
PHYSICAL REVIEW 8 VOLUME 37, NUMBER 11 15 APRIL 1988-I

Neutron irradiation eN'ects on the Islfrared absorption of the EL 2 defect in GaAs
New interpretation for the intracenter transition
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The effect of neutron irradiation on the optical properties of the EL2 center in semi-insulating
GaAs was studied using the infrared absorption technique. The results show that the absorption
band known as the intracenter transition between 1.03 and 1.27 eV is decreased by neutron irra-
diation. This absorption band is interpreted as a charge-transfer transition between the Aso, an-
tisite and an X component(s) assuming that EL2~Aso, +X. The neutron irradiation increases
the ~ antisitc concentration and reduces the EL2 concentration. The reduction of the EL2
concentration is due to the decrease of the X-component concentration. The zero-phonon line ob-
served at 1.039 eV may not be an internal optical excitation within the isolated Asoa antisite.

There are several debates regarding the identi6cation of
the intrinsic mid-gap defect known as EL2 in semi-
insulating GaAS. One of the oldest controversies arises
from the resemblance between the electron-paramagnetic
resonance (EPR) spectrum of the EL2 center in its nor-
mal state and that of the isolated AsG, antisite defect. '

Recent controversies involve the assignment of the zero-
phonon lines~ (ZPI.) in the infrared (IR) absorption and
the method7 " of transforming the EL2 center from the
normal state (EL2 ) to the metastable conSguration
(EI.2').

The information provided by the different experimental
techniques has so far been unable to give a complete pic-
ture of EL2. Part of the dillculty in identifying the atom-
ic conSguration of EL2 is that no direct experimental ob-
servation of EL2 has been reported. Since optical, elec-
trical, or paramagnetic properties of EL2 have not been
observed, its microscopic structure is still speculative in
nature. Several models'2 '7 have been proposed to ac-
count for the experimental observations reported for EL 2.
Most of these models rely on the atomic displacement
which occurs during the transformation of EL 2 to EL2 .
Nevertheless, the thceretical and experimental consensus
is that EL2 involves a complex defect of which the Aso,
antisite is an essential component.

The near IR absorption is one of the most complicated
aspects of the EL2 defect. It contains differen absorption
bands corresponding to various optical excitations.

The purpose of this Rapid Communication is to report
new experimental results on the effects of neutron irradia-
tion on the optical properties of EL 2. A new interpreta-
tion for the absorption band known as the intracenter
transition will be suggested. It is also speculated that the
ZPL may not arise from the isolated Aso, antisite.

Three single crystals of semi-insulating GaAs were cut
from a boule grown by the liquid-encapsulated Czochral-
ski technique. The IR absorption measurements were ob-
tained using a CARY 2300 spectrophotometer. A
closedwycle refrigerator was used to cool the samples in
the dark to 9.5 K. The monochromatic spectrophotometer
light was weak enough (-5&10 5 W/cmz) so that a no-
ticeable photoquenching effect is not induced. The EL2
defect was quenched by an external 100-W quartz-
halogen lamp. Two of the samples were neutron irradiat-
ed at the Texas ARM University Research Reactor in a
ilux of 4.3 X 10'2 ncm 2s ' for certain periods of time as
indicated in Table I. The impurities introduced by neu-
tron transmutation doping are also shown in Table I.

The IR absorption spectra of EL 2 before and after pho-
toquenching are shown in Fig. 1 for the three samples.
The EL2 absorption spectra are superimposed on a back-
ground and residual absorptions. The background absorp-
tion is increased as the neutron irradiation dose is in-
creased and it is considered as being due to the induced ir-
radiation damage. The residual absorption after a com-
plete photoquenching of EL2 is observed even before neu-
tron irradiation bee Fig. 1(c)] and found to be sample
dependent. Its magnitude depends on the postgrowth an-
nealing. This residual absorption is not observed in p-type
GaAs samples, and we speculate that it is due to the iso-
lated Asog anflsltc. Tllls asslllnptloll sccllls qllltc fcasoll-
able because it has been shown previously that the antisite
concentration increases with the amount of neutron irradi-
ation' similar to the increase in residual absorption as
shown in Fig. 1 (spectra presented by broken lines) and
Table I. It should be pointed out that other defects such
as ELO may be involved m the residual absorption. The
IR absorption of ELO has never been reported and we be-
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TABLE I. Characteristics of the semi-insulating samples used in the present study. Samples werc
cut from the same boule. All samples are 12x12x1.8 mm3.

Irradiation time (s)
[Ge] (cm ')'
[Sel (cm ')
Relative concentration

of EL2'
Relative integrated area of

total EL2~
Relative integrated

area of Aso, '

Sample number
6102

3.679x10'
5.0x 10'
7.714x10"

0.938

0,963 +' 0.010

6,0+ 0.3

6103

3.679x 10'
5.0x 10"
7.691 x 10'

0.858 +' 0.010

'Control sample.
Impurities were introduced by neutron transmutation doping.

'The concentrations of EL 2 were calculated using Martin's curve (Ref. 21).
~The total integrated areas of EL2 absorption vrere obtained between 6000 and 11800 cm ' from
Fig. 2.
'The total integrated areas of A~ vrere obtained from Fig. 1 after EL2 is completely quenched. Area
~as measured under broad absorption between 6000 and 11780cm

O. 744
2.98 =

Vnergy le@i
0.930 1.118 1.302

lieve that ELQ is IR inactive in this region.
An apparent shift (sharp increase of the IR absorption

near the band edge) in the band-edge position toward
lower energy is observed for the sample G103. This
phenomenon is found to be severe in the IR absorption

measurements of samples irradiated for a period of time
larger than 3.679x104 s. Although the IR absorption
measurements are diIIicult to perform for samples with
high neutron irradiation doses, the EPR measure-
ments "s 2o confirm the presence of large isolated Aso,
antisite concentrations (-10 cm ).

The spectra obtained after photoquenching were sub-
tracted from the spectra obtained before photoquenching
for each sample (see Fig. 1) and the results are shown in
Fig. 2. It is clear that the neutron irradiation decreases
the EL2 concentration (Fig. 2) while it increases the iso-
lated Aso, antisite concentration. " The latter is in-
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FIG. 1. The IR absorption spectra of EL 2 before (sohd lines)
and after (broken lines) photoquenching at 9.5 K. The samples
were neutron irradiated in a IIux of 4.3 x 10'2 n cm ss ' for (a)
3.679x103 s, sample 6103, (b) 3.679x102 s, sample 6102, and
(c) no irradiation, control sample 6101. The broken line spec-
tra are believed to be due primarily to the isolated Asg, antisite
photoionization.
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FIG. 2. The EL2 IR absorption difkrence spectra for the
three samples. These curves ~ere obtained by subtracting the
spectra after photoquenching from the spectra taken before pho-
toquenching. The EL 2 concentration is decreased by increasing
the neutron irradiation doses. The dotted curve is the result of
subtracting the 6103 spectrum from the 6101 spectrum.



ferred from the dramatic increase of the residual absorp-
tion after EL2 is completely quenched (see Fig. 1). The
increase of the isolated antisites by neutron irradiation has
been reported previously using the EPR technique.

A careful examination of Table I shows that the relative
concentration of EL 2 as calculated from Martin's calibra-
tion curve is different from the relative total inte rated
area (which is proportional to the defect population ) ob-
tained from Fig. 2 especially for sample 6103. Two im-
portant points can be extracted from this observation.
First, Martin's calibration curve, which is questioned by
Gatos and Lagowski, may not present an accurate es-
timation for the EL2 concentration. Second, unlike pho-
ton illumination24 the neutron irradiation affects EL20 in
a nonlinear fashion. To clarify the latter point, we sub-
tracted the 6103 spectrum from the 6101 spectrum and
plotted the results in Fig. 2. The presence of the peak at
-1.24 eV after the subtraction indicates that the neutron
irradiation affects the absorption band between 1.03 and
1.27 eV more than it affects other optical excitations in
the EL2 absorption spectrum. A similar behavior is ob-
served in a sample (with the same irradiation dose as
6103) obtained from a different vendor. The peak at 1.24
eV was not observed when any two spectra in Fig. 1 of
Ref. 24 were subtracted.

We speculate that the IR absorption which remains (re-
sidual absorption) after complete photoquenching of EL2
as shown in Fig. 1 is related to the isolated Aso, antisite.
In addition„ the increase of the residual absorption which
is pronounced for 6103 (see Fig. 1 and Table I) above
0.75 eV is a characteristic of electron photoionization ab-
sorption. It is not clear whether the upward shift of the
quenched spectra in the lower photon energy region is due
to free-carrier absorptionz5 or hole-photoionization ab-
sorption. There are two points which support the specu-
lation offered above. First, the isolated Aso, antisite is the
dominant defect that may give rise to the IR absorption
above midgap (for a review, see Ref. 17). Second, the re-
sidual absorption after photoquenehing of EL2 is in-
creased by neutron irradiation. This, picture is in good
agreement with previous observations' s's'z7 in which an
increase of the antisites concentration is achieved by neu-
tron irradiation.

The general consensus is that EL2-=Aso, +X, where X
is still a matter of controversy. Two recent attempts
have been made to identify the X component(s). The
model proposed by von Bardeleben et al 's identifi. es X as
a movable arsenic interstitial (As; ) which is revised to a
split interstitialzs for the EL2 configuration. This model
is supported by the optically detected electron-nuclear
double resonance. z9 However, an acceptor defect (impur-
ity) is needed for this model which is speculated to be
intrinsic in nature such as an arsenic vacancy. The oth-
er attempt ~ identifies X as a divacancy which is support-
ed by the electron irradiation, and plastic deformations
combined with thermal annealing. 3z It is obvious from
the above discussion that EL2 may be more complicated
than a simple pair defect. In fact, the complicated IR ab-
sorption spectrum of EL 2 may refiect such complexities.

The absorption band between 1.03 and 1.27 eV (we will
refer to this band as AB for simplicity) has been the sub-

ject of numerous studies. " ' It contains a broad peak
at 1.18 eV, a ZPL at 1.039 eV, and phonon replicas
separated by 11 meV. The AB was interpreted as a tran-
sition from EL2 to the L minimum of the conduction
band, 3 an intracenter transition within the Aso, an-
tisite, and an intracenter transition within the gallium
vacancy (Vo,). It has been shown that the AB cannot
be related to VG, and that the ZPL may not be associat-
ed4 with the broad peak at 1.18 eV.

As mentioned earlier, the neutron irradiation increases
the isolated Aso, antisite concentration and decreases the
EL2 concentration. The generation of the isolated an-
tisites and consumption of interstitials and vacancies were
discussed previously' in more detaiL Based on the results
of the relative integrated areas of EL2 and Aso, (see
Table I), the rate of Aso, antisite generation is much
higher than the rate of X component destruction (reduc-
tion of EL2). If EL2 is a complex involvin,

I1
Aso, and an

X component(s) and if X is to be identified s as As;, then
the reduction of the EL2 concentration is the result of a
decrease in As~ concentration. This processes is accom-
panied by a reduction of the AB signal as shown in Fig. 2.
This behavior leads us to propose that the AB is a charge-
transfer transition between the Aso, and As; defects. The
present experimental results do not rule out any charge-
transfer transitions between Aso, and vacancies. We are
not aware of any previously reported measurements for
charge-transfer transitions between defects in GaAs.
However, very recently3 energy-transfer pro@asses be-
tween defects were reported for GaP system. In addition,
recent theoretical calculations predict different possibili-
ties of charge-transfer transitions between Aso, and As~ in
support of the present interpretation of the AB.

The present results are in disagreement with the inter-
pretation of the AS as being an intracenter transition
within the isolated Asoi antisite. s 37 This is because nei-
ther the AS nor the ZPL were observed in the residual ab-
sorption (the residual absorption is interpreted by us as
the isolated AsG, photoionization absorption) even for the
sample G103 which contains more isolated AsG, antisite
than the control sample by a factor of 72 (see Table I).
The absence of the ZPL from the residual absorption
(Aso, absorption) of sample 6103 casts doubt on the in-
terpretation of the ZPL as being A~ to T2 transition
within the isolated Aso, antisite of a Td symmetrys and
lends support for the ZPL as being a transition within an
orthorhomnic complex. 5 In addition, a multiplet structure
was observed in the ZPL in the absence of any uniaxial
stresses. ' This fine structure is qualitatively similar to
the structure observed4' in the ZPL of Se and Cr complex
in GaAs. These experimental results along with the re-
cent experimental observations of the temperature
dependence of the activation energy for thermal recovery
of EL2 seem to support the speculation that EL2 is more
complex than a simple pair defect.

In conclusion, the present results show for the first time
that the neutron irradiation reduces the EL2 concentra-
tion. The absorption band between 1.03 and 1.27 eV was
interpreted as a charge-transfer transition between the
constituent atoms of EL2. We also interpreted the residu-
al absorption which remains after EL2 is completely
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quenched as a photoionization absorption of the isolated AsG, antisite. More experimental measurements (in particular,
thermal annealing) are needed to evaluate the effect of various defects introduced by neutron irradiation on the EI.2
center.
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