular dependence for a rotation of the
magnetic field in the (110) plane is shown in Fig. 4. A
comparison of the above two sets of hyperfine data with
the free-atom values' indicates that 49% of the electron
wave function would be localized on the As atom (if the
A tensor is due to an As atom) and 62% of that on the
Ga atom (if the A tensor is due to a Ga atom). Both
these values of electron localization are consistent with
the identification of the spectrum as due to a dangling-
bond-like defect. Several trigonal symmetric EPR spec-
tra in GaAs have been reported before. ' ' They are
different from our spectrum by both the g and A values.

Strong arguments are available to identify our spec-
trum as the Ga vacancy. First, this spectrum is detect-
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density would be found for an As dangling bond and
3 9%%uo on a Ga dangling bond. Thus whatever the
dangling-bond atom is, the s density is always found to be
very small. This small s density can only be explained for
the Ga vacancy. From our theoretical calculations (see
the next section) a trigonal distorted Ga vacancy results
in a small s density (7%) of electron localization on the
dangling-bond atom while a trigonal distorted As vacan-
cy gives a large s density (17%%uo).

III. THEORETICAL CALCULATION

FIG. 4. Calculated angular dependence of resonance fields

with B in a (011) plane. The angle is between the field direction
and the [100] lattice axis. The microwave frequency is 9.37
GHz.

able in the dark after an electron dose as low as 1X10'
cm, while the As antisite spectrum cannot be detected
at the same time (the As antisite spectrum appears under
optical excitation). Therefore, we learn that the
paramagnetic level of the new defect should be lower
than the + l2+ level of the Aso, antisite, i.e., lower than

E„+0.52 eV. ' It has been well understood from theoret-
ical calculations by various authors that the Ga vacancy
tends to produce deep levels in the lower midgap while
the As vacancy levels are situated in the upper midgap
(see next section). Second, we have found that our spec-
trum partially anneals at room temperature. For exam-

ple, after the first measurement, sample no. 7 (dose =
1 X 10' cm ) has been kept at 77 K except for being ex-

posed in air for about two days. When we remeasured
this sample under the same conditions as the first mea-
surement, we found the intensity of the new spectrum has
been reduced by a factor of nearly 2. We show the partial
annealing behavior in Fig. 5. This weak thermal stability
is quite different from that of As-vacancy-related defects
which anneal in two stages (at -500 and 700 K) as deter-
mined from DLTS studies. ' Third, the isotropic part of
the spin-electron wave function, i.e., the localization on
the s orbital of the dangling bond can be determined from
the experimental hyperfine values. We find that 3.7% s
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FIG. 5. Partial annealing of Ga vacancy at room tempera-
ture. Three samples denoted a, b, and c in the figure have been
irradiated with doses of 1.0 X 10', 5 X 10', and 2 X 10' cm
respectively.

To explain the above EPR results, particularly the
hyperfine data, we have carried out a tight-binding
Green's-function (TBGF) calculation' for various intrin-
sic defects. A more detailed description of the calcula-
tion can be found in another paper. ' We have found
that among the simple intrinsic point defects in GaAs,
the As interstitial does not introduce any deep levels in
the lower midgap and its electron localization on the As
interstitial is incompatible with our EPR hyperfine data;
the same is valid for the electron localization on the Ga
interstitial. Thus we concentrate in the following on the
Ga-vacancy and As-vacancy cases.

First, we deal with the ideal nondistorted vacancies,
i.e., of Td symmetry. We find in agreement with previous
results that both the Ga vacancy and As vacancy in-
troduce tz deep states in the gap with the level position
depending on the charge state of the vacancy. For the
neutral Ga vacancy, the highest occupied tz level is at
E, +0.13 eV with three electrons on the tz level, and
shifts to E, +0.57 eV with six electrons on the tz level.
When the occupation number is smaller than 3, the tz
level becomes resonant with the valence band. As for the
As vacancy, the tz level is located between E, +0.83 eV
with one electron on the tz level and E„+1.26 eV with
four electrons on the tz level. Hence, the Ga vacancy
tends to introduce a tz level in the lower midgap while
for the As vacancy they are in the upper rnidgap.

Lattice relaxation will modify these results as follows:
in fact, at the first occupation of an electron onto the tz
level, the vacancy should undergo a distortion. In our
case, we observed a trigonally distorted defect, which is
of the same symmetry as that of the Zn vacancy in
ZnSe. Under a trigonal distortion the tz level splits into
a nondegenerate a, level and a double degenerate e level.
We know that the EPR-detected electron should be occu-
pying the a& level, otherwise the single occupation onto
the e level would induce further distortion to reduce the
symmetry from C3, to a lower symmetry.

To have an unpaired electron level in the gap, the tz
level of the Ga vacancy should be occupied by three or
five electrons (one electron occupation leads to the t2 lev-
el into the valence band). However, as has been discussed
in Ref. 24, a population of three electrons would lead to a
mixed distortion and would not result in the observed
C3, symmetry. Therefore, only the five-electron occupa-
tion on the tz level is compatible with our EPR results.
In the same way we find for the As vacancy that only a
one-electron occupation on the tz level will give rise to an
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unpaired electron level in the gap. As has been indicated
in Ref. 24, in the case of one-electron occupation on the
t2 level, after distortion the a, level is lower than the e
level, while in the case of five-electron occupation, the e
level (filled with four electrons) is lower than the a

&
level

(filled with one electron). Hence, the unpaired electron is
always in the a& state. With five electrons filling the t2
level, the Ga vacancy should be doubly negatively
charged, while with one electron filling the t2 level, the
As vacancy should be in neutral charge state. Therefore,
we have two EPR-active vacancy defects: VG, and V&,.

In a simple perturbation theory, the a& state, issued
from the t2 state, can be written as

1—( r 2x + r 2y
+ t 2~ ),

3
(2)

where t2, represents the three degenerate states of the
original t2 triplet. Then, the a, -state wave function can
be obtained after the calculation of the t2-state wave
function. For the Ga vacancy, we first calculate the t2-
state wave function of VG, level at E„+0.39 eV, and
then get the a, -state wave function by use of Eq. (2). We
find the electron is primarily centered onto the one
nearest-neighbor atom whose lattice site is along the C3
axial direction. The electron density at this atom is
found to be 46%, among which the s density is 7% and p
density is 39%. This is in good agreement with our EPR
hyperfine results (49% total density and 4% s density).
In contrast, the result for V~, shows a large s density
(17%) at the atom and is hardly compatible with our
EPR results. This once again favors this VG, model for
the measured EPR spectrum.

IV. DISCUSSION

The EPR observation of Ga vacancy reported in this
work permits a further improved comprehension about
the native defects in GaAs.

(i) To correlate with DLTS results on electron-
irradiated p-type GaAs, we note that six hole traps (la-
beled HO —H5) have been detected. The production rate
of 0.03 cm ' determined for our new EPR center is com-
parable to those obtained for the H2 (E, +0.42 eV) and
H4 (E, +0.79 eV) levels. Particular interest should be
paid to the H2 level because this level was also observed
in proton-irradiated GaAs where it was found to anneal
at about 280 K. The exact level position of our EPR
center could not be determined from EPR measurements
under optical excitation for photon energies of 0.5 —1.4
eV, no light-induced change of the spectrum could be

detected. Additionally, another spectrum of large inten-
sity emerges under the light in the same field range as the
new spectrum.

(ii) A defect-removal stage at room temperature in
electron-irradiated GaAs has been observed in other ex-
perimental studies. From electrical resistivity measure-
ments, Thommen first found the thermal-annealing
stages centered at about 235 and 280 K in n-type GaAs
samples irradiated at low temperatures. Hall-effect mea-
surements ' confirmed the removal of irradiation-
induced defects in n-type GaAs at 250 K. DLTS studies
discovered two electron traps in n-type GaAs which can
anneal below room temperature, but their production
rates are quite low (10 cm '). For p-type GaAs, re-
cent PA studies of vacancy defects in electron-irradiated
material" showed a principal annealing stage at about
300—340 K; the defect has been attributed to a VG, -

related defect. This identification supports our present
EPR observation.

(iii) From Fig. 5, it can be seen that the thermal stabili-
ty of Ga vacancy depends on the dose of irradiation: the
higher the electron dose is, the more evident the anneal-
ing effect becomes. This demonstrates that the annealing
is Fermi-level dependent. It should be also noted that the
annealing is not complete at room temperature, i.e., a
partial annealing. In the sample of the largest dose
(1X10' cm ), the Ga-vacancy concentration was first
found to be reduced by a factor of about 2 and then no
more annealing reduction was detected.

V. SUMMARY

We report the observation of an EPR spectrum in
electron-irradiated Zn-doped p-type GaAs. This spec-
trum together with the Aso, spectrum are the dominant
EPR spectra detected under thermal equilibrium condi-
tions at 4 K. From both the experimental observation
and the TBGF calculation we identify this defect as a tri-
gonal distorted Ga vacancy in the 2 —charge state.
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