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EL? is a technologically important deep level in GaAs whose identification has been the subject
of intense study. In this paper we present uniaxial stress and magnetic field experiments which es-
tablish for the first time that £L 2 has tetrahedral symmetry and is, therefore, an isolated point de-
fect. Combining this result with earlier data, we conclude that EL 2 is an isolated arsenic antisite

defect.

PACS numbers: 71.55.Fr, 71.70.Ch, 71.70.E;j

A deep donor with an activation energy of 0.82 eV,
known as EL?2, is the dominant deep level in melt-
grown and vapor-phase-epitaxy—grown GaAs crystals.
It has been proved that this defect governs the electri-
cal properties of high-purity GaAs making it possible
to obtain semi-insulating undoped crystals which are
crucial for integrated circuit technology. Besides its
importance for the semiconductor industry, EL2 has
unique physical properties which make it a very in-
teresting object for basic research. Altogether this de-
fect has become a leading problem in deep-level phys-
ics, dominating all recent conferences in the field.

Various models of the origin of EL2 have already
been proposed, but none of them can explain
coherently all of its properties. In the measurements
reported in this Letter we have managed for the first
time to get experimental insight into the microscopic
structure of the defect. It was possible because, ac-
cording to our report,! EL2 exhibits intracenter ab-
sorption in the energy region between 1.0 and 1.3 eV
with fine structure involving the 1.04-eV (8378 cm™!)
zero-phonon line (ZPL) and its replicas. As will be
shown in this report, the behavior of the ZPL under
external fields is providing qualitatively new informa-
tion about the EL 2 center, allowing us to establish the
EL?2 symmetry. Combining this result with the earlier
data we explain EL 2 as an isolated antisite arsenic de-
fect. We will show in the discussion that our EL?2
model is consistent with existing experimental results.

GaAs crystals used in this study were oriented and
then cut into 3X4X7-mm? samples with the longest
dimension along various crystallographic directions.
Aluminum mirrors were evaporated on portions of the
front and back sides of each sample to make light
traverse the sample several times. In this way the
magnitude of the measured transmission changes was
increased (at liquid-helium temperature the height of
the zero-phonon line was about 0.02 cm~!). A Zeiss
model SPM2 grating monochromator and nitrogen-
cooled PbS detector were used. The sample was placed
in a beam of monochromatic light; thus it was possible
to keep the intensity of penetrating light sufficiently
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low to prevent transition of the EL 2 to its metastable
state.? During stress measurements, the temperature
of the sample was 2 K. The effect of uniaxial stress on
the ZPL was investigated up to 150 MPa for stress o
applied along [111], [100], and [110] directions with
the light polarized parallel and perpendicular to the
stress direction.

The results are shown in Fig. 1. The largest splitting
into two components £; and £, was observed for the
stress parallel to the [111] direction (oIl [111]). E,
signifies the component found when the electric field
vector € of the incident polarized light was perpendicu-
lar to o (eLo), and E, signifies that observed for
ello. A small splitting into two components denoted
as E3 and E, was observed for the stress o parallel to
the [100] direction for €L o and €ll o, respectively.
For the direction of stress parallel to the [110] direc-
tion a splitting into three components named Es, Fj,
and F; was observed. The components Es and E;
were seen for the Poynting vector of the incident light
S parallel to the [001] direction, whereas E4 and E;
were observed for S11[110]. The Es and Eg lines were:
observed for e Lo and E; for €llo. For any given
direction of stress, the intensities of the observed
components were equal and they did not change with
stress within the experimental error (the higher the
stress, the bigger the error resulting mainly from the
increase of the ZPL width with stress; for the highest
stress applied the intensity was measured with an accu-
racy of about 15%).

The measurements of the magnetic field depen-
dence of the ZPL were carried out for Faraday confi-
guration with ot and o~ circular polarizations of
monochromatic light beam. The samples were placed
in a superconducting magnet which allowed a magnetic
field up to 5 T. Since the half-width of the measured
absorption line was 7 cm ™!, shifts as small as 1 cm ™!
corresponding to a g-factor value of 0.2 could be
detected. In both polarizations no shifts were ob-
served in temperatures ranging from 2 to 10 K.

The pattern of splittings observed for the ZPL under
stress applied along [111], [100], and [110] directions
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FIG. 1. (a) Experimental dependence (points) of EL2
zero-phonon line energy on uniaxial stress o. E,, E3, Es,
and E¢ components were observed for e L o; E,, E4, and E7,
for ell . For oll[110] the splitting for two inequivalent
directions of S is shown. Theoretical fit (solid line) was ob-
tained for 4, — T, transitions when the T, state is coupled
with the 7 Jahn-Teller mode. (b) Static-crystal-field-theory
pattern of zero-phonon line splitting corresponding to an
A,— T, transition with polarization selection rules indicat-
ed. The values of splitting were calculated for the same
values of Vg, V1, and V, parameters as the fitting presented
in (a).

(including [001] and [110] inequivalent light propaga-
tion directions for [110] stress direction) was in agree-
ment with the number of components expected for an
A{— T, optical transition in the static crystal-field
(SCF) theory [see Fig. 1(b)]. According to Runci-
man® who made a classification of piezoabsorption
spectra for different types of centers, there was no pos-
sibility for the explanation of the experimental data
with the assumption of any other electronic, orienta-
tional, or electronic plus orientational degeneracy type
of center. For an 4;— T, transition, the SCF theory
predicts the unique ratios of component intensities for
all stress directions and the light polarization selection
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FIG. 2. The energy position of EL?2 ground '4, and excit-
ed ! T, terms in respect to GaAs band structure.

rules shown in Fig. 1(b). The lack of splitting under
magnetic field suggests that the ground and excited
states of the FL 2 defect are spin singlets. The ground
and excited states of the center can therefore be iden-
tified as 14, and ! T, respectively. The position of the
EL?2 ground state within the GaAs band structure has
been well established by deep-level transient spectros-
copy measurements as 0.82 eV below the conduction
band.* It follows then that the !T, term is resonant
with the GaAs conduction band (see Fig. 2).

In all those points (the pattern of splitting, the rela-
tive intensities of components, and polarization rules)
the experimental data are in good agreement with the
predictions of the SCF theory. The 'T, term is triply
orbitally degenerate, which indicates 7, as the point-
group symmetry of the close EL 2 neighborhood.

This simple SCF model, however, cannot give good
quantitative agreement with the experimental data,
without taking into account the coupling of the T,
term with lattice vibrations (see, for example, the
work of Englman’®).

Two experimentally observed effects, namely, the
larger splitting under trigonal than tetragonal stress
and the quenching of the Zeeman splitting of the orbi-
tally degenerate !T, term, indicates the domination of
r-mode Jahn-Teller effect in the !T, term.® Apart
from those two, also the other quantitative features of
the observed splittings, not intelligible in the SCF
theory, can be precisely described in this way. The
piezoabsorption measurements show a larger total
splitting for o 1l [111] than for o |l [110] in contrast to
equal values predicted by the SCF theory. Besides, the
E¢ component exhibits nonlinear behavior with in-
creasing value of stress whereas in the SCF model this
line stays at the center of gravity of the Es and E;
components. The above-mentioned features can be
explained by taking into account possible interaction
between the lowest 7§ vibronic level and the closest

¥ vibronic level coming from the 7', electronic state
coupled to the 7 mode. The nonlinearity of E4 com-
bined with the linear behavior of the E5 and E; com-
ponents is consistent with the fact that the 4 vibronic
level interacts only with the central component of the
T} vibronic level for stress o1l [110]. However, for
stress o I [111] the A4} interacts with the lowest line of
the T vibronic level yielding the largest value of split-
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ting for this direction of stress.

The solid lines in Fig. 1 show the fitting of experi-
mental points which is obtained in the model of
A,— T, transition, including 7, coupling with the 7
mode when the vibronic functions of 73 and 4] were
taken in the static 7-mode Jahn-Teller limit.° In this
model the following formulas for the dependence of
the energy position of the observed components on
stress o are obtained:

E\=E,— V)0,
E,=E,++V,0+3A

—[(3V,0) = FAcV, +TA2]/2
Ey=E,— Vo,
E,=E,+2V,o,
Es=E,++Vioc—3V,0,
E¢=E,—3Vio+3A

—2(A+ Vi) + (Vo)1
E;=E,++Vic++3V,0,

where

E,=Ey+Vyo;, o= lorl.

The value of the ZPL energy position without any
stress, Fo=8378 cm™!, and the stress coefficients
(hydrostatic ¥,=0.065 cm™!/MPa, tetragonal V,
= —0.01 cm~!/MPa, and trigonal ¥V,= —0.61 cm™!/
MPa) were obtained directly from the results of piezo-
absorption measurements. There was only one adju-
stable parameter: the so-called tunnel splitting A
which is the energy position of 4} with respect to 75.
A good fit to the experimental points was obtained
with the value of A =60 cm™ 1.

Because of the 7} interaction with the A{ vibronic
level, the intensities of the E, and E¢ components
should decrease with stress. The present model
predicts about a 10% change in those line intensities
when the value of stress grows to 100 MPa which is
within the experimental error.

Starting from 1977, when the first classification of
deep defects in GaAs was made,* up to until recently it
was commonly believed that EL 2 is the only mid-gap
level in melt-grown GaAs. Recent years have brought
experimental evidence that this is the case in Bridg-
man crystals grown under typical conditions,” whereas
in Czochralski material® as well as in heavy oxygen-
doped Bridgman-grown GaAs’ more than one mid-gap
level is present. The variety of defects caused some
doubts whenever the absorption band 1.0 to 1.3 eV
with its ZPL belongs to EL2.° Recent measurements
made on Bridgman GaAs have shown the direct pro-
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portionality between ZPL intensity, as well as the max-
imum of the intracenter absorption band, and EL?2
concentration taken from deep-level transient spectros-
copy.!® The name EL 2 should therefore be reserved
for this defect which is present alone in typical Bridg-
man GaAs. It is also a member of the mid-gap level
family in all melt-grown GaAs crystals since the ab-
sorption band 1.0 to 1.3 eV with its ZPL is common
for all melt-grown materials.

The ZPL of the EL 2 intracenter absorption band is
the unique feature which made possible the identifica-
tion of the point-group symmetry of the EL 2 defect as
T,. T, symmetry implies that EL2 is an isolated
center. As the technological data show that antisite ar-
senic is involved in the formation of EL?2,!! it can be
concluded that EL 2 is an isolated antisite arsenic.

Experimental evidence of the existence of antisite
arsenic defects in melt-grown GaAs was given a few
years ago by electron paramagnetic resonance (EPR)
experiments.!? The strong argument for correlation of
these centers with EL 2 defects has been given recently
by photo-EPR measurements.!®> It has been shown
that the EL2 defect and antisite arsenic demonstrate
practically identical optical and photoelectronic proper-
ties. However, the EPR signal is not sensitive to the
antisite-arsenic neighborhood and EPR experiments
cannot distinguish between an isolated antisite and its
complexes. Very recent electron-nuclear - double-
resonance measurements revealed the presence of an-
tisite arsenic defects with four arsenic atoms in the
neighborhood in melt-grown GaAs.!* The existence
of such centers supports our model of EL?2.

In addition, the model of isolated antisite arsenic is
consistent with the theoretical calculations made for
the neutral state of antisite arsenic (twofold occupied
with valence electrons when three other electrons are
taken by the bonds!?) which gives the ground 14, lev-
el below the bottom of the conduction band and the
excited !7, level resonant with the conduction band.
It is in agreement with the experimentally observed
situation presented in Fig. 2. Further support for EL2
identification comes from recent theoretical calcula-
tions of antisite arsenic total energy.!® These calcula-
tions show that a metastable state of isolated neutral
antisite arsenic is possible and it is the metastability
which is being regarded as the EL2 fingerprint. The
model of isolated antisite arsenic can therefore
describe properly the EL?2 level’s energy position and
the intracenter transition with ZPL behavior under
external fields as well as the best known EL2
feature —its metastability.

The central result of the present work is the identifi-
cation of the point-group symmetry of the EL 2 defect
as T; which, combined with other experimental
results, leads to the EL 2 model as isolated antisite ar-
senic. That model explains all known EL 2 features.
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