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Introduction of metastable vacancy defects in electron-irradiated semi-insulating GaAs
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Positron-lifetime experiments have been performed to investigate the metastability of the point defects
produced in the electron irradiation of semi-insulating GaAs. The measurements in darkness indicate
the presence of Ga vacancies and Ga antisite defects in a negative charge state. Illumination at 25 K re-
veals another type of a defect, which has a vacancy in its metastable state. The metastable vacancies can
be observed most effectively after illumination with 1.1-eV photons and they are persistent up to the an-
nealing temperature of 80—100 K. The introduction rate of the metastable defects is about 0.3 cm
which is close to the values reported earlier for the As antisite. The metastable properties of the defects
resemble those of the well-known EL2 center in as-grown GaAs. We associate these defects to As an-
tisites, which exhibit the metastability predicted by the theory: in the metastable configuration the As
antisite atom relaxes away from the lattice position, leaving a Ga site vacant.

I. INTRODUCTION

The defects introduced in the electron irradiation of
GaAs have been the subject of intensive research. '

Electron irradiation with energies of 1 —3 MeV can be
used to create simple intrinsic point defects like vacan-
cies, antisites, and interstitials in the lattice. The under-
standing of the properties of these elementary defects is
the basic step toward a systematic analysis of more com-
plex defect structures. For example, the properties of
irradiation-induced defects can be compared to those of
native defects formed during the crystal growth of GaAs.
In the identification of the atomic structure of the native
defects this type of comparison may thus play a very im-
portant role.

The introduction of arsenic antisite defects during the
electron irradiation of GaAs has been studied especially
widely. This interest largely stems from the fact that the
most important native defect in semi-insulating GaAs,
the EL2 defect, is related to the arsenic antisite. Several
studies have reported the introduction of arsenic antisite
defects during electron irradiation, ' neutron irradia-
tion, ' and plastic deformation. The introduc-
tion rate of this defect in 1 —2-MeV electron irradiation is
of the order 0.2 —0.3 cm ' after annealing at 300 K."'

The most interesting property of the native EL2 defect
in as-grown GaAs is its metastability. The metastable
state of the EL2 defect can be populated by illumination
with 1.1 —1.3-eV light at low temperatures of T& 100 K,
and it can be returned to the stable state by annealing at
T) 120 K. The metastable state is electrically and opti-
cally inactive. The metastability has been theoretically
explained by large lattice relaxations, which take place
when the defect transforms from the stable to the meta-
stable state. According to the theoretical model, where
EL2 is an isolated As antisite defect, the As atom in the
metastable state moves from a substitutional lattice site

toward the interstitial position, and leaves behind a Ga
vacancy.

Although the introduction of As antisites has been ob-
served in electron irradiation of GaAs, the metastability
of this defect has been reported only in few studies. After
300-K annealing, infrared-absorption (IR), magnetic cir-
cular dichroism (MCD), and electron-paramagnetic-
resonance (EPR) experiments have shown only minor
metastable e6'ects, which have been often related to the
native EL2 defect remaining in the sample after irradia-
tion. ' ' The detection of an irradiation-induced EL2-
like metastable center has been reported only in some
EPR and MCD experiments either after 300-K irradia-
tion or after low-temperature irradiation and annealing
at 500 K. ' ' ' The recovery of the irradiation-induced
As antisites has been explained by complicated annealing
sequences, where the As antisite may exist as isolated or
in pairs with other defects depending on the annealing
temperature. ' The metastability of these antisites has
been reported only very recently.

In our previous positron experiments on as-grown
GaAs, we observed a metastable vacancy when the EL2
defect was transformed to the metastable state. ' This
vacancy has a smaller open volume than the isolated
monovacancies in GaAs. We concluded that the meta-
stable vacancy belongs to the atomic structure of the
metastable state of the EL2 defect. These discoveries can
be compared to the isolated As antisite model for
EL2. ' In this model the metastable state consists of a
Ga-vacancy —As-interstitial pair, the open volume of
which is slightly smaller than that of the isolated Ga va-
cancy. The positron results are thus in perfect agreement
with the vacancy-interstitial model for the structure of
the EL2 defect.

In this work we studied whether metastable vacancies
similar to those found in as-grown GaAs are produced by
electron irradiation. Present results show that electron
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irradiation creates point defects, which have a vacancy in
the metastable state. The introduction rate of these de-
fects is about 0.3 cm, which is very close to that report-
ed earlier for the As antisite defect. The metastability of
the defect resembles the properties of the native EI.2 de-
fect. We thus relate the defect to the electron-
irradiation-induced As antisite. However, some proper-
ties of the irradiation-induced defects are diferent from
those of the native EL2 defect: (i) the conversion of the
defect to the metastable state requires about ten times
longer illumination, and (ii) the metastable state recovers
at slightly lower temperatures of 80—100 K than in the
case of the native EI.2 defect.

The details of the positron experiments of this work
are given in Sec. II. In Sec. III we explain the positron
trapping model and the equations needed to analyze the
positron data after irradiation. The experimental results
are given in Sec. IV, and they are quantitatively analyzed
in Sec. V. In Sec. VI we investigate the properties of the
metastable defect observed after irradiation and discuss
its atomic structure. Section VII concludes the paper.

II. EXPERIMENTAL DETAILS

The positron-lifetime experiments in this work were
performed on undoped semi-insulating GaAs crystals
grown by the liquid-encapsulated Czochralski technique.
The samples were electron irradiated with 1.5-MeV elec-
trons at 20 K with the Van der Graaf accelerator at La-
boratoire des Solides Irradies at Ecole
Polytechnique —Paris. The irradiation Auences were
1X10', 5X10', and 1.3X10' e cm . After irradia-
tion we studied the recovery of vacancy defects in these
samples in our previous publication. Before the experi-
ments of this work, samples irradiated to Auences of
1X10' and 5X10' e cm have been annealed at 300
K, and the sample irradiated with a fluence of 1.3 X 10'
e cm has been annealed at 425 K.

The positron-lifetime experiments were performed in a
similar way to that explained in our earlier publica-
tions. ' Two identical pieces of samples were
sandwiched with a 30-pCi Na positron source deposited
on a 1.5-pm Al foi1. The measurements were carried out
by a fast-fast lifetime spectrometer with a time resolution
of 230 ps, and typically 2 X 10 counts were collected to
each spectrum. The temperature of the sample was
varied from 20 to 300 K by a closed-cycle He cryocooler,
which was equipped with quartz glass windows for the il-
lumination of the sample. The illuminations of the sam™
ples were performed with 0.7—1.5-eV light obtained from
a 250-W halogen lamp and a monochromator. The
source-sample sandwich was illuminated simultaneously
from both sides using a bifurcated optical fiber bundle. A
reference fiber bundle was used for the on-line monitoring
of the incident photon flux with a Si-Ge photodetector.

After subtracting the constant background and the an-
nihilations in the source materials (215 ps, 5.4%; 450 ps,
1.9%), the lifetime spectra were analyzed with one or two
exponential components,

n (t) =no[I, exp( —X,t)+I2exp( —A2t) ],

convoluted with the Gaussian resolution function of the
spectrometer. In Eq. (1), no is the total number of ob-
served positron-electron annihilations, and the annihila-
tion rate A, ; is the inverse of the positron lifetime,

I,. is the relative intensity of the lifetime com-
ponent ~; in the spectrum. The average positron lifetime
is calculated from the experimental lifetimes and intensi-
ties as v.„=XI;~;. Even a small change in the value of
this parameter can be reliably connected to a change in
the vacancy concentration.

III. POSITRON TRAPPING AT VACANCIES
AND NEGATIVE INS

A. Positron trapping at vacancies in semiconductors

In a perfect crystal the delocalized positrons annihilate
with a single lifetime ~b. When neutra1 or negative va-
cancy defects appear in the material, positrons may get
trapped at them and annihilate at the localized state with
the lifetime ~, . Because the electron density in a vacancy
is lower than in the bulk, the lifetime w, is always longer
than the bulk lifetime ~b. The positron trapping rate K,
from the delocalized state in the bulk into the localized
state at the vacancy is proportional to the vacancy con-
centration e, :

p, (T)= pz
3/2

p~ /iV„2~m *k~ T
1+

9R h

In Eq. (3), p,z =pt, oT ' is the positron-trapping
coefFicient from the delocalized state to the Rydberg pre-
cursor state, and gz is the trapping coefFicient from the
precursor state to the positron ground state at the vacan-
cy. Eb, is the binding energy of the positron to the Ryd-

KU =pUCU

The parameter p, is the positron-trapping coefFicient,
which depends on the charge of the vacancy defect. At
positive vacancies the trapping coefficient is very small
due to the Coulomb repulsion between the defect and the
positron, and in practice positive vacancies are not
detected. At neutral vacancies the trapping coefficient is
typically p, = 1 X 10' s ', and its value is independent of
temperature.

On the other hand, positron trapping at negative va-
cancies depends strongly on temperature. First, the posi-
tron trapping rate is proportional to T ' due to the na-
ture of the positron initial wave function as a Coulomb
wave. Second, the positron may get trapped at a nega-
tive vacancy through a Rydberg precursor state. This
process is strongly temperature dependent, because the
positron may escape thermally back to the delocalized
state during the trapping process. The temperature
dependence of the positron-trapping coefficient p,
through the Rydberg state into the ground state of the
negative vacancy is then
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berg precursor state, and Rat is the atomic density of the
host material.

When only one type of vacancy defect in a single
charge state exists in the sample, positrons can annihilate
either as delocalized in the bulk (lifetime rb ) or as
trapped at the vacancy (lifetime r„). In this case the ex-
perimental second lifetime ~2 is equal to the lifetime at
the vacancy: ~2=~, . The average lifetime is the superpo-
sition r„=(1—il, )rb+ii, r„where g„ is the fraction of
positrons annihilating at the vacancy. The positron-
trapping rate can then be calculated as

+av +b
KU

—A, b
+U +av

(4)

and the defect concentration can be estimate from Eq. (2)
provided that the trapping coe%cient p, is known. Even
if the absolute value of the trapping coefficient is un-
known, the positron-trapping rates give information on
the relative defect concentrations [Eq. (2)]. However,
when the experimental trapping rates are obtained at
different measurement temperatures, they must be scaled
to the same temperature according to Eq. (3) to enable
the comparisons of the vacancy concentrations.

B. Positron trapping at the Rydberg states of negative ions

In semiconductors negative-ion type acceptors behave
as shallow positron traps, which are able to capture posi-
trons at Rydberg-like states with a low binding energy
( & 0.1 ev). ' The trapped positron thus remains rather
delocalized and its lifetime ~„ is the same as in the bulk.
The positron trapping rate K„at ihe negative ions is pro-
portional to the ion concentration c„as

Kst Pst~st

where p„ is the positron trapping coe%cient at the Ryd-
berg state of the negative ion. As in the case of negative-
ly charged vacancies it varies as a function of tempera-
ture as p„=p„oT ' . When the temperature is high
enough, positrons can escape from the Rydberg state to
the bulk state due to the thermal detrapping, and at high
temperatures the effect of negative ions is not observed.

When both vacancies and negative ions exist in sam-
ples, the average lifetime at any temperature can be ex-
pressed as a superposition r,„=(1—i)„—i), )rb+7)„r„
+g, ~„where g„and g, are the fractions of positrons
annihilating at the negative ions and vacancies, respec-
tively. When there is no detrapping from the ions, the
positron-trapping rate at the ions can be calculated from
the average lifetime as

a.,(r, r„)+Ah(rb —r„—)
Kst-

+av +st

provided the trapping rate at the vacancies K, is known.
In case the temperature is large enough for positrons to
escape from the Rydberg states, the detrapping rate 5 be-
comes comparable to the trapping rate K„. In a thermo-
dynamical approach these quantities are related by

3/2
2~m *k~ T

hz
Eb,.t

P

where m* is the positron effective mass and Eb „is the
positron binding energy at the Rydberg state of the nega-
tive ion.

The temperature dependence of average positron life-
time in the presence of positron detrapping from the neg-
ative ions has been studied in detail in our earlier publica-
tion. Depending on the positron binding energy Eb„
and concentration c,t, the behavior of ~„can be divided
into three difFerent temperature regions. In the first re-
gion at the lowest temperatures, both vacancies and ions
trap positrons and there is no detrapping from the ions
(5 « i~„). In this region the average lifetime is essentially
constant as the temperature dependences of positron
trapping at the ions and at vacancies cancel each other.
The trapping rate at the negative ions can then be calcu-
lated from Eq. (6). In the second region the detrapping
from the ions starts to play a role [5=i'„ in Eq. (7)], and

~,„ increases strongly because a larger fraction of posi-
trons annihilates at the vacancies instead of at the ions.
In the third region the detrapping is so strong that practi-
cally no positrons annihilate at the negative ions
(5 ))~„). Equation (4) is then valid, and the average life-
time rejects purely the temperature dependence of the
positron-trapping coefficient at the vacancies [Eq. (3) in
case of negative vacancies].

IV. EXPERIMENTAL RESULTS

A. Temperature dependence of positron lifetime in darkness

The positron lifetimes in the as-grown and electron-
irradiated GaAs samples are shown in Fig. 1 as a func-
tion of the measurement temperature. In the as-grown
sample the positron lifetime is about 233 ps at room tem-
perature, and it decreases to 231 ps when the measure-
ment temperature is lowered to 20 K. These positron-
lifetime values are very close to those we have determined
in the Zn-doped reference sample for delocalized posi-
trons in the GaAs bulk: 232.5 ps at 300 K and 231.3 ps
at 25 K. Hence no vacancy defects are detected in the
positron experiments on the as-grown semi-insulating
GaAs sample.

The positron average lifetimes at 300 K in the
electron-irradiated samples vary from 235 to 241 ps de-
pending on the irradiation Auence. As these values are
above the bulk lifetime, they indicate the presence of
irradiation-induced vacancy-type defects. The decompo-
sition of the lifetime spectrum into two components
yields the second lifetime of ~2=260+3 ps in all irradiat-
ed samples, and at 300 K the decomposition follows the
simple one-defect trapping model. The lifetime spectra
at 300 K thus indicate that a single-vacancy defect acts as
the dominant positron trap. Since the average positron
lifetime increases with the irradiation fiuence in all the
samples annealed at 300 K, we can conclude that the
detected vacancy defect is introduced in the electron irra-
diation. According to theoretical calculations Ga va-



INTRODUCTION OF METASTABLE VACANCY DEFECTS IN. . . 14 155

cancies are negative and As vacancies positive in GaAs,
when the Fermi level is at midgap. ' The defects
detected by positrons can thus be attributed to Ga vacan-
cies since the As vacancies are repulsive to positrons.

The temperature dependence of the average positron
lifetime in irradiated GaAs samples is shown in Fig. 1. In
all samples, the lifetime is constant at 20—100 K, after
which it starts to increase as a function of temperature.
At higher temperature this increase levels o6' and an
essentially constant average lifetime is found. The onset
temperature for the plateau of constant ~,„depends on
the irradiation fluence: for the lowest fiuence of

=1X10' e cm the plateau starts at about 200
K, but in the sample with N, =1.3X10' e cm the
increase of the average positron lifetime continues up to
350 K.

The temperature dependence of the average positron
lifetime in the electron-irradiated samples can be under-
stood in terms of thermal positron detrapping from
negative-ion-type defects, which act as shallow positron
traps. These traps are shallow in the sense that the pos-
itron binding energy at them is much lower than at a va-
cancies, and the positron lifetime is the same as in bulk
GaAs. At low temperatures of T& 100 K, when the aver-

age lifetime in Fig. 1 is constant, all positrons are trapped
either at vacancies or at shallow traps, and no detrapping
occurs. The increase of the average lifetime above 100 K
indicates that positrons are partially detrapped from the
shallow traps, and a larger fraction of them annihilates at
the vacancies. When the detrapping is complete at high
temperature, only vacancy defects are detected, and the
average lifetime saturates to a constant value (Fig. 1).

The results of our earlier work indicate that the shal-
low positron trap is an elementary point defect intro-
duced in the electron irradiation. According to theory,
As antisites as well as Ga and As interstitials are neutral
or positively charged in semi-insulating GaAs, but the Ga
antisites are negative. ' The shallow positron traps
can thus be associated with negatively charged Ga an-
tisite defects, which trap positrons to Rydberg-like states
at low temperatures.

B. Metastable eÃects in the positron lifetime
after illumination

The positron-lifetime results after illumination of the
sample are shown in Fig. 2. The photon energy was
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FICz. 1. Fluence e6'ects on the temperature dependence of the
positron average lifetime in semi-insulating CzaAs after 1.5-MeV
electron irradiation at 20 K. After irradiation the samples have
been annealed either at 300 or 425 K.

ANNEALING TEMPERATURE (K)

FIG. 2. The positron average lifetime as a function of the
isochronal annealing temperature after 1.15-eV illumination at
25 K. All measurements have been performed in darkness at 30
K, and the annealing time was 10 min. The electron irradiation
Auences are marked in the figure.
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E h=1.15 eV and the illumination with the photon Aux
of @ h=10' s 'cm lasted for at least two hours at 25
K before the positron lifetime was measured in darkness.
Between each positron experiment a 10-min isochronal
annealing of the sample was performed at the tempera-
ture indicated on the horizontal axis of Fig. 2.

The results in Fig. 2 show that in all samples the posi-
tron lifetime after illumination is longer than the lifetime
measured before illumination in darkness. The increase
of w„both in the as-grown GaAs and in the electron-
irradiated material is typically 2 —3 ps. This change of
the average positron lifetime is persistent at 25 K, since it
remains for several days after the illumination is switched
ofF'. As explained in Sec. III and in earlier publica-
tions, ' the increase of positron lifetime is a fingerprint
of vacancy defects in the samples. Hence the data in Fig.
2 indicate that at 25 K more vacancy defects are observed
in the samples after the illumination than before it.

The illumination e6'ect in the as-grown GaAs disap-
pears in isochronal annealing in two stages (Fig. 2). First,
at 30—50 K the lifetime decreases about 2 ps, whereafter
~„saturates to a level, which is still 1 —2 ps above the
values measured before illumination. An abrupt anneal-
ing stage is observed at 110—120 K, at which the il-
lumination eFect is lost completely as the average lifetime
coincides with the level obtained in darkness. In the
electron-irradiated samples the annealing at 30—50 K is
not seen, but the recovery of the average lifetime takes
place at around 100 K. When the electron-irradiation
fluence is increased from N, = 1 X 10' to 1.3 X 10'
e cm, the annealing stage shifts from 120 K to slight-
ly lower temperatures of 80—90 K.

The increase of the average lifetime indicates that more
vacancies are detected in all samples after the illumina-
tion. These vacancies are stable only at low tempera-
tures, and they disappear during isochronal annealing at
80—120 K. The data closely resemble the results that we
have previously obtained in as-grown GaAs, where the
increase of the average lifetime after illumination was
used to show that the metastable state of the EI.2 defect
contains a vacancy. ' We thus conclude that metasta-
ble vacancies are also observed in electron-irradiated
GaAs.

C. Generation of the metastable vacancies
during illumination

To study the appearance of the metastable vacancy in
more detail, we performed an illumination experiment
where we kept the photon energy E h =1.15 eV and fiux
Nph= 1 X 10' s ' cm Axed, and varied the illumination
time t;&&. The positron lifetime was measured in darkness
at 25 K between each illumination. In this type of experi-
ment the positron lifetime is thus measured as a function
of the photon Auence C)„ht;&&. The results obtained in as-
grown GaAs and in the irradiated samples are shown in
Fig. 3.

In as-grown GaAs the average positron lifetime first in-
creases rapidly with the illumination time and then satu-
rates. 50% of the saturation of the curve is reached at
about 4X10' cm . In the sample irradiated to the
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Auence @, = 1 X 10' e cm (not shown in Fig. 3) the
increase of the average lifetime takes place more slowly,
and a fluence of 10X10' cm is required to generate
half of the total increase. In the sample with the largest
irradiation Auence of 4, =1.3X 10' e cm a large il-
lumination Auence such as 100X10' cm is needed to
obtain half of the maximum illumination e6'ect in ~„.
Since the increase of the average lifetime reAects the gen-
eration of the metastable vacancies, the data in Fig. 3 in-
dicate that much longer illumination times are needed to
create the metastability in the irradiated samples than in
as-grown GaAs. Furthermore, the illumination time con-
stant for the generation of the metastable vacancies is
larger in samples which have been electron irradiated to a
larger fluence.

The results of Fig. 4 show the persistent increase of
positron lifetime as a function of the photon energy. In
this experiment the illumination fluence has been kept
constant for each photon energy, and the Auence was
4pht i] 6 X 10 ' cm for the as-grown sample and
@pht ]] 3 X 10' cm for the electron-irradiated sample.
The positron lifetime was measured in darkness at 25 K
between each illumination, and between each experiment
the sample was annealed in darkness at 200 K to remove
the metastability completely.

In as-grown GaAs the data in Fig. 4 show no illumina-
tion e6'ects for photon energies below E h =1.05 eV. Be-ph
tween E h =1.05 and 1.35 eV there is a clear increase in

ILLUMINATION FLUENCE (10 cm }
17 -2

FIG. 3. Positron average lifetime as a function of the il-
lumination fluence in as-grown and electron-irradiated (electron
fluence 1.3 X 10' e cm ) GaAs samples. A photon energy of
1.15 eV was used in the illumination. All experiments have
been performed in darkness at 25 K between each illumination
at 25 K.
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D. Temperature dependence of positron lifetime
in the metastable state

After illuminating the sample at 25 K the positron life-
time can be studied as a function of measurement temper-
ature below the annealing stage at 80—120 K. As ex-
plained in Sec. III, the temperature dependence of the
positron trapping can be used to obtain information
about the charge state of the vacancy defect. The results
of such experiments are presented in Fig. 5. Before the
positron measurements the samples were illuminated at
25 K with 1.15-eV photons for at least 2 h with a photon
Aux of 4 h

= 10' s ' cm, whereafter positron-lifetime
experiments were performed in darkness. Since there is
recovery in the as-grown sample already below 50 K, the
data in Fig. 5 show the positron lifetimes after annealing
at temperatures, which are higher than the measurement
temperatures indicated by the horizontal axis of Fig. 5.
The annealing temperatures were 80 K for the as-grown

I i I i I ( I i I
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PHOTON ENERGY (eV) 237— SI GaAs

FIG. 4. Positron average lifetime as a function of the photon
energy in as-grown and electron-irradiated (electron fluence

1.3 X 10" e cm ) GaAs samples. All spectra were measured
in darkness at 25 K after illumination of the sample with 1.15-
eV light at 25 K. The photon fluence was the constant of
6 X 10' cm in the as-grown sample and 3 X 10' cm in the
irradiated sample.
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the average positron lifetime with a well-marked peak
centered at E h=1.15 eV. The full width at half max-
imum of this peak is about 0.2 eV, and a small illumina-
tion effect can be detected up to E h =1.4 eV. The data
obtained for the as-grown GaAs (Fig. 4) are similar to
that presented in our earlier publication. As discussed
there, the spectrum of Fig. 4 rejects the photon energy
dependence for the generation of metastable vacancies,
when the EI.2 defect is transformed to the metastable
state.

The upper part of Fig. 4 shows the generation of the
metastable vacancy in electron-irradiated GaAs. The
photon fluence we have chosen is now higher than in the
case of as-grown GaAs, because in the irradiated samples
much longer illumination times are needed to produce
the metastability, as demonstrated in Fig. 3. In the irra-
diated samples (Fig. 4), there is no illumination efFect at
photon energies below E h

= 1.0 eV, but between
E h=1.0 and 1.3 eV the average positron lifetime goes
through a well-marked maximum. Hence the metastable
vacancy in the electron-irradiated GaAs can be generated
by illumination with the photon energies of
E„h=1.0—1.3 eV and the effect is strongest at 1.1 eV.
Above E „=1.3 eV no illumination effect is observed.
When compared to results obtained in as-grown GaAs,
the peak of ~„ in Fig. 4 in electron-irradiated GaAs is
somewhat narrower and also shifted to slightly lower
photon energies.
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FIG. 5. Average positron lifetime as a function of measure-
ment temperature. The measurements were performed in dark-
ness after 1.15-eV illumination of the samples at 25 K. After il-
lumination and before the experiments the samples were an-
nealed at 80 K (as-grown sample), at 90 K (1X10' - and
5X10' -e cm -irradiated samples), or at 70 K (1.3X10'-
e cm -irradiated sample). The reference levels corresponding
to the positron lifetimes measured in darkness before any il-
lurnination are marked by the dashed lines.
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sample, 90 K for the samples irradiated to the Auences of
1X10' e crn, and 5X10' e cm and 70 K for the
samples irradiated to the Auence 1.3 X 10' e crn
This preparation procedure guarantees that we measure
only the temperature dependence of positron trapping at
the metastable vacancy recovering at 80—120 K in all
samples, and that the temperature dependence is not
mixed with the annealing stages taking place already
below 50 K. The reference levels corresponding to the
positron lifetimes measured in darkness before any il-
lumination are marked by the dashed lines in Fig. 5.

In as-grown GaAs the average lifetime decreases clear-
ly with increasing temperature (Fig. 5). This indicates
that positron trapping to the metastable vacancy is
enhanced at low temperatures. In our earlier publication
we associated this eAect with the negative charge of the
metastable vacancy. ' In the samples irradiated to the
fluences 1X10' and 5X10' e cm the average life-
time decreases with increasing temperature like in as-
grown C aAs, and at about 50 K the curves coincide with
their reference levels (Fig. 5). The behavior of the aver-
age lifetime is somewhat diferent in the sample with the
highest irradiation fluence of 1.3X 10' e cm, and in
the range of 25 —60 K it does not reach the reference lev-
el. We conclude that both in the as-grown and irradiated
samples the average lifetime shows a negative tempera-
ture dependence after illumination at 25 K. However,
the dependence becomes less prominent when the irradia-
tion fluence increases.

which the detrapping of positrons from the Rydberg
states of Ga~, plays no role. For this calculation we need
to know the positron trapping rate v, at Ga vacancies at
low temperature. By studying the temperature depen-
dence of positron trapping at native Ga vacancies in as-
grown GaAs, we determined the following values for the
parameters in Eq. (3): Eb, =15 meV, pz0=6X10'
s ' K'~, and gz = 3 X 10" s '. After scaling the
values of ~, from 300 to 30 K, the positron-trapping rate
x„at the Ga antisites can be calculated from Eq. (6) by
substituting ~„=z&. The results are given as a function
of the irradiation fluence in Fig. 6.

The data in Fig. 6 show that the positron-trapping rate
~„at Ga antisites increases linearly as a function of the
irradiation fluence. In accordance with our previous re-
sults, this behavior indicates that Ga antisite defects are
produced in the electron irradiation. The concentration
of the Ga antisites can be obtained by fitting Eq. (7) to the
temperature dependence of the average lifetime (Fig. 1)
with Eb and c„as free parameters. From this analysis
we obtain the value of E& „=52+5 meV for the positron-
binding energy in all the curves of Fig. 1. By combining
the positron-trapping rate ~„and the fitted concentration
c„[Eq. (5)], we get the value of p„o=(5.0+1.5) X 10'
s ' K' for the prefactor of the positron-trapping
coeKcient p )

=p ~o T at the Rydberg state of GaA .

V. PGSITRO'N TRAPPING AT THE METASTABI.E
VACANCIES IN EI.ECTRQN-IRRADIATED GaAs

A. Introduction of Ga vacancies and Ga antisites

In experiments performed in darkness the defect trap-
ping positrons in electron-irradiated GaAs are the Ga va-
cancies and Ga antisites. Ga antisites behave as shallow
positron traps, and they have no eAect on the positron
average lifetj.me at the high-temperature region, where
the detrapping is complete (see Sec. III). The positron-
trapping rate at VG, can thus be estimated at 300 K sim-
ply using Eq. (4) with r, =260 ps. The values are
presented i.n Fig. 6. It should be mentioned that in case
of the largest irradiation IIIuence N, = 1.3 X 10'
e cm we have used the data after 300-K annealing
taken from our previous publication.

The positron-trapping rates at the Ga vacancy in Fig. 6
increase linearly with the irradiation fluence. This
behavior manifests the introduction of the Ga vacancies
in the electron irradiation. By using the positron-
trapping coeKcient of p, = 1.4X 10' s ', the introduc-
tion rate 2,- =c„/N, of Ga vacancies after annealing at
300 K becomes X, =0.1 cm '. This value is quite low
because the main recovery stage of Ga vacancies is below
room temperature at about 200 —300 K, ' but the posi-
tron result is in reasonable agreement with that obtained
from EPR experiments (0.03 cm ' after 1.0-MeV irradia-
tion at 300 K).

The positron-trapping rate at the Ga antisites can be
calculated at the low-temperature region (T(100 K), at

0—

z
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200—

0—

100—

0—
I

100 5 15
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FIG. 6. Positron-trapping rate at Ga vacancies, Ga antisite
defects, and metastable vacancy defects as a function of the
electron-irradiation fluence. The trapping rates at Ga antisites
and at the metastable vacancies have been determined at the
measurement temperature of 30 K, and the trapping rate at the
Ga vacancies at 300 K. After irradiation with 1.5-MeV elec-
trons at 20 K the samples have been annealed at 300 K.
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B. Introduction of the metastable vacancies

After illumination at low temperatures metastable va-
cancies are observed both in the as-grown and electron-
irradiated GaAs samples; In as-grown GaAs the meta-
stable vacancy belongs to the atomic configuration of the
metastable state of the EL2 defect, and recently we deter-
mined the positron lifetime of ~ + =245 ps at this

center. In the electron-irradiated samples the metasta-
ble vacancies resemble in many ways those observed in
as-grown GaAs: both the photon energies for the vacan-
cy generation and the annealing temperatures of the
metastable vacancies are close to each other.

In this section we shall analyze quantitatively the con-
centration of the metastable vacancies in electron-
irradiated GaAs. After illumination at 30 K the posi-
trons may annihilate either in the bulk or as trapped at
Ga vacancies, at Ga antisites or at the metastable vacan-
cies. The average positron lifetime can then be written

where the fraction g; of positrons annihilate at the site i,
the index i corresponding to Ga vacancy (U), Ga antisite
(st), and metastable vacancy (U*), respectively. In the
positron-trapping model the annihilation fractions g; are
proportional to the trapping rates K; as

g; =~;/(kb+2~;), when no detrapping takes place. The
positron trapping rate at the metastable vacancy can thus
be solved from Eq. (8), yielding

K
V

(A,b+a„)(~,„~b)+~, (. r,„r—„)—
+av

(9)

In Eq. (9) we assume that positron lifetime at the Ga an-
tisite is the same in bulk GaAs, and that the lifetime at
the metastable vacancy is in all samples the same as in
the as-grown sample, i.e., the lifetime ~ + =245 ps at the
metastable state of EL,2. We assume further that the
positron-trapping rates at the Ga vacancies K, and at the
Ga antisites K„remain after illumination the same as
determined in darkness and shown in Fig. 6 (see below).
The trapping rates K + at the metastable vacancy calcu-
lated from the data of Fig. 2 are shown in Fig. 6 as a
function of the irradiation Auence.

The positron-trapping rate at the metastable vacancy
increases linearly in Fig. 6 as a function of the irradiation

Finally, we use this value to convert all the trapping rates
K„ to the concentrations c„.

The concentrations of the Ga antisites in the samples
are much larger than the concentration of Ga vacancies,
and the introduction rate X„=c„/@, of GaA, after
300-K annealing is as high as X„=1.4 cm . This value
is in good agreement with our previous estimates, al-
though now we have also introduced the temperature
dependences of p, and p„ into the analysis. The much
higher introduction rate of GaA, compared to that of V~,
reAects the fact that Ga vacancies anneal mainly below
room temperature, whereas Ga antisites are stable at
least up to 450 K.

Auence. This behavior shows that the concentration of
the metastable vacancies increases with the irradiation
Auence. For example, in the sample irradiated to= 1.3 X 10' e cm the trapping rate is K + = 147
ns, which indicates that the concentration of metasta-
ble vacancies is almost 150 times larger than that ob-
served in as-grown GaAs, where K + = 1 ns '. We thus
conclude that metastable vacancies are produced by the
electron irradiation.

We have studied the inAuence of the assumption made
in the estimation of K + above. The conclusion is that
systematical errors in ~ + and in K, and K„have an eAect

V

on the absolute values of the trapping rate K +, but do not
aAect the linear increase of K + as a function of the irradi-
ation Auence N,

The positron trapping rate K + can be converted to the
concentration of metastable vacancies with the positron-
trapping coefTicient p +. For the vacancy in the metasta-

V

ble state of the EL 2 defect values in the range of
p ~ =(1—2) X 10' s ' at 30 K have been estimated.
As the irradiation-induced metastable vacancy closely
resembles that detected in as-grown GaAs, we use the
value p + = 1.5 X 10' s ' in the analysis of the electron-
irradiated samples. The introduction rate X + =c +/4?,

V V

of the metastable vacancies becomes X + =0.3 cm
V

We can summarize the analysis of this section as fol-
lows. The positron-lifetime results show that the electron
irradiation of GaAs introduces a metastable defect,
which has a vacancy in the metastable state. The meta-
stable vacancy can be generated most eAiciently with 1.1-
eV photons, and after illumination the vacancy recovers
thermally at 80—120 K. The introduction rate of the de-
fect containing the metastable vacancy is 0.3 cm

VI. THE NATURE QF THE METASTABLE VACANCY

In this section we shall investigate the properties of the
metastable vacancy detected in the positron experiments.
We will also correlate these findings to the results of pre-
vious experiments and theoretical calculations. We shall
further discuss the atomic structure of the defect, which
contains the vacancy in its metastable state.

A. Optical cross section for the generation
of the metastable vacancy

The persistent increase of the average positron lifetime
as a function of the illumination Auence was shown in
Fig. 3. These results indicate that the eAect observed in
~„becomes slower when the electron-irradiation fluence
is larger. To analyze quantitatively the increase of the
positron-lifetime data with the illumination Auence, we
have calculated the positron-trapping rate at the metasta-
ble vacancy similarly as in Sec. VB using Eq. (9). The
transient of the trapping rate as a function of the il-
lumination Auence can be analyzed quantitatively by
defining the optical cross section for the generation of the
metastable vacancy as
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~ph~'ii~,(t;„)=I~",'(1 —e ' ' ), (10)

where the parameter v"+ is the total positron trapping
rate at the metastable vacancies. Notice that in Eq. (10)
the optical cross section o. + is not necessarily connected
to any individual optical process, but it is rather an
effective value that we use to describe the time constant
of the transient in the positron-trapping rate.

The data in Fig. 7 show the logarithmic plot of the
quantity (1—a, /a. " ), which gives the fraction of de-

fects in the stable state as a function of the illumination
fluence @ ht;&&. It is seen that the data follow the ex-
ponential behavior of Eq. (10) for about two decades.
The optical cross section o. + can thus be obtained from

the slopes of the data in Fig. 7.
The analysis of Fig. 7 indicates that the generation of

the metastable vacancy is a much slower process in
electron-irradiated GaAs when compared to the similar
transition in the as-grown GaAs. This behavior rejects
large differences in the optical cross section o. +. In as-

U

grown G-aAs we previously determined the value of
o. +=2X10 ' cm at Eph=1. 15 eV for the optical gen-

eration of the metastable vacancy related to the atomic
structure of the metastable state of the EL2 defect. By
fitting Eq. (10) to the data of Fig. 7, we get the cross sec-
tions of o. +=2X10 ' cm in the as-grown sample and

cr +=1X10 ' cm in the sample with the electron-
irradiation fluence of N, =1.3X 10' e cm, respec-
tively. Order-of-magnitude-longer illumination times are
therefore needed to generate the metastable vacancy in
the irradiated GaAs than in the as-grown material.

The optical cross section o. + in electron-irradiated
U

SI GaAs

electron irr.

1.3 x 10 cm

0

0.1—

as-grown

0.01—

I

100
I

200

ILLUMINATION FLUENCE (10 cm )
17 -2

FIG. 7. The logarithmic plot corresponding to Eq. (10). The
data show the fraction of metastable defects in the stable state
as a function of 1.15-eV illumination fluence, as calculated from
the positron-trapping rate at the metastable vacancy sc ~. The
slopes of the data give the optical cross section o. ~ for the gen-

V

eration of the metastable vacancy.

GaAs needs to be corrected against the strong light ab-
sorption in the samples. In our experimental setup the
positrons are implanted within 50 pm from the sample
surface, whereas the illumination enters the sample from
the other side. Since the typical sample thickness is 500
pm, the photon flux at the region encountered by posi-
trons is smaller than the incident Aux @ph We have
determined by infrared-absorption measurements that
this attenuation is a factor of 3 at the photon energy of
1.15 eV in the sample irradiated to the electron fIuence

=1.3X 10' e cm . Taking this absorption into
account, the optical cross section for the generation of
the metastable vacancy becomes o. + =3X10 ' cm,
which is still an order of magnitude smaller than the
value found in the as-grown reference sample.

The photon energy dependence of the metastable va-
cancy generation is shown in Fig. 4. The figure indicates
that at photon energies below 1.0 eV and above 1.3 eV no
metastable vacancies are observed. However, metastable
vacancies could be generated with 1.0—1.3-eV photons,
and the most effective illumination photon energy was 1.1
eV. When compared to the as-grown reference sample,
we observe that the peak in Fig. 4 has shifted to slightly
lower photon energies in the irradiated samples. In addi-
tion to the much lower optical cross section discussed
above, the generation of the metastable vacancy in
electron-irradiated GaAs thus has its maximum efficiency
at slightly lower photon energies than in the as-grown
material.

However, the two peaks in Fig. 4 can be compared to
each other only qualitatively, because the absorption
spectrum of the irradiated samples varies considerably as
a function of the photon energy. Especially above 1.2 eV
the background absorption increases rapidly, and the
sample becomes almost opaque at photon energies above
1.3 eV. This absorption reduces the photon fiux from its
incident value at the sample region probed by the posi-
trons, as discussed above. The absorption may thus have
some influence on the shape of the curves in Fig. 4.

B. Annealing of the metastable vacancy

In as-grown GaAs the metastable vacancy is part of
the metastable state of the EL2 defect. ' After il-
lumination at low temperatures the metastable state of
the EL2 defect recovers thermally at 120 K with a
thermal activation energy of about 0.3 eV. The metasta-
ble vacancy detected in the positron experiments disap-
pears accordingly at 120 K. ' To investigate the
thermal stability of the metastable vacancy observed in
electron-irradiated GaAs, the positron-trapping rate ~ +

has been plotted in Fig. 8 as a function of the isochronal
annealing temperature. The trapping rates have been cal-
culated from Eq. (9) using the positron lifetime data of
Fig. 2.

In the as-grown sample the positron-trapping rate and
thus the concentration of the metastable vacancies de-
creases rapidly down to zero, when the metastable state
of the EL2 recovers at 120 K. In the electron irradiated
sample (4&, =1.3X10' e cm ) the recovery stage of
the positron-trapping rate has a much larger magnitude,
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FIG. 8. The positron-trapping rate at the metastable vacancy
as a function of the isochronal annealing temperature after
1.15-eV illumination at 25 K. All measurements have been per-
formed in darkness at 30 K, and the annealing time was 10 min.
The figure shows the data obtained in the as-grown and
electron-irradiated GaAs.

since the irradiation has increased the concentration of
the metastable vacancies as shown already in Fig. 6. In
the electron-irradiated sample ( @, = 1.3 X 10'
e cm ) the annealing of the metastable vacancy starts
at clearly lower temperatures than in as-grown GaAs, at
about 80 K, and the recovery is already complete at 110
K. When the irradiation fluence of the samples becomes
larger, the annealing stage thus shifts to lower tempera-
tures.

This shift of the recovery temperature in the electron-
irradiated samples can be understood as follows. In the
as-grown sample the vacancy in the metastable EL2 de-
fect is the only positron trap present after light illumina-
tion at 20 K. The electron irradiation introduces another
defect, which has a vacancy in its metastable state. This
vacancy recovers at slightly lower temperatures of
T,„„=80—100 K than the metastable vacancy in as-
grown GaAs (T,„„=120K). Hence at low irradiation
Iluences (@, = 10' —10' e cm ) both native and
irradiation-induced metastable vacancies may trap posi-
trons. The annealing of the vacancy observed in the ex-
periments then shifts gradually to lower temperatures
when the concentration of the irradiation-induced meta-
stable vacancies increases compared to that of the native
ones. Finally after a large irradiation Auence of

= 1.3 X 10' e cm the effect of the native meta-
stable vacancies is completely lost in preference to the
metastable defects introduced in the electron irradiation,
and the annealing stage of the metastable vacancy has
moved completely to 80—100 K. Notice that in this case

no annealing stage is observed at 120 K in Fig. 8, because
the saturated positron trapping at the large number of
irradiation-induced defects VG, and CxaA, completely
masks the effect of the native metastable vacancies.

Our preliminary experiments indicate that in the
electron-irradiated sample there is also an optical
recovery of the metastable vacancy under 1.3-eV il-

lumination. This optical recovery is not detected in as-
grown GaAs at 25 K, and may thus explain the
differences in the generation of the metastable vacancy in
as-grown and irradiated samples. If an optical recovery
process is competing with the generation processes, it
may have a large inhuence on both the measured value of
the optical cross section o, [Eq. (10)j and on its photon

energy dependence.
We can conclude that the metastable vacancy intro-

duced in the electron irradiation recovers at lower tem-
peratures (80—100 K) than the vacancy in the metastable
state of the native EI.2 defect (120 K). This indicates a
slightly lower thermal barrier for the annealing of the
metastable state. In comparison to the values of 0.3—0.35
eV reported for the metastable EL2, ' ' the recovery at
80—100 K of the irradiation-induced metastable vacancy
corresponds roughly to an activation energy of 0.2 —0.3
eV.

C. The charge state of the metastable vacancy

Positron trapping at neutral vacancies is independent
of temperature, whereas at negative vacancies it is strong-
ly enhanced at low temperatures (Sec. IIIA). In as-
grown GaAs, positron trapping at the vacancy in the
metastable state of the EL2 defect has been found to be
strongly temperature dependent. This indicates that the
vacancy is negatively charged although the total charge
of the EL2' state may be neutral.

The temperature dependence of the positron average
lifetime in electron-irradiated GaAs after illumination
has been studied in the experiments shown in Fig. 5. It is
observed that the positron average lifetime increases with
decreasing temperature in the electron-irradiated sam-
ples. Furthermore, the difference between the average
lifetime after illumination and the reference level (the
dashed line in Fig. 5) becomes larger when the tempera-
ture is decreased. The positron trapping at the metasta-
ble vacancy is thus enhanced at low temperatures. As ex-
plained in Sec. III, this type of behavior shows that the
vacancy is negatively charged.

In the sample with the largest irradiation fluence of
=1.3X10' e cm, the native metastable vacan-

cies make no contribution to the temperature dependence
of the average lifetime (Fig. 5), since their concentration
is much lower than that of the irradiation-induced de-
fects. The data in Fig. 5 still show enhanced positron
trapping at the metastable vacancy at low temperatures.
We can thus conclude that both native and irradiation-
induced metastable vacancies are negatively charged.
However, in both cases the total charge of the defect may
also be neutral although the vacancy detected by positron
experiments is negatively charged.
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D. Microscopic structure of the defect containing
the metastable vacancy

The analysis presented in the previous sections indi-
cates the following properties of the metastable vacancies
in electron irradiated GaAs. (i) The defects with the va-
cancy in the metastable state are introduced in the 1.5-
MeV electron irradiation at 20 K, and after annealing the
samples at 300 K the introduction rate is X =0.3 cm
(ii) The defect can be converted to the metastable state by
1.0—1.3-eV light illumination at 20 K. The conversion
can be described by an effective optical cross section ofo,=3 X 10 ' cm . (iii) The metastable state is per-
sistent at 20 K and recovers thermally at 80—100 K. (iv)
The vacancy in the metastable state is negatively charged.

These properties closely resemble those that we have
previously determined for the metastable state of the EL2
defect in as-grown GaAs. ' We have shown that the
metastable state EL2* contains a vacancy, which has a
smaller open volume than isolated Ga or As vacancies.
The native metastable vacancy can be generated by il-
lumination with 1.05 —1.4-eV photons, and the optical
cross section is o. =2X10 ' cm for 1.15-eV photons.
This value is larger than that found for the irradiation-
induced metastable vacancy, but the photon energy range
of 1.05 —1.4 eV for their excitation is almost the same.
The thermal recovery of the native metastable vacancy
takes place at 120 K. This temperature is slightly higher
than that of 80—100 K determined for the irradiation-
induced metastable vacancy. However, the properties of
the metastable vacancies observed after electron irradia-
tion are so similar to those of the native metastable va-
cancy that we relate them to the same defect.

The atomic structure of the EL2 defect is generally be-
lieved to contain the arsenic antisite. A theoretical
model has been developed to explain the metastability of
the isolated As antisite in terms of two different forms of
the sp hybridization. ' ' In the stable state the As
atom is in the Ga lattice site bonded with four sp orbit-
als, but in the metastable state the As atom relaxes along
[111]direction toward the interstitial position, forming
three sp bonds with neighboring As atoms. This relaxa-
tion leaves behind a Ga vacancy, which has a smaller
open volume than the isolated VG, . Positron experi-
ments in as-grown GaAs reveal a small Ga vacancy in the
metastable state of EL2, and are thus in good agreement
with the vacancy-interstitial relaxation model of the iso-
lated As&, .

The introduction of the arsenic antisite defects in elec-
tron irradiation has been reported by several authors.
For 1 —3-MeV electrons introduction rates of typically
0.2 —0.3 cm ' have been determined. "' After low-
temperature irradiations the annealing of the As antisites
has been explained by complicated recovery sequences,
where As&, may exist either as isolated or associated to
Ga antisites or As interstitials depending on the anneal-
ing temperature. ' Evidence for the metastability of the
irradiation-induced Aso, -related defect has been found
after 500-K annealing, ' ' ' and recently also after
300-K annealing.

The present positron results indicate that defects with

metastability similar to EL2 are introduced in electron ir-
radiation at 20 K followed by annealing at 300 K. The
metastability of EL2 is generally attributed to the As an-
tisites. The introduction rate of the detected defects
X +=0.3 cm ' is close to that reported for As antisites.

U

It is thus natural to identify the metastable defects ob-
served in this work to arsenic antisites.

The irradiation-induced As antisites have some proper-
ties which are slightly different from those detected for
EL2 in earlier positron experiments or by using other
techniques. The generation of the metastable state asso-
ciated to the irradiation-induced As&, requires a ten
times larger illumination Auence than that associated
with the native Aso, (E1.2 defect). Further, the recovery
of the metastable state takes place at about 20-K lower
temperature in irradiated GaAs than in as-grown GaAs.
A possible explanation for these differences may be that
the atomic surrounding of the As antisites changes in the
electron irradiation at 20 K and in the consequent an-
nealing at 300 K due to the creation of other intrinsic de-
fects and to the thermal recovery processes of them.

VII. CQNCI. USIONS

We have studied the introduction of metastable defects
in the 1.5-MeV electron irradiation of semi-insulating
GaAs by positron-lifetime measurements. After irradia-
tion at 20 K and subsequent annealing at 300 K, the posi-
tron experiments indicate the presence of two negatively
charged defects, which are identified as Ga vacancies and
Ga antisites. Their introduction rates are X(V~, )=0.1

cm ' and X(GaA, ) = 1.4 cm ', respectively.
After illuminating the irradiated GaAs samples at 25

K, we find that positron lifetime increases persistently to
larger values than obtained before illumination. This
effect shows that a metastable vacancy is generated dur-
ing the illumination of the samples. The metastable va-
cancy can be observed most effectively after illumination
with 1.1-eV photons and it recovers during annealing at
80—100 K in darkness. The quantitative analysis of
positron-lifetime data indicates that the concentration of
the metastable vacancies increases linearly with the
electron-irradiation fluence. We thus conclude that elec-
tron irradiation creates defects, which can be converted
into a metastable state involving a vacancy. The intro-
duction rate of these defects is about 0.3 cm ' in the 1.5-
MeV electron irradiation at 20 K, followed by the anneal-
ing of the sample at 300 K. This value is close to that es-
timated previously for the As antisites.

The metastable vacancies introduced in the electron ir-
radiation are similar to those we have previously found as
native defects in as-grown GaAs. These native metasta-
ble vacancies have been associated with the EL2 defect,
which is generally related to the As antisite defect. We
thus infer that irradiation-induced and native metastable
vacancies have the same origin and that they belong to
the atomic structure of the metastable state of the As an-
tisite defect. This conclusion is in good agreement with
the theory, which predicts that in the metastable state the
As antisite atom moves from the Ga lattice site toward
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the interstitial position, leaving the Ga site vacant.
The present positron-lifetime experiments show further

that some properties of the electron-irradiation-induced
As antisites are different from those of the native ones.
First, in irradiated GaAs the conversion of the defect to
the metastable state requires about ten times larger pho-

ton fluence. Second, the metastable state recovers in irra-
diated GaAs at about 20-K lower temperatures than in
as-grown GaAs. These differences may be related to the
presence of other defects in the irradiated material, which
change the atomic surrounding of the As antisite defects
from that existing in the as-grown GaAs.
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