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The symmetry of the EL2 center in n-type liquid-encapsulated Czochralski GaAs is investigated
through numerical fitting of capacitance transients measured under uniaxial stress. From experimental
data which superficially appears compatible with T, symmetry, we extract reproducible defect energy-
level splitting under uniaxial stress and conclude that EL2 has C;, symmetry, supporting the Asg,-As;

pair model with As; weakly bound to Asg,.

I. INTRODUCTION

Along with the controversy about its microscopic
structure, the properties of the EL2 defect in GaAs have
been under investigation for a long time. The consensus
is that the EL2 defect involves an arsenic antisite, Asg,,
while the dispute is whether it is only an isolated arsenic
antisite or a complex of an arsenic antisite and other con-
stituents. A recent excellent review is given in Ref. 1.
Two prominent models have emerged. One is the isolat-
ed arsenic antisite, Asg,, with T; symmetry, supported
by the stress splitting of the zero-phonon line (ZPL) of
the intracenter transition,? and by the lack of splitting of
the photoluminescence (PL) transition under uniaxial
stress.> This model is also favored by many theoretical
studies,*® particularly for characterizing the EL2 me-
tastability. The interpretation of the ZPL splitting re-
sults was, however, questioned,’ raising the possibility of
C,, symmetry as an alternative. The same ZPL experi-
ment was then independently repeated, ' confirming that
the original interpretation was correct and the EL2
center possesses T; symmetry. The discussion continued
when it was suggested that the so-called ZPL and its re-
plica are due to electronic excitation from the antisite to
the conduction band (CB) at the L minimum.'! T, sym-
metry was, therefore, suggested as a mere reflection of
the bulk symmetry. The identity of the ZPL was further
questioned when the hydrostatic pressure dependence of
the ZPL final state was found to reflect that of the L CB
minimum;!? when the basically same ZPL and its replica
have been observed on another Asg,-related defect;'’ and
when the ZPL and its related broad band move in oppo-
site directions and overlap under hydrostatic pressure,
questioning whether they are related to optical transition
to the same final electronic state.!* These experimental
findings left the results from the PL uniaxial stress experi-
ment® as the only solid experimental evidence supporting
the isolated Asg, model with T, symmetry. It found no
splitting of the photoluminescence transition under uni-
axial stress, i.e., no orientational degeneracy. The main
competing model is an arsenic antisite and arsenic inter-
stitial pair, Asg,-As;, with C;, symmetry, supported ini-
tially by electron paramagnetic resonance (EPR) and
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deep-level transient spectroscopy (DLTS),!* later by
optically detected electron-nuclear double resonance
(ODENDOR), !¢ and most recently by optically detected
magnetic resonance (ODMR) and magnetic-circular di-
chroism of the absorption.!” These microstructure-
sensitive experiments indicate that As; is located at a
[111] tetrahedral site and is weakly bound to the antisite
at about two As-Ga bond lengths away. C;, symmetry is
also shown by photocapacitance quenching behavior un-
der uniaxial stress'® and anisotropic electron-emission-
rate enhancement induced by an electric field under vari-
ous directions.!” Theoretical works’®?! examining the
Asg,-As; pair model showed that, for both constituents
to be in a singly positive-charge state in order to explain
the EPR and ODENDOR results, the complex is not
stable due to Coulombic repulsion. Recently, Chadi?
proposed a modified model as Asd,-As;” with improved
stability. The overall symmetry of this model, however,
has to be C, or C,,.

We report in this paper improved analysis of the EL2
symmetry using DLTS with uniaxial stress. The standard
rate-window DLTS analysis?® is replaced by a more so-
phisticated analysis using full transient. Both our earlier
experiments?* and others®® had difficulty accurately
detecting the small stress-induced shifts of the DLTS
peak using standard method. The low resolution is main-
ly due to two factors: (1) defect density comparable to
donor density, and (2) difficulty in applying high stress to
relatively soft GaAs crystals. Our previous work?® has
shown that the rate-window analysis, based on the ap-
proximation that the defect density N4 is much less than
the donor doping density N, is substantially improved
by numerically fitting the transients in the case of the
EL2 defect center. We found for our sample
(Np=~2X10"® cm™3, Np,=~4X10"” cm™’) the EL2
thermal activation energy, E, =756 meV, as compared to
820 meV (Refs. 27 and 28) from the standard method.
Second, unlike silicon where high enough uniaxial stress
(e.g., >0.5 GPa) is rather easily achieved producing an
appreciable DLTS peak shift and splitting for the A4
center,? for GaAs, high stress is difficult to achieve
without damaging the sample. Particularly, considering
that the EL2 defect may be a complex with As; loosely
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bound to Asg,, any possible splitting would be small, and
perhaps not visible via the rate-window DLTS peak with
low stress. Therefore, we chose the improved numerical
fitting method with higher resolution to analyze the ca-
pacitance transients measured under uniaxial stress. We
concentrate the discussion on analysis assuming 7; and
C;, models, while briefly discussing the C, or C,, alter-
native.

II. EXPERIMENTS AND DATA ANALYSIS

The uniaxial stress apparatus consists of a compound
lever, capable of applying up to 5 GPa pressure from
room temperature to 450 K.¥* The n-type liquid-
encapsulated Czochralski GaAs sample is cut to approxi-
mately 1.5 mmX2.2 mmX3.5 mm with the long axes,
determined from x-ray diffraction, parallel to [100], [110],
and [111], respectively. A Schottky diode and an Ohmic
contact are made by evaporating gold and tin, respective-
ly, on two polished and etched surfaces. Negatively
biased pulses (bias voltage —4.5 V, pulse height 4.3 V,
pulse width 0.1 s, pulse period 1 s) are applied to the
diode. The digitized capacitance transients?® are record-
ed every 1.5 K from 340 to 410 K and under stresses
ranging from zero up to 0.35 GPa on the three principal
axes. High-quality diodes and clean transients are essen-
tial to successful numerical fitting. High signal-to-noise
ratio is achieved by averaging over 50 separate transients
while keeping the temperature variation within 0.2 K.

The model for fitting the transients was fully explained
previously.2 Prior to the approximation resulting in the
rate-window analysis, the capacitance transient is

C(t)=C()[1—Re~"/"]1/2 | (1)

where R =N;/(Np+Np), Nr (Np) is the EL2 defect
(donor doping) density, and 7 is the electron-emission
time constant from the defect. Any visible rate-window
DLTS peak shift or splitting can be measured with higher
accuracy by fitting the full transient to this model.

Because of the existence of both experimental and
theoretical evidences supporting strongly either the iso-
lated antisite model or the complex model, there are
speculations that the EL2 defect may be a complex with
an As interstitial weakly bound to an As antisite; that
C,, symmetry results from slightly disturbing T; symme-
try of Asg,; and that some experiments may not detect
the symmetry lowering due to small deviations from the
isolated antisite behavior. If these are true, it is quite
conceivable that any energy-level splitting could be too
small to be measured by the standard DLTS method or
even by fitting full transient to a single exponential model
of Eq. (1). Attempting to resolve any possible hidden
energy-level changes, we thus also fit the full transient to
a double exponential model,

C()=C(w)[1—R,e ""—R,e /7712 @)

where R, +R,=R. R,;, 7, R,, and 7, appear because
under stress the centers form two groups with densities
Ny and N, and emission time constants 7, and 7,. This
model is based on Kaplyanskii’s®! analysis. For an aniso-
tropic center of C,, symmetry, the number of splitting

components under uniaxial stress is 2, the orientational
degeneracy is 4, and under [100], [110], and [111]
stresses, the ratios between the densities of the splitting
components are, respectively, 4:0, 2:2, and 1:3, and
the splitting magnitudes are, respectively, A4,:0,
A +A4,:4,—A,, and A, +2A4,:4,—24,. Here 4,
and A, are piezospectroscopic tensor components
(meV/GPa) linking the energy shift to the applied stress,
and are characteristic of each anisotropic center. The hy-
drostatic pressure coefficient of the defect energy is 34,
since hydrostatic pressure is equivalent to applying three
[100] stresses simultaneously in cubic crystals, and 4, is
a measure of the anisotropy of the defect center. For C,
symmetry, the orientational degeneracy is 6, the number
of splitting components under uniaxial stress could be 3,
and a third exponential component is, therefore, neces-
sary in Eq. (2) for certain stress directions. In addition,
there are three independent piezospectroscopic tensor
components instead of two, see Ref. 31.

The nonlinear least-squares Marquardt method®>33 is
used to fit the experimental data. Transients taken under
various temperatures and stresses are fit to both Egs. (1)
and (2). While fitting to Eq. (2), assuming the defect
center has C;, symmetry, we restricted the densities of
two splitting groups such that they can only be varied un-
der the conditions satisfying R,:R;~2:2 under [100]
stress, R,:R;~2:2 under [110] stress, and R,:R;~3:1
under [111] stress. Though the overall trend does not
differ fundamentally without the restrictions, the fitting
does not consistently converge for every transient and
R, /R occasionally varies drastically. For [100] stress, if
the center has C;, symmetry, we will obtain two identical
groups with 7,=7, under the above condition, i.e., no
splitting should appear. We also attempted to fit the ex-
perimental data to a multiple exponential model for C,,
or C, symmetry with inconsistent results. The fitted
emission time constant (7,7,7,) from each transient with
its temperature can then be used to calculate the ap-
parent defect thermal activation energy E, through the
Arrhenius equation 7, '=K,T%0, exp(—E, /kT), with
K, being constant and o, being the capture cross section
for electrons.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the defect activation energy plotted
versus the applied uniaxial stress in the three principal
directions as obtained by fitting the transients to Eq. (1).
No energy splitting is observable in this case. The pres-
sure derivatives dE, /dP under the three stress directions
are listed in Table I, in comparison with the data from
other experiments. Measurements using uniaxial stress
with the standard rate-window DLTS (Ref. 25) showed
no splitting of the DLTS peaks. Only minute peak shifts
for the three orientations were detected. Similar peak
shifts are also observed with low accuracy in our experi-
ment when using the rate-window method to analyze the
same data, see Ref. 35. PL uniaxial stress® also did not
see any splitting of the EL2 PL transition peak and ob-
tained roughly the same pressure derivative for the EL2
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FIG. 1. EL2 thermal activation energy E, as a function of
uniaxial stress. Results are obtained by fitting the experimental
data to Eq. (1).

ground energy level, dE/dP, under each stress direc-
tion. The corresponding dE, /dP from PL uniaxial stress
experiment is estimated by adding one-third of the hydro-
static pressure derivative of the capture barrier energy,
dE, /dP = —41 meV/GPa,* to dE; /dP measured under
each stress direction, since E,=E;+E,. Our results
from fitting to the single exponential model appear to be
within the range of the results from Refs. 25 and 34, and
agree particularly well with the PL uniaxial stress re-
sults,? all easily leading to a conclusion that the EL2 de-
fect seems to possess T, symmetry.

Fitting to a multiple exponential model results in small
energy-level splitting. Figure 2 shows the results ob-
tained by fitting the data to Eq. (2) with the R,:R re-
strictions stated above. In Fig. 2(a), under [100] stress we
see two components of almost identical energy shift, indi-
cating there is indeed no splitting under [100] stress. In
Figs. 2(b) and 2(c), we clearly see two components of
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different rates of energy shift with stress, showing there is
a splitting of the thermal activation energy, and, there-
fore, a break of orientational degeneracy of the EL2
center under [110] and [111] stresses. The pressure
derivative of each branch in the figure, dE, /dP, is listed
in the bottom half of Table I. The 1:2:2 splitting pattern
in Fig. 2, with the corresponding defect density distribu-
tions proportional to R,:R, clearly indicates that the
EL?2 defect possesses C3, symmetry. For the C,, or C,
model with the corresponding splitting density ratios re-
strictions,®! except for the [100] direction in orthorhom-
bic I center (i.e., R,:R;~4:2) where two components
with the same energy shift are again observed, the fittings
do not converge consistently, implying that C,, or C, is
not correct. Actually, the lack of [100] splitting already
denies C,, or C, symmetry.

The theoretical splitting magnitude under the three
directions is also listed in Table I. We use the pressure
derivative under [100] stress in Fig. 1 as 4, since only a
single component should exist under [100] stress. We
then use the obtained 4, and the corresponding theoreti-
cal expressions for the splitting magnitude under [110]
and [111] stresses to calculate A4, for all four branches.
As can be seen, within fitting errors all four 4, values are
essentially the same, with the average A4,=2.2+0.5
meV/GPa. Compared with 4,=14.91£0.5 meV/GPa,
A, is almost an order of magnitude smaller, an indication
of weak anisotropic character of the EL2 center. We can
also compute the hydrostatic component of dE,/dP,
which is equal to 34,. Table II lists our result and the
results from other hydrostatic pressure experiments®’ 4
and PL uniaxial stress experiment.’ Our result agrees
reasonably well with these earlier values.

The above findings of weak anisotropy and C;, symme-
try support the proposed Asg,-As; model with As; weak-
ly bound to Asg,. It may be argued that if one looks for
two or more components when fitting experimental data
one will see them. However, the fact that the energy-
splitting pattern obtained matches only a trigonal
center’s behavior and not other symmetry types (i.e., no

TABLE 1. Pressure derivative of the EL2 thermal activation energy under the three uniaxial stress
directions, dE, /dP (£0.5 meV/GPa), obtained from fitting the experimental data to the single ex-
ponential model and the double exponential model, respectively. Listed also are the results from other

uniaxial stress experiments.

Stress {100] [110] [111]
Fig. 1 [Eq. (1)] 149 12.5 13.2
Splitting magnitude® A,
Ref. 25 5 10 9
Ref. 34 12 N/A 8
Ref. 3° 13.2 13.6 13.9
Fig. 2 [Eq. (2)] 14.2 13.7 16.8 12.6 18.8 13.4
Splitting magnitude® A+ A, A, — A, A, +24, A,—%4,
Piezospectroscopic
tensor A,=14.9 A,=2.2 A,=2.3 A,=1.9 A,=2.3
#See Ref. 31.

YEstimated by adding one-third of dE, /dP from Ref. 36 to each dE;/dP measured under stress by

these authors.
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FIG. 2. EL2 thermal activation energy E, as a function of
uniaxial stress. Results are obtained by fitting the experimental
data to Eq. (2). The solid line is the fit of the data points shown,

with (a) for [100] stress, (b) for [110] stress, and (c) for [111]
stress.
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FIG. 3. Examples of experimental transient and its fittings to
Egs. (1) and (2), with the experimental data taken under 0.35
GPa in the [111] direction. The difference among the three
transients is very small as they are shown on top of each other.
Note, there is 1000 data points per transient with 1 ms time in-
terval between two points.

splitting under [100] stress and two splitting components
under [110] and [111] stresses) and the computed values
of piezospectroscopic tensor components, 4, and 4,, are
reasonable should eliminate the possibility that the ob-
tained double exponential transient and the energy-level
splitting are coincidental and without physical meaning.
Taking the data taken under 0.35 GPa in the [111] direc-
tion as an example, Fig. 3 shows a typical experimental
transient and its fittings to Egs. (1) and (2). The
difference between fitting Eq. (1) and fitting Eq. (2) can
hardly be seen as all three transients are on top of each
other, illustrating that both fit very well to the experi-
mental data. However, Fig. 4 shows the corresponding

s |...Fitting Eq. (1)
Fitting Eq. (2)
Bx10~5- ¥ %1 0.35(GPa)
: W in[111]
o :
>< w -." .
PURSEV. A 2 i
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FIG. 4. Examples of y? from fitting Egs. (1) and (2) for data
taken under 0.35 GPa in the [111] direction.
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TABLE II. Hydrostatic pressure derivative of the EL?2 thermal activation energy, dE,/dP
(meV/GPa), from current work and other experiments.
Current work Ref. 37 Ref. 38 Ref. 39 Ref. 40° Ref. 3*
. dE,
Hydrostatic P 44+1.5(34,) 41 44 38 42 40.6

“Calculated by adding the hydrostatic dE, /dP from Ref. 36 to the hydrostatic dEr/dP measured and

calculated by these authors.

x* obtained from fitting Eqs. (1) and (2). It shows y? from
fitting Eq. (2) is smaller than that from fitting Eq. (1), in-
dicating that Eq. (2) represents the experimental data
better than Eq. (1) and there is indeed an energy-level
splitting. Note also, though, when fitting the full tran-
sient to the double exponential model, the restrictions of
the splitting defect density ratios of a trigonal center are
imposed, they do not guarantee to produce the energy-
splitting pattern matching that of a trigonal center if the
defect center does not actually possess trigonal symme-
try. The same procedure is also applied when fitting the
C,, or C, model without obtaining consistent results.
Therefore, the consistency of the energy-splitting pattern
with the corresponding defect density populations and
the weak anisotropic character of the center put the ear-
lier results showing T, symmetry and agreeing with the
isolated Asg, model in serious doubt. This conclusion is
in conflict with other results, particularly that of PL uni-
axial stress experiment which showed the EL?2 defect has
T, symmetry. While we do not intend to assess the valid-
ity of other results, the behavior of our data does raise
the possibility that a more careful data analysis or an ex-
perimental technique with finer resolution may reveal
different results.

IV. CONCLUSIONS

We have used the numerical fitting of capacitance tran-
sients, instead of the standard rate-window DLTS, to in-
vestigate the symmetry of the EL?2 center under uniaxial
stress. Our results indicate that the EL2 defect has Cj,
symmetry supporting the Asg,-As; model for the EL2
defect. The bonding between the arsenic antisite and ar-
senic interstitial is probably very weak; and thus, as
shown here, it would be very easy to conclude that the
EL?2 defect is the isolated arsenic antisite. The lack of
fine resolution of experimental data analyses and, possi-
bly, of experimental techniques may have to be con-
sidered more seriously. In light of the difficulty of suc-
cessfully applying high uniaxial stress to GaAs due to the
nature of the crystal, experiments capable of providing
the microstructural information directly, such as
ODENDOR, ODMR, etc., may give more reliable infor-
mation about this defect. Our results bring the DLTS
data into agreement with these experiments.
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