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We have performed positron lifetime and Doppler broadening experiments under monochromatic illumina-
tion in undoped semi-insulating GaAs. A negative vacancy, identified as the Ga vacancy, is observed in
darkness. Under illumination with 1.42 eV photons below 150 K another type of vacancy is observed. The
illumination-induced vacancy is identified as the As vacancy and it has a negative charge state above the
ionization level at 60 meV below the conduction band. Under illumination the negative charge state of the As
vacancy can be populated either by the trapping of photoelectrons excited from theEL2 defect or by the direct
optical excitation of electrons from the valence band. The latter process offers a microscopic explanation for
the optical near-band-edge absorption observed in GaAs. In the samples studied in this work the concentrations
of both Ga and As vacancies are between 1015 and 1016 cm23, indicating that they probably play a role in the
electrical compensation of the material.

I. INTRODUCTION

The influence of intrinsic point defects on the electrical
and optical properties of high-purity undoped gallium arse-
nide is known to be particularly important. The As-antisite-
relatedEL2 defect has been studied extensively due to its
role in the compensation of the residual acceptors in undoped
semi-insulating~SI! GaAs and due to its interesting internal
optical transition to the so-called metastable state.1 However,
there is an increasing amount of evidence that other intrinsic
point defects in addition to theEL2 defect take part to the
compensation mechanism.2 On the other hand, experimental
information on elementary defects like Ga or As vacancies in
undoped GaAs is very limited. The reason for this is perhaps
that the identification of vacancy defects has proved to be
difficult with the conventional electrical and optical measure-
ments as well as with electron paramagnetic resonance
~EPR! experiments.

Positron spectroscopy is a powerful tool to study vacancy
defects.3 Positrons are strongly repelled by the positive ion
cores in solids, and thus open volume defects act as attractive
centers at which positrons can be localized. The lifetime of a
positron is longer in an open volume defect than in a perfect
crystal as the electron density in an open volume defect is
lower than in bulk material. Also, the positron-electron mo-
mentum distribution narrows at vacancy defects reducing the
Doppler broadening of the 511 keV annihilation line. Posi-
tron lifetime and Doppler broadening measurements can thus
be used to obtain information on the vacancy type defects on
the atomic scale.

Positrons get trapped at neutral and negative vacancies.
Information on the size of the open volume and on the
charge state of the defect can be obtained from the experi-
mental data. However, positive vacancies have so far es-
caped observation due to the Coulombic repulsion prevent-
ing positrons to annihilate at positive centers. We have

developed a new technique to study vacancies in excited
charge states. In analogy with the optical deep-level transient
spectroscopy~ODLTS! and the electron paramagnetic reso-
nance measurements under illumination~photo-EPR! we
have combined positron annihilation measurements in this
work with in situmonochromatic illumination. We have ap-
plied this technique to study native vacancies in undoped SI
GaAs. Preliminary results of our study have been published
previously.4 In this work our goal is to give a detailed report
of our experimental method and to investigate comprehen-
sively the positron signals as a function of the sample tem-
perature, photon flux and photon energy. We shall further
correlate our findings to the metastable behavior of theEL2
defect.1 The experimental results will be modeled by describ-
ing the electron transitions under illumination by rate equa-
tions. The results on the native point defects in SI GaAs can
be summarized as follows.

A negative monovacancy is observed in darkness and it is
identified as the gallium vacancy. Under illumination more
negative vacancy defects are detected and they are identified
as arsenic vacancies. When the ionization levels of the As
vacancy are populated by photoinduced electrons the As va-
cancy is in a negative charge state. The2/0 ionization level
of the As vacancy is determined to be at 60610 meV below
the conduction band. Our data further show that the As va-
cancy can be populated by photoelectrons via two different
optical processes. The first process is possible whenEL2 is
in the stable state, and it is attributed to the capture of pho-
toelectrons excited from theEL2 defect. The second process
is efficient also whenEL2 is in its metastable state. We as-
sociate it with the direct transition of electrons from the va-
lence band to the ionization level of the As vacancy. The
latter transition gives a microscopic explanation for the near-
band-edge absorption observed in GaAs.5 The detected va-
cancy concentrations of 1015–1016 cm23 are close to those of
residual impurities andEL2 defects, indicating that the native
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vacancies have a role in the compensation of SI GaAs.
The paper is organized as follows. The experimental de-

tails are described in Sec. II and the results of the positron
experiments are presented in Sec. III. Data analysis with pos-
itron trapping model is explained in Sec. IV. In Sec. V we
identify the vacancies and estimate their concentrations.
Properties of the photoinduced arsenic vacancies are dis-
cussed in Sec. VI together with models for their excitation
under illumination. Section VII concludes the paper.

II. EXPERIMENTAL DETAILS

The positron lifetime and the Doppler broadening experi-
ments of this work were performed on seven undoped semi-
insulating GaAs samples grown by liquid-encapsulated Czo-
chralski method. Their resistivities were 107–108 V cm and
the EL2 concentrations were typically between 131016 and
531016 cm23. The EL2 concentrations estimated from the
positron lifetime measurements6–8 are listed in Table I for
each sample.

The positron lifetime and the Doppler broadening experi-
ments were performed in a conventional way.3 Two identical
sample pieces were sandwiched with a 30mCi positron
source. The source material was carrier-free22NaCl depos-
ited on a 1.5-mm-thick Al foil. The sample sandwich was
mounted in an optical cryostat equipped with quartz win-
dows to enable illumination of the sample during measure-
ments. The cryostat is cooled with a closed-cycle He cryo-
cooler and it is possible to make measurements between 15
and 300 K. The illuminations were performed with mono-
chromatic light obtained from a 250 W halogen lamp via
monochromator. The sample was illuminated on both sides
using a trifurcated optical fiber bundle. The third branch of
the fiber bundle was used for the on-line monitoring of the
incident photon flux with a Si/Ge photodetector. In the illu-
mination set-up the photon energy range ishn50.6–3.0 eV
and the photon flux range isf51012–1016 cm22 s21.

The positron lifetime measurements were carried out by a
fast-fast lifetime spectrometer with a time resolution of 230
ps. Roughly 23106 counts were collected in each spectrum
within a typical counting time of 3 h. After subtracting the
constant background and the annihilations in the source ma-
terials ~210 ps, 5.4%; 450 ps, 1.9%!, the lifetime spectra
were analyzed with one or two exponential components con-
voluted with the Gaussian resolution function of the spec-
trometer. The values of the lifetimesti and their intensitiesI i

are used to calculate the positron average lifetime
tav5I 1t11I 2t2 which is insensitive to the uncertainties in
the decomposition procedure and coincides with the center
of the mass of the lifetime spectrum. The experimental error
in determining the average positron lifetime is about 0.3 ps
for a particular measurement setup. The measurements pre-
sented in this paper have been made on two positron lifetime
apparati and within a period of three years. Despite these
facts, the positron lifetime results measured at different times
are accurate within 1 ps.

The Doppler broadening of the annihilation radiation was
recorded simultaneously with some lifetime experiments by
a high-purity Ge gamma detector with an energy resolution
of 1.2 keV. Typically 107 counts were collected in the 511
keV annihilation line. The shape of this line was described
by the conventional parametersS andW.3 TheS parameter
~the valence annihilation parameter! is the relative number of
annihilation events in the 1.4 keV wide central region of the
peak and it represents mainly positron annihilation with the
low-momentum valence electrons. TheW parameter~the
core annihilation parameter! is calculated from the tail of the
peak at the energy range of6~2.55–4.08 keV! from the cen-
troid, and only annihilations with the core electrons fall in
the energy window of theW parameter. TheS andW param-
eters can be used to determine theR parameter as
R5(S2Sb)/(Wb2W) where Sb and Wb correspond to
defect-free reference material. TheR parameter is indepen-
dent of the vacancy concentration and it characterizes the
type of the vacancy in the studied material.9

III. EXPERIMENTAL RESULTS

A. Measurements in darkness

The positron lifetime as a function of the measurement
temperature in darkness was measured in all the samples.
The results of the samples 4 and 6 and the free positron
lifetime as a reference level are shown in Fig. 1. The refer-
ence level was obtained in Zn-doped reference sample which
is free of positron trapping.10,11The average positron lifetime
at 300 K in SI GaAs is very near the free positron lifetime,
namely between 232 and 234 ps in all the samples. When the
measurement temperature decreases positron lifetime in-
creases and at temperaturesT,100 K the average positron
lifetime is clearly longer than the free positron lifetime in
GaAs. The results in darkness at the lowest measurement
temperature of 25 K are between 232 and 241 ps~Table I!.

TABLE I. Concentrations ofEL2 defects and gallium and arsenic vacancies in the samples studied in this
work. All concentrations have been estimated using the positron lifetime results. Also the average positron
lifetime values at 25 K in darkness and under 1.42 eV illumination are shown.

@EL2#
~1015 cm23!

tav ~ps!
in darkness

@VGa#
~1015 cm23!

tav ~ps!
under illum.

@VAs#
~1015 cm23!

1 1665 238 6.760.5 245 1662
2 1565 238 6.560.5 245 1462
3 47620 241 1261 246 1564
4 46619 241 1161 246 2365
5 461 232 1.460.4 233 0.960.2
6 1164 237 6.260.5 244 1462
7 110660 240 1061 246 2669
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In samples 1–4, 6, and 7 the spectra measured at tempera-
tures below 80 K can be decomposed into two components.
The shorter lifetime ist15150–200 ps and the second com-
ponent ist25250–260 ps with the intensity of 50%. At tem-
peratures above 80 K and in sample 5 it is difficult to de-
compose the spectra probably because the average lifetime is
very near the free positron lifetime.

The Doppler broadening of the annihilation radiation was
recorded simultaneously with lifetime experiments in
samples 1 and 4. The results for sample 1 are shown in Fig.
2. In darkness theS parameter decreases from 0.4521 to
0.4518 and theW parameter increases from 0.0398 to 0.0411
as temperature increases from 25 to 300 K. The parameters
Sb andWb are shown with dashed line in Fig. 2. The tem-
perature coefficients ofSb andWb are 0.122%/100 K and
20.665%/100 K when compared to the room temperature
values, respectively. TheR parameter is independent of tem-
perature and its value isR51.560.2 andR51.260.2 in
samples 1 and 4, respectively.

B. Measurements under photoexcitation

1. The increase of positron lifetime under illumination

Under illumination with 1.42 eV light the positron life-
time is clearly longer than in darkness. This effect is demon-

strated in Fig. 1 for samples 4 and 6. The increase oftav
depends on temperature, being the largest atT,100 K, and
at aboutT'150 K the average lifetime is the same in dark-
ness and under illumination. When the illumination is re-
moved, typically 50%–70% of the increase oftav disappears
instantly. However, a persistent increase of 1–4 ps is de-
tected at 25 K even if the illumination is switched off. This
effect can be removed by annealing the sample at 120 K.

The effect of the illumination on the average lifetime has
been studied earlier in samples containing theEL2 defect.6,12

TheEL2 defect possesses a metastable state to which it can
be photoquenched by illumination with 1.15 eV photons.
This metastable state anneals out at 120 K. The positron
annihilation results show that the metastable state ofEL2
contains a vacancy and this causes an increase in the average
lifetime at temperaturesT,60 K after illumination.6,12 The
persistent increase oftav detected in this work can thus be
associated to the metastable state of theEL2 defect. How-
ever, the increase oftav under illumination is much larger
than the persistent part of it. Furthermore, the previous pos-
itron results show that the effect due to the metastable state
of EL2 can only be detected at temperatures below 60 K

FIG. 1. The average positron lifetime as a function of the mea-
surement temperature in undoped semi-insulating GaAs, samples 4
and 6. The results obtained in darkness are marked with open
circles and underhn51.42 eV illumination with filled ones. The
reference level corresponding to defect-free material is measured in
p-type GaAs and is marked with open triangles.

FIG. 2. The valence annihilation parameterS, the core annihi-
lation parameterW, and the defect-specific parameterR as func-
tions of the measurement temperature in undoped SI GaAs sample
1. The results obtained in darkness are marked with open circles
and underhn51.42 eV illumination with filled ones. The reference
levels corresponding to defect-free material are marked with dashed
lines.
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whereas the illumination effect in Fig. 1 is observed up to
150 K.

In this work our main purpose is to study the illumination-
induced increase oftav which is not persistent and can only
be observed under illumination. However, we shall see that
theEL2 defect plays an important role also in the detection
of this effect. The influence ofEL2 is twofold: ~i! the meta-
stable state ofEL2 behaves itself as a positron trap atT<60
K6,12 and ~ii ! the transformation ofEL2 between the stable
and metastable states has a large influence on the population
of the energy levels in the gap.

2. Photon flux and photon energy effects at 25 K

The effects of the photon flux and energy on the average
positron lifetime were studied further in sample 1. In the
experiments of Fig. 3 the photon flux is so small that no
photoquenching of theEL2 defect takes place, i.e.,EL2 is in
the stable state. Increase in the average lifetime is observed
under illumination with 0.9–1.5 eV photons. The increase is
most efficient with 1.2–1.4 eV photons and only a photon
flux of 131013 cm22 s21 is needed to obtain the saturation
effect. With 0.9 eV photons a clearly larger flux of 131015

cm22 s21 is required to obtain the maximum increase in pos-
itron lifetime.

Figure 4 shows the positron lifetime as a function of the
photon flux in the case whereEL2 has been photoquenched

to the metastable state before measurements. A photon flux
of 131015 cm22 s21 is needed to obtain the full increase in
the average lifetime under illumination with 1.4 eV photons.
This flux is roughly 100 times larger than required for the
same effect whenEL2 is in the stable state~Fig. 3!. Further-
more, after photoquenching practically no effects are ob-
served under illumination with 0.9 and 1.2 eV photons~Fig.
4! although 1.2 and 1.4 eV illuminations induce the increase
in the average lifetime with equal efficiency in the conditions
whereEL2 defect is in the stable state~Fig. 3!.

To study the effect of photon energy on the average life-
time the photon flux was kept constant at different photon
energies over the experiment under illumination. The con-
stant photon flux was chosen so that the illumination effect in
tav is not in saturation under illumination with any photon
energy athn<1.4 eV. WhenEL2 remains in the stable state
in the experiment~Fig. 5!, the increase oftav is largest at
photon energieshn51.2–1.4 eV, and athn50.9 eV the ef-
fect is clearly smaller. WhenEL2 is photoquenched to the
metastable state before the experiment under illumination,
the increase oftav is only detected with photon energieshn
.1.35 eV ~Fig. 5!. The photon flux required to detect the
effect is now also much larger than in the case in whichEL2
remains stable~see also Figs. 3 and 4!. Notice that the shape
of the spectrum oftav vs hn is different depending on the
state ofEL2. WhenEL2 is in the stable state,tav is constant
under illumination withhn51.2–1.5 eV. However, when
EL2 is in the metastable state,tav increases rapidly with the
photon energy in the rangehn51.2–1.5 eV.

FIG. 3. The average positron lifetime in SI GaAs~sample 1!
under illumination as a function of the photon flux. Before the
measurements theEL2 defect has been in the stable state. The mea-
surement temperature is 15 K. The photon energies used for the
illuminations are marked in the figure. Note the different scaling in
bottom and top axis.

FIG. 4. The average positron lifetime in SI GaAs~sample 1!
under illumination as a function of the photon flux. Before the
measurements theEL2 defect has been converted into the meta-
stable state. The measurement temperature is 15 K. The photon
energies used for the illuminations are marked in the figure.
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3. Temperature dependence of the 1.42 eV illumination effects

The influence of 1.42 eV-photon illumination on the av-
erage positron lifetime as a function of temperature was stud-
ied in all the samples. Figure 1 shows the results of the
measurements under illumination for samples 4 and 6. It is
observed that under illumination the average lifetime at low
temperatures is clearly longer than in darkness. The maxi-
mum increase oftav at 25 K is 7 ps in samples 1 and 6, and
less than 1 ps in sample 5. The longest average lifetimes
measured under illumination are presented in Table I. The
average lifetime decreases slightly with temperature when
T,100 K, but above 100 K the decrease of the average
lifetime becomes much more rapid. At temperatures above
180 K no change in the average lifetime due to illumination
is observed.

The temperature at which the average positron lifetime
under illumination begins to decrease steeply depends on the
intensity of the illumination. The effect of intensity on the
average lifetime was studied in samples 1, 3, 4, and 7 and in
all these samples the effect was qualitatively the same. Fig-
ure 6 shows the results in sample 1 for four different photon
fluxes and for hn51.42 eV. In the experiment under
f51014–1016 cm22 s21 illuminationsEL2 is converted to the
metastable state before the first measurement. In the experi-
ment with the lowest fluxf5331012 cm22 s21 practically
all EL2 defects are in the stable state over the whole positron
lifetime curve. For illumination fluxesf5331012, 131014,

731014, and 131016 cm22 s21 the level of tav5239 ps is
reached at 60, 80, 100, and 110 K, respectively. At tempera-
tures below 60 K the average lifetime does not depend on the
intensity used for illumination when photon flux is greater
than 1014 cm22 s21.

The changes in the Doppler broadening spectra were mea-
sured simultaneously for samples 1 and 4 under 1.42 eV
illumination. Results of the measurements of sample 1 are
shown in Fig. 2. Compared to the values in darkness theS
parameter increases and theW parameter decreases. BothS
andW coincide with the values measured in darkness above
180 K. TheR parameter depends on temperature; below 90
K its value isR50.960.1 and above 120 KR51.460.1. In
sample 4 theR parameter increases similarly from 0.960.1
to 1.360.1.

4. The temperature dependence of positron lifetime
versus photon energy

The temperature dependence of the average positron life-
time under illumination depends on the photon energy used
for the illumination. This effect was studied in samples 1, 3,
5, and 6 with photon energieshn50.9, 1.15, and 1.4 eV and
the photon flux wasf5731014 cm22 s21. The results in
sample 1 are shown in Fig. 7 and in samples 3, 5, and 6 the

FIG. 5. The average positron lifetime in SI GaAs~sample 1!
under illumination as a function of the photon energy. In the data of
the top panel theEL2 defect remains in the stable state over the
experiment. In the data of the bottom panelEL2 is deliberately
converted into the metastable state before the measurements. The
measurement temperature is 15 K and the photon fluxes used for the
illuminations are marked in the figure.

FIG. 6. The average positron lifetime in SI GaAs~sample 1!
underhn51.42 eV illumination as a function of the measurement
temperature. The different photon fluxes used for the illuminations
are marked in the figure. The dashed lines in the figure represent the
reference level obtained in darkness.
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results are qualitatively similar. During the experiments with
1.15 and 1.4 eV photons theEL2 defect is completely con-
verted to the metastable state within the first 2–3 experimen-
tal data points at 20–30 K in Fig. 7. In the experiment under
0.9 eV illumination about 20% ofEL2 remain in the stable
state over the whole positron lifetime curve of Fig. 7.

For 0.9 eV photons the increase intav compared to the
values in darkness is about 5 ps in the temperature range
20–50 K. The average positron lifetime decreases steeply as
temperature rises from 50 to 100 K and above 150 K no
illumination effect can be observed. The temperature depen-
dence of the average lifetime is fully reversible as a function
of temperature. For 1.4 eV photons the behavior oftav is
similar; the increase oftav is about 7 ps and the average
lifetime decreases steeply at 90–180 K.

Illumination with 1.15 eV photons results in a different
behavior intav. The average lifetime decreases very steeply
already at low temperatures~20–100 K!. At higher tempera-
ture tav increases again up to 120 K and above 120 K it
decreases again. Above 150 K the illumination has no effect
on the average lifetime. In the temperature range 50–120 K
the average lifetime curve is not reversible:tav is longer
when the temperature decreases although the shape of the
curve remains similar.

The lifetime spectra measured under illumination with 0.9
and 1.42 eV photons can be decomposed into two compo-
nents~Figs. 8 and 9!. In all the samples the values oft2 are
255–260 ps under both 0.9 and 1.42 eV illuminations and in

the range of 20–100 K only a weak temperature dependence
is perhaps seen in the data under 1.42 eV illumination. At
100–150 K the lifetimet2 increases slightly from 257 to 280
ps when temperature increases.

IV. POSITRON TRAPPING AT VACANCY DEFECTS

In a perfect crystal positrons are delocalized and annihi-
late with a free positron lifetimetb . In the presence of va-
cancy defects positrons get trapped at them. Because the
electron density is lower in a vacancy defect than in the bulk,
positrons annihilate in defects with a lifetimetV which is
always longer thantb . The lifetimetV depends on the open
volume of the defect, thustV can be used to identify different
defects.

The concentration of the vacancies which trap positrons
can be estimated from the positron trapping rates. The trap-
ping ratekV at a vacancy is proportional to the concentration
of the vacancy defectskV5mVcV , wherecV is the concen-
tration of the vacancies andmV is the positron trapping co-
efficient. In semiconductors the vacancies can have different
charge states depending on the position of the Fermi level.
For neutral vacancies the trapping coefficient is independent
of the temperature and its value is typically 131015 s21.13–15

For negative vacanciesmV is roughly 231015 s21 at 300 K
and it increases by an order of magnitude when temperature
decreases to 20 K.13–16 The trapping coefficient at positive
vacancies is several orders of magnitude smaller because of

FIG. 7. The average positron lifetime in SI GaAs~sample 1!
under illumination as a function of the measurement temperature.
The different photon energies are marked in the figure, and the
photon flux is the same in all the measurements. Underhn51.15
eV illumination there is some hysteresis in the temperature depen-
dence of the average lifetime and the arrows indicate the direction
of the temperature change.

FIG. 8. The average positron lifetime and the second lifetime
componentt2 in SI GaAs~sample 7! as functions of the measure-
ment temperature underhn50.9 eV illumination. The photon flux
is marked in the figure. Above 200 K the lifetime spectra have one
component and only the average positron lifetime is shown in the
figure.
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the Coulombic repulsion and thus no trapping occurs.
The average positron lifetimetav is a superposition of the

free positron lifetimetb and of the lifetimestVi in the dif-
ferent vacancy defectsVi

tav5hbtb1(
i

hVitVi , ~1!

wherehb andhVi are the fractions of positron annihilation
events in the bulk and at the vacanciesVi , respectively.
Similar equations can be written for the line shape param-
etersS andW. According to the positron trapping model17

the fractionshb andhVi are related to the trapping rates by
the following equations:

hb5lb YS lb1(
i

kViD , ~2a!

hVi5kVi YS lb1(
i

kViD , ~2b!

wherelb5t b
21 is the positron annihilation rate in the bulk

andkVi is the positron trapping rate at the vacancy typei .
When vacancies withtVi.tb are present, positron trap-

ping rates and trapping fractions are greater than zero,kVi.0
andhVi.0, and the average positron lifetime is longer than
the value in bulktav.tb through Eq.~1!. Thus vacancy de-
fects can be detected by measuring the average positron life-

time. If the measuredtav increases compared to its earlier
value, more positron trapping at vacancies takes place in the
sample than previously.

In the case of negative vacancies the positron trapping is
strongly temperature dependent. A model to explain the pos-
itron trapping at negative vacancies with two different pro-
cesses has been presented by Puskaet al.15 The positron can
get trapped at the negative vacancy either directly or by a
two-state capture mechanism via a Rydberg state. Assuming
that positron trapping to a negative vacancy is characterized
by the trapping through the Rydberg precursor state it is pos-
sible to write the positron trapping coefficient as

mV5
mR

11
mR

NhR
Sm1kBT

2p\2 D 3/2e2ER /kBT

. ~3!

HereN54.431022 cm23 is the number of atoms per cubic
centimeter in GaAs,m1'1.03me is the effective mass of
the positron,ER is the positron binding energy at the Ryd-
berg state, andhR is the transition rate from the Rydberg
state to the ground state at the vacancy. The transition coef-
ficient from the free-positron state to the Rydberg state is
temperature dependent,mR}T21/2. Experimental estimations
for parametersER , mR , andhR exist for vacancies in Si18

and GaAs16.

V. IDENTIFICATION OF NATIVE DEFECTS

A. Ga vacancies

Results of the measurements in darkness show that the
average positron lifetime in darkness is longer than the free
positron lifetime in GaAs. This indicates that there are va-
cancy type defects present in the as-grown SI GaAs samples.
At 300 K the average positron lifetime is close to the bulk
lifetime tb5231 ps which indicates that only few vacancies
are detected at room temperature. This is in good agreement
with the earlier observations on as-grown SI GaAs.10,16,19No
evidence of positron trapping around negative ions is ob-
served since no increase oftav due to thermal positron de-
trapping at 100–150 K is detected.20,21

The Fermi level in SI GaAs stays at the midgap and the
vacancies do not change their charge states when tempera-
ture changes. The increase of the average positron lifetime as
temperature decreases is thus due to the temperature depen-
dence of the positron trapping coefficient at defects. Since
positron trapping at neutral defects is independent of tem-
perature, the increase oftav in darkness at low temperatures
indicates that the observed vacancies are negatively charged.

The second lifetime componentt2 is about 250–260 ps
which is a typical value for monovacancies is GaAs.10,19,22

According to theoretical calculations the As vacancies are
positive and the Ga vacancies negative in SI GaAs.23 Since
positive defects repel positrons, the negative Ga vacancies
are the only defects able to trap positrons in as-grown SI
GaAs in darkness. We thus associate the vacancies with
negative gallium vacancies. The positron experiments are un-
able to identify, however, whether the Ga vacancies are iso-
lated or bound to a defect complex.

The positron trapping ratekV to the gallium monovacan-
cies can be calculated through Eqs.~1! and ~2!. In this cal-

FIG. 9. The average positron lifetime and the second lifetime
componentt2 in SI GaAs~sample 7! as functions of the measure-
ment temperature underhn51.42 eV illumination. The photon flux
is marked in the figure. Before the experiment theEL2 defect was
converted into the metastable state. Above 200 K the lifetime spec-
tra have one component and only the average positron lifetime is
shown in the figure.
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culation we use the positron lifetime at the vacancytV5260
ps ~Refs. 19 and 20! and the annihilation rate in the perfect
lattice is obtained from the experimental data in Fig. 1. The
positron trapping rate can be modeled with Eq.~3! using the
value ofmV51.431015 s21 at 300 K~Ref. 20! in kV5mVcV .
The parametersER , mR , andhR can be determined as fitting
parameters. For the data of this work the fit is in excellent
agreement with the data in all samples in the temperature
rangeT530–300 K. The average factor between the trap-
ping coefficients at 30 K and at 300 K is 961. In the fits the
positron binding energy is typicallyER515 meV. The posi-
tron trapping coefficient at the Rydberg state is
mR51.131016 s21 at 30 K and the transition rate to the
ground state is 3.031011 s21. These values are reasonable
compared with the theoretical and experimental values cal-
culated for positron trapping at negative vacancies in Si.15,18

However, the binding energyER515 meV is slightly smaller
than the earlier estimates forVGa in GaAs.16

From the trapping rate at the gallium vacancy the concen-
tration of VGa can be estimated. The concentrations are be-
tween 1 and 1231015cm23 in the samples which have been
studied in this work~see Table I!. These values are in agree-
ment with earlier results on undoped SI GaAs samples.16 The
VGa concentrations are less than those typically found for the
EL2 defect, but they are equal to or larger than the usual
impurity concentrations in LEC GaAs.

B. Arsenic vacancies

1. Identification of the vacancies

Under illumination the average positron lifetime increases
compared to the values measured in darkness. This indicates
that more positron trapping takes place in the sample. Hence
some vacancies which do not trap positrons in darkness are
converted into positron traps under illumination. The effect
of illumination on the average positron lifetime is strongest
at photon energies 1.4–1.5 eV~Fig. 5!. This energy range is
outside the photoexcitation peak~1.1–1.2 eV! of the meta-
stable state of theEL2 defect.1 The increase oftav shows no
metastability asEL2 does1,12 and it is observed indepen-
dently of whetherEL2 is in the stable or in the metastable
state. These facts indicate that the increase oftav is not pro-
duced by theEL2 defect.

When the spectra measured under illumination are de-
composed, the second lifetimet2 is scattered between 250
and 260 ps~Figs. 8 and 9!. This value is close to the positron
lifetime atVGa detected in darkness. Under illumination both
the Ga vacancies and the illumination-induced vacancies
may trap positrons. The lifetimet2 is a superposition of life-
times in the Ga vacancies and in the illumination induced
vacancies.6,10Furthermore, the decompositions of the spectra
are in good agreement with the one trap model and no sign
of positron trapping at negative ions20,21 is detected. We can
conclude that the positron lifetime at the vacancy which traps
positrons under illumination is about the same as that at the
Ga vacancies, i.e., 250–260 ps. This value indicates that the
defect has the size of a monovacancy. Notice that the posi-
tron trapping at the metastable state of theEL2 defect has no
influence on the measuredt2 above 60 K since this trapping
can only be detected atT,60 K.6

In a semi-insulating sample the defect ionization levels
which are located below midgap are occupied by electrons.

The levels populated under illumination are thus located
above the midgap. For the Ga vacancies no ionization levels
are expected in the upper half of the gap whereas the As
vacancies have their ionization levels above the midgap.23 It
is thus natural to identify the defects observed under illumi-
nation as As vacancies which convert from positive to neu-
tral or negative charge state under illumination. We can con-
clude that under illumination positrons are trapped at both
Ga monovacancies and As monovacancies. However, posi-
tron experiments give no information whether these defects
are isolated or parts of a defect complex.

2. Charge state of the As vacancies

The positron trapping ratekV at the As vacancy can be
calculated using Eqs.~1! and ~2!. Here we assume a three
trap model, i.e., Ga vacancies, As vacancies and the meta-
stable state of theEL2 defect trap positrons under
illumination.6 Earlier, positron lifetimes of 257 and 295 ps
have been obtained for negative and neutral As vacancies,
respectively.10 Lifetime t~VAs!5257 ps is chosen for the As
vacancy because it is closer to the lifetimes obtained from
the decompositions of the spectra and there is no indication
of the longer lifetime of 295 ps. We assume that the trapping
rate at Ga vacancies under illumination is the same as in
darkness, i.e., illumination does not change the occupation of
the ionization levels of the Ga vacancies. We further assume
that the metastable state ofEL2 traps positrons similarly un-
der illumination as after illumination in the dark and we use
the lifetime of 245 ps for the positrons trapped at the meta-
stable state of theEL2 defect,EL2* .6

At the temperature range 20–70 K the positron lifetime
and consequently the positron trapping rate increase as func-
tions of the 1.42 eV photon flux from 231013 to 1014

cm22 s21, and thereafter they saturate at values which are
independent of the illumination intensity~Figs. 3 and 4!. It
can be estimated~see Sec. VI B 1! that at these temperatures
and for the photon fluxf.1014 cm22 s21 the occupation of
the As vacancy ionization levels under illumination is mainly
controlled by optical transitions and not by the thermal es-
cape of electrons or by the hole capture. Thus the occupation
of the ionization levels is independent of the temperature and
the number of As vacancies trapping positrons is constant at
T520–70 K.

Figure 10 shows the positron trapping rate at As vacancies
as a function of temperature under 1.42 eV illumination with
the photon fluxf51016 cm22 s21. In the temperature range
20–70 K the trapping ratek~VAs! decreases strongly with
temperature and above 100 K the decrease of the trapping
rate is even faster. Below 70 K the temperature dependence
of k~VAs! is similar to that observed for the Ga vacancies in
darkness. It shows that the positron trapping is enhanced at
low temperatures which is a clear indication that the As va-
cancies are negative. This conclusion is also supported by the
lifetimes t25250–260 ps which are very close to the value
257 ps determined for the negative As vacancy inn-type
GaAs whereas the longer values of 295 ps is associated with
the neutral As vacancy.10

Above 70 K the trapping ratek~VAs! decreases much
faster than expected for a negative vacancy. The steep de-
crease and the temperature at which it starts depend on the
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illumination intensity. This decrease of the positron trapping
will be studied further in Sec. VI.

3. Concentration of negative As vacancies

The positron trapping ratekV at the As vacancy can be
used to estimate the concentration of the negative As vacan-
cies if the trapping coefficientmV is known. Here we assume
that the absolute value and the temperature dependence of
the trapping coefficientmV at the As vacancy are the same as
for mV at the Ga vacancy. Since both vacancies are negative,
this is a reasonable approximation.

As will be explained in the Sec. VI, the positron trapping
rate at As vacancies depends both on the illumination fluxf
and on the measurement temperatureT because both these
parameters change the concentration of As vacancies in the
negative charge state. However, the trapping rate atVAs is
almost independent off and T in the rangef.1014

cm22 s21 andT<70 K and it can thus be used to estimate the
total As vacancy concentration. Rigorously, the concentration
of the negative As vacancies determined this way is the
lower limit of the total As vacancy concentration since some
of the As vacancies may not be in the negative charge state
due to photoionization or hole capture processes. The nega-
tive As vacancy concentrations of all the samples are listed
in Table I. Typically the values are@VAs#51031015 cm23.
When the VAs concentrations are compared between
samples, it should be kept in mind that the error estimates in
Table I take into account only the statistical error in the pos-
itron lifetime measurements. The absolute numbers are accu-
rate to about 30%.

C. Line shape parameters for vacancy defects

The Doppler broadening measurements can be analyzed
by calculating the line shape parametersSV andWV for the
Ga and the As vacancies through equations similar to Eqs.
~1!–~2!. When calculating the line shape parameters for the
Ga vacancy, the one trap model is used. The fractionshb and
h ~VGa! can be calculated using the positron lifetime mea-

surements in darkness. For the Ga vacancy the results are
SV/Sb51.02160.003 andWV/Wb50.8360.01 as the aver-
age of the values in samples 1 and 4. TheR value for the Ga
vacancy is 1.3360.15, respectively.

The line shape parameters for the As vacancy can be es-
timated from the Doppler data measured under illumination
at 50–100 K. At these temperatures only Ga and As vacan-
cies act as positron traps because positron trapping at the
metastable state of theEL2 defect is efficient only at 20–50
K.6,12 The parametersSV/Sb andWV/Wb determined from
the data in darkness can be used for the Ga vacancy. The
fractionshb , h~VGa! and h~VAs! were calculated using the
lifetime measurements under 1.42 eV illumination. For the
As vacancy we obtain the line shape parameters of
SV/Sb51.00960.003 andWV/Wb50.8860.01. TheR value
for the As vacancy is 0.760.1. These values are close to
those we have determined previously forVAs

2 in n-type
GaAs.24

The parametersSV/Sb andWV/Wb are different for the
vacancy detected only under illumination and for the one
detected in darkness. Thus the increase in theS andW pa-
rameters under illumination is caused by a different vacancy
than the one observed in darkness. Similarly, theR parameter
~Fig. 2! shows that atT.150 K the vacancy trapping posi-
trons under illumination is the same as in darkness. At lower
temperatures the value ofR under illumination decreases due
to an additional, different positron trap. The larger value of
WV/Wb and the smaller value ofSV/Sb for the vacancy ob-
served under illumination support the identification of that
vacancy asVAs since the gallium atoms around the arsenic
vacancy yield more core annihilations than the arsenic atoms
surrounding the gallium vacancy.25 Respectively, the va-
cancy detected in darkness isVGa.

VI. PHOTOEXCITED STATE OF THE ARSENIC
VACANCY

The identification in the previous section shows that the
native As vacancies are converted to efficient positron traps
when electrons are transferred to their ionization levels under
illumination. The electrons can be excited either directly
from the valence band or they may originate from the cap-
ture of photoelectrons due to the excitation of other defect
levels in the energy gap. The photoexcited electrons may
escape from the ionization levels of the As vacancies to the
conduction band via thermal emission. Electrons in the ion-
ization level can also recombine with the holes in the valence
band due to hole capture. In this section we investigate these
optical and thermal processes of the As vacancy by studying
the concentration ofVAs

2 as a function of the photon energy
and flux, and the sample temperature.

A. Optical generation of negative As vacancies

1. Detection of As vacancies versus the metastability ofEL2

To investigate the efficiency of the generation of the nega-
tive charge state of the As vacancy as a function of the pho-
ton energy and flux, we have calculated the positron trapping
rate atVAs

2 using the data of Figs. 3–5 and the positron
trapping model~Sec. IV!. We assume that the Ga vacancies
trap positrons similarly under illumination as in darkness. We

FIG. 10. The positron trapping rate at arsenic vacancies in SI
GaAs~sample 1! as a function of the measurement temperature. The
trapping rate has been calculated from the lifetime results measured
under illumination with the photon energyhn51.42 eV and photon
flux f51016 cm22 s21.
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also take into account the metastableEL2* as a positron trap
@t ~EL2* !5245 ps# in the cases whereEL2 is transformed to
this state under illumination. In the analysis we use Eqs.~1!
and~2! with t ~VGa!5260 ps andt ~VAs!5257 ps to calculate
the trapping rate at the Ga and As vacancies. The trapping
rate atVAs

2 under illumination is converted to the concentra-
tion of VAs in the negative charge state usingkV5mVcV with
mV51.131016 s21 at 15 K.

The concentration of negative As vacancies under illumi-
nation at 15 K is shown as a function of the photon energy
and the photon flux in Figs. 11 and 12. When theEL2 defect
is in the stable state, the negative charge state of the As
vacancy can be generated efficiently with photons ofhn>0.9
eV. At hn>1.2 eV the spectrum is almost flat~Fig. 11!. The
saturation effect can be obtained with a photon flux of
f5131015 cm22 s21 ~Fig. 12! with 0.9 eV photons and with
1.4 eV photons with as low a flux asf5131013 cm22 s21

~Fig. 12!. When theEL2 defect has been first converted into
the metastable state, the generation of the negativeVAs de-
pends strongly on the photon energy: the spectrum of Fig. 11
increases steeply athn>1.2 eV, whereas athn<1.1 eV no
negative As vacancies are detected. The 1.4 eV photon flux
of f5131015 cm22 s21 is needed to obtain the saturation
effect in the photoexcitation ofVAs ~Fig. 12!. This flux is two
orders of magnitude larger than required to generate the
same effect when theEL2 is in the stable state~Fig. 12!.
Both the shape of the photoexcitation spectrum ofVAs and

the photon flux needed for its generation depend thus
strongly on the state of theEL2 defect in SI GaAs.

The different efficiency in the generation of the negative
VAs can be explained in two ways. First, the optical process
leading to the photoexcitation ofVAs can depend strongly on
the state of theEL2: when theEL2 defect is transformed to
the metastable state, its ionization level is removed from the
band gap, and it is no longer possible to excite photoelec-
trons to the conduction band by the optical ionization of the
EL2 defect. For example, if the As vacancy becomes nega-
tive due to the trapping of photoelectrons emitted from the
EL2, the excitation is possible only if theEL2 defect is in the
stable state. Second, the recombination processes may also
depend strongly on the state of theEL2. WhenEL2 is in the
metastable state, the electrical compensation of undoped
GaAs is lost. Thedepopulationrate of the optically excited
charge state of the As vacancy may then be increased due to

FIG. 11. Concentration of the negative arsenic vacancies in SI
GaAs ~sample 1! under illumination as a function of the photon
energy. In the data of the top panel theEL2 defect remains in the
stable state over the experiment. In the data of the bottom panel
EL2 is deliberately converted into the metastable state before the
measurements. The measurement temperature is 15 K and the pho-
ton fluxes used for the illuminations are marked in the figure.

FIG. 12. Concentration of the negative arsenic vacancies in SI
GaAs ~sample 1! under illumination as a function of the photon
flux. The photon energies used for the illuminations are marked in
the figure. In the experiments of panels~a! and~b! theEL2 defect is
in the stable state. In panel~c! EL2 is converted into the metastable
state before the measurements. The measurement temperature is 15
K.
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the trapping of holes from the valence band. However, in the
experiments we observe that theshapeof the excitation spec-
trum ofVAs is clearly different depending on the metastabil-
ity of EL2 ~Fig. 11!. Since the hole trapping rate does not
depend directly on the photon energy, it can only affect the
photon flux needed to obtain the saturation population ofVAs

2

by decreasing the excitation efficiency~Fig. 12!, but it does
not have an influence on the shape of the excitation spec-
trum. We thus conclude that there are two different optical
processes leading to the population of the negative As va-
cancy: the first one is efficient only when theEL2 defect is in
the stable state and the second is independent of the state of
EL2.

The absorption spectrum of semi-insulating GaAs has
been studied in detail in many earlier works.1 When theEL2
is in the stable state, the absorption athn<1.4 eV is due to
the optical exchange of electrons between the conduction
and the valence bands and the ionization levels of theEL2
defect. These optical processes generate photoelectrons
which can recombine with the photoholes either directly or
through a capture by the ionization levels of the defects in
the band gap. In this work we observe that the As vacancy
becomes negatively charged under 0.9–1.5 eV illumination
when theEL2 defect is in the stable state. The shape of the
generation spectrum of the As vacancy in Fig. 11 is roughly
similar to the photoexcitation spectrum of electrons from the
EL2 defect to the conduction band.26 It is thus natural to
associate the optical process populating the negativeVAs to
the capture of the photoelectrons emitted from the ionization
level of theEL2 defect to the conduction band.

When theEL2 defect is in the metastable state, the optical
absorption is zero at least for the photon energies below 1.4
eV. No photoelectrons or holes are thus created and conse-
quently the negative charge state of the As vacancy can not
be populated by the trapping of photoelectrons originating
from the optical ionization of theEL2 defect. However, ab-
sorption near the band edge athn>1.4 eV has been reported
even when theEL2 is in the metastable state.5,27 According
to the experiments of this work, the negative As vacancy is
observed under illumination with the photon energyhn>1.4
eV and the fluxf>131015 cm22 s21 when theEL2 defect is
in the metastable state. As explained above, the optical pro-
cess leading to the population of the negativeVAs in this case
is different from the one taking place when theEL2 defect is
in the stable state. We attribute the process to the direct ex-
citation of electrons from the valence band to the ionization
level of the arsenic vacancy.

2. Occupation of the ionization level of the As vacancy at 15 K

The occupation of the ionization level of the As vacancy
can be quantitatively studied by modeling the optical and
thermal ionization processes of electrons and holes. In earlier
studies onVAs two ionization levels,2/0 and 0/1, have been
observed.10 The second lifetime componentt2 in the mea-
surements of this work is very near the positron lifetime at
the negative As vacancy,tV5257 ps, and is independent of
the measurement temperature. Thus positron trapping at neu-
tral As vacancies,tV5295 ps, is not observed. The positron
trapping coefficient at neutral vacanciesm~VAs

0 ! at 30 K, e.g.,
is by a factor of 10 smaller thanm~VAs

2 ! and this makes the
detection ofVAs

0 difficult.14,15 Because in this work the pos-

itrons are sensitive only to the negatively charged As vacan-
cies we can for simplicity take into account only the highest
ionization level ofVAs and assume that only one electron is
needed to change the charge state of the arsenic vacancy
under illumination. If the 0/1 ionization level was taken into
account the results would remain practically unchanged. The
following symbols are used in the models:

N1 the total As vacancy concentration~cm23!,
n1 concentration of the occupied As vacancy

levels ~cm23!,
N2 EL2 concentration~cm23!,
n2 concentration of the occupiedEL2 level,

i.e.,EL20 concentration~cm23!,
Dn increase of the free electron density

compared to that in darkness,
Dp increase of the free hole density compared

to that in darkness,
g p
05s p

0f optical electron transfer rate to an
electron level from the valence band~VB!,

g n
05s n

0f optical electron transfer rate from an
electron level to the conduction band~CB!,

C recombination factor between CB and VB,
sn^vn&n electron capture rate from the CB to the

electron level,
sp^vp&p hole capture rate from the VB to the

electron level, i.e., recombination rate.

WhenEL2 is in the stable state, it compensates the impu-
rities and the intrinsic defects and the material is perfectly
semi-insulating. All the electrons and the holes can then be
assumed to be photoinduced,n5Dn andp5Dp.

As explained in the previous section, at photon energies
hn,1.2 eV we can neglect the direct electron transition from
the valence band to the ionization level ofVAs . At the low
measurement temperature of 15 K, thermal emission of elec-
trons from the ionization levels in the gap can also be ne-
glected. The rate equations describing the electron popula-
tion of the conduction band, the ionization level ofVAs and
theEL2 level are then

dDn

dt
52sn1^vn&~N12n1!Dn2sn2^vn&~N22n2!Dn

1gn
0n22CDnDp, ~4a!

dn1
dt

5sn1^vn&~N12n1!Dn2sp1^vp&n1Dp, ~4b!

dn2
dt

5sn2^vn&~N22n2!Dn2gn
0n21gp

0~N22n2!

2sp2^vp&n2Dp. ~4c!

In darkness the occupiedEL2 states can be noted withn 2
t .

The charge of the system remains the same before and under
illumination, i.e.,N22n 2

t 5Dp1(N22n2)2Dn2n1 .
The occupation of the vacancy leveln1 can be solved

numerically from the steady state of the equations presented
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above. We have used the following values:s p2
0 ~0.9

eV!54310217 cm2 ands n2
0 ~0.9 eV!51310217 cm2 for the

optical cross sections related to theEL2 level,27

sn255310219 cm2 for the electron capture cross section of
theEL2 level28 andC52310210 cm23 s21 for the recombi-
nation factor between the conduction band and the valence
band.29 The numerical solution indicates that bothDn and
Dp increase linearly as a function of the illumination fluxf,
whenf,1018 cm22 s21. The occupancies of then1 andn2
are then independent of the illumination flux which is in
clear contradiction with the experimental results of Figs. 3
and 12.

The experimental data suggests rather that the recombina-
tion rater of electrons from the As vacancy level is constant
or depends much less onf thanDn does. The constant re-
combination rate can be related to a recombination via an
additional defect level or to a constant hole concentrationp
in the valence band.30 The model of Eq.~4! can be modified
by replacing the2sp1^vp&n1p term in Eq. ~4b! by 2rn1.
The numerical solution of Eq.~4! shows that the effect of the
electron and hole capture cross sectionssn2 andsp2 can also
be ignored in Eq.~4c! and the occupancy of theEL2 level
can be written asA5s p2

0 /(s p2
0 1s n2

0 ). Also the band to
band recombination rate can be excluded from the rate equa-
tions, since it has almost no effect on the carrier concentra-
tions.

After these modifications the occupancy of the arsenic
vacancy can be described by the following quadratic equa-
tion

rn1
22n1FN2S sn2

0 fA1r
sn2

sn1
~12A! D1rN1G

1sn2
0 fAN1N250. ~5!

The free parameters in the analysis are the ratior /sn1 and
the total concentration of the arsenic vacanciesN1. The
analysis shows that the saturation level of@VAs

2 # observed at
f.131015 cm22 s21 is practically thetotal concentration of
VAs , @VAs

tot#5@VAs
2 #. The ratior /sn1 is optimized to a value

1.331016 cm22 s21. The fit is not very sensitive to the value
of A and small changes in its value do not affect the analysis.
The fit of the solution of Eq.~5! is the solid line in Fig. 12~a!.

When theEL2 is in the stable state andhn>1.4 eV, the
previous model does not explain the measured data. Another
way to populate the As vacancy levels has to be included in
the analysis. As explained in Sec. VI A 1, athn>1.4 eV the
electrons can make a direct transition from the valence band
to the As vacancy levels. If the optical hole generation rate
related to the As vacancy level is described byg p1

0 5s p1
0 f,

the rate equation describing the arsenic vacancy level is

dn1
dt

5sn1^vn&~N12n1!Dn1gp1
0 ~N12n1!2rn1

2sp1^vp&n1Dp. ~6!

The conduction band and theEL2 level are treated as in the
previous model. The optical cross sections related to theEL2
defect are s p2

0 ~1.4 eV!53310217 cm2 and s n2
0 ~1.4

eV!52310216 cm2,27 yielding A50.13. The values deter-
mined above forr /sn1 andN1 can be used to analyze the

data of Fig. 12~b! because the vacancy concentration and the
constant recombination process can be assumed to be the
same. We have further assumed that the optical electron gen-
eration rate from the level ofVAs is small compared to the
optical hole generation rate. This assumption is based on the
fact that the spectrum for the generation of the negative
charge state ofVAs suggests that the ionization level2/0 of
VAs is close to the conduction band, possibly within 0.1 eV.
As will be shown in Sec. VI B 2 the thermal ionization en-
ergy ofVAs is also very small, about 60 meV. For such shal-
low levels the optical ionization rate is usually very small for
photon energies close to the band gap energy since the ion-
ization level and the conduction band do not overlap effi-
ciently in k-space.31,32We can thus assume thats n1

0 !s p1
0 .

The solution of Eq.~6! can be fitted to the data of Fig.
12~b! with the quantitiess p1

0 /sn1 and s p1
0 /sp1 as fitting

parameters. When the ratios p1
0 /sn1>23104, the analysis of

the data in Fig. 12~b! yields the ratios p1
0 /sp151010 inde-

pendently ofs p1
0 /sn1. In this case the ratio between the hole

and the electron capture cross section issp1/sn1<231026.
If we include only the constant recombination rate in the
analysis, we can determine the ratios p1

0 /sn1533103.
On the basis of the analysis presented above it is possible

to compare the efficiency to excite the photoelectrons to the
As vacancy level from the valence band directly or from the
EL2 level via the conduction band. When theEL2 defect is in
the stable state the fluxes needed to excite all As vacancies
are f5131015 cm22 s21 and f5131013 cm22 s21 in the
case of 0.9 and 1.4 eV photons, respectively~Fig. 12!. Ac-
cording to the analysis under 1.42 eV illumination the net
transfer rate of electrons from theEL2 level to the As va-
cancy level is practically the same as under 0.9 eV photon
illumination since replacings n2

0 ~0.9 eV! ands p2
0 ~0.9 eV!

with s n2
0 ~1.4 eV! ands p2

0 ~1.4 eV! in Eq. ~5! does not affect
much the calculated values ofDn andn1. The factor of 100
in the photon fluxes results mainly from the direct electron
transfer from the valence band which is not possible under
0.9 eV illumination. The direct excitation process from the
valence band is thus by a factor of 100 more efficient than
the indirect transfer of electrons from theEL2 level via the
conduction band.

WhenEL2 is in the metastable state, the ionization level
of VAs can only be populated by a direct electron transition
from the valence band. The transformation ofEL2 to the
metastable state induces changes to the compensation of im-
purities in the sample, resulting in a permanent hole concen-
tration p0. The rate equations describing the population of
VAs and the valence band are then

dn1
dt

5gp1
0 ~N12n1!2sp1^vp&n1~Dp1p0!, ~7a!

dDp

dt
52gp1

0 ~N12n1!1sp1^vp&n1~Dp1p0!, ~7b!

where we have assumed again that the thermal emission and
capture rates of electrons between the vacancy level and the
conduction band are negligible at the lowest measurement
temperature of 15 K and that the optical electron generation
rate from the level of the arsenic vacancy is small compared
to the optical hole generation rate related to the same level.
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Equation~7! and the conservation of chargen15Dp can
be reduced in the steady state to a quadratic equation forn1
giving the occupation of the As vacancies under illumination
as

n15
1

2^vp&
H F S ^vp&p01f

sp1
0

sp1
D 214f^vp&N1

sp1
0

sp1
G1/2

2f
sp1
0

sp1
J 2

p0
2
. ~8!

As fitting parameters we obtain the ratio of the optical gen-
eration and the hole capture cross sectionss p1

0 /sp1, the hole
concentrationp0 and the concentration of the As vacancies
N1. The fit is the solid line in Fig. 12~c!.

The analysis shows that when the photon flux is more
than 131015 cm22 s21 practically all As vacancies are con-
verted to the photoexcited state under illumination. At lower
photon fluxes the recombination is competing with the opti-
cal generation rate, resulting in a partial occupation of the
ionization level of the As vacancy. The fit yields the follow-
ing valuess p1

0 /sp154643108, N158.360.331015 cm23

andp0526431015 cm23. Since the direct optical generation
and all recombination processes are the same as in the case
of Fig. 12~b! we can use the ratios p1

0 /sp151010 and the fit
to the data then yieldsp051016–1017 cm23. This order of
magnitude is reasonable when compared to the totalEL2
concentration in the studied samples.

The fluxes needed to excite all the As vacancies with 1.4
eV photons aref5131013 cm22 s21 and f5131015

cm22 s21 when theEL2 level is in the stable or the meta-
stable state, respectively~Fig. 12!. The ionization levels of
the arsenic vacancies are thus more efficiently populated
when theEL2 defect is in the stable state~Fig. 12!. The
analysis presented above indicates that in both these cases
the direct photoexcitation from the valence band to the ion-
ization level ofVAs is the dominating generation mechanism.
Since the optical generation of the As vacancies does not
change, the more efficient population of the As vacancies is
mainly related to the differences in the hole capture rates
from the As vacancy. By comparing the photon fluxes one
can state that the recombination rate of electrons in theVAs
level is about 100 times larger whenEL2 is in the metastable
state than when it is in the stable state.

This difference can be related to the different compensa-
tion in the material, caused by the changes in theEL2 levels.
When theEL2 defect is converted to the metastable state, the
acceptors in the sample may emit holes to the valence band.
The analysis above thus indicates that the free hole concen-
tration under 1.42 eV illumination increases roughly by a
factor of 100 when theEL2 defect is converted to the meta-
stable state.

B. Thermal electron emission from the ionization level
of the photoinduced As vacancy

1. Temperature dependence of the concentration of As vacancies

The experimental results of Sec. III B indicate that under
illumination the behavior of the average positron lifetime as
a function of temperature depends on the photon energy, on
the photon flux, and on the metastability of theEL2 defect.

According to the analysis of the previous section, the nega-
tive charge state of the As vacancy is detected at 15 K under
illumination in the following conditions:~i! theEL2 defect is
in the stable state, the photon energy ishn>0.9 eV and the
flux f>1015 cm22 s21, and~ii ! theEL2 defect is in the meta-
stable state, the photon energy ishn>1.35 eV and the flux
f>131015 cm22 s21. In Fig. 7 the data under 0.9 and 1.4 eV
illuminations have been measured under conditions~i! and
~ii !, respectively. These two curves are qualitatively similar;
the average lifetime decreases rapidly at 70–120 K and the
onset temperature of this effect depends on the illumination
flux ~Fig. 6!. This decrease is much more rapid than expected
for positron trapping at negative vacancies.

Figure 13 shows the concentration of negative As vacan-
cies as a function of the measurement temperature under 1.42
eV light illumination. The concentration ofVAs

2 has been
determined from the data of Fig. 6 similarly as in Sec.
VI A 1 using the positron trapping model@Eqs.~1!–~2!# and
the positron trapping coefficientmV5131016 s21 at 30 K.
The metastableEL2 defect was taken into account as a pos-
itron trap in the curves measured under the photon fluxes
f51014–1016 cm22 s21. EL2 remains in the stable state and
does not act as a positron trap over the whole experiment
with the lowest photon flux of 331012 cm22 s21.

The data under illumination withf51015–1016 cm22 s21

indicate that the concentration of the negative As vacancies

FIG. 13. Concentration of the negative arsenic vacancies in SI
GaAs ~sample 1! underhn51.42 eV illumination as a function of
the measurement temperature. The different photon fluxes used for
the illuminations are marked in the figure.
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remains constant up to about 70 K when the temperature is
increasing and then decreases towards zero. The constant
level continues to higher temperatures under illumination
with higher photon flux. As explained in Sec. VI A 2 at
T<50 K the concentration of the negativeVAs saturates to
the total As vacancy concentration when the photon flux is
increased. However, above 70 K this type of saturation is not
detected in the flux range of 1012–1016 cm22 s21. This be-
havior shows that above 70 K the thermally activated pro-
cesses start to affect the population of the negative charge
state ofVAs in addition to the optical generation rate. The
thermally activated processes may either involve emission of
electrons or capture of holes. However, in Sec. VI A 2 the
magnitude of the hole capture rate at 15 K was estimated to
be much lower than the optical generation rate at photon
fluxes above 1015 cm22 s21, and the hole capture coefficient
usually decreases as a function of temperature.31 Hence we
attribute the decrease of@VAs

2 # with temperature to the ther-
mally activated emission of electrons from the ionization
level of VAs to the conduction band.

When the photon flux is less than 1014 cm22 s21 the con-
centration of negative As vacancies is not constant as a func-
tion of temperature under 1.42 eV illumination~Fig. 13!. In
these data the positron trapping rate at 25 K is not in satura-
tion as a function of the photon flux. Hence the thermal
capture and emission processes of photocarriers have influ-
ence on the concentration of negativeVAs even at the lowest
measurement temperature. The increase of@VAs

2 # versus tem-
perature may thus reflect the temperature dependence of the
trapping of holes from the valence band changing the popu-
lation of the ionization level ofVAs under illumination. An-
other process affecting the concentration of negative As va-
cancies is the optical recovery of the metastable state of the
EL2 defect. IfEL2* recovers under illumination, it is pos-
sible to excite photoelectrons from its ionization level to the
conduction band and the As vacancy may then be populated
also by the trapping of photoelectrons as explained in Sec.
VI A 1.

When theEL2 defect is in the metastable state, the nega-
tive charge state ofVAs is not detected at 15 K under illumi-
nation withhn<1.35 eV as explained in Sec. VI A 1. Figure
7 indicates that the temperature dependence of the average
lifetime is in this case complicated under 1.15 eV illumina-
tion: at low temperaturestav decreases strongly, it increases
and forms a local maximum at about 120 K and all illumi-
nation effects are removed at 150 K. At low temperatures
T,50 K the second lifetime component ist2'245 ps and it
increases to about 260–270 ps at 120 K. The low tempera-
ture data atT,50 K are also metastable in the sense that the
total photoeffect stays permanently in the sample even if the
illumination is removed. This type of behavior is character-
istic of theEL2 defect. Before the positron experimentEL2
was transformed to the metastable state which acts itself as a
positron trap with a lifetime of 24563 ps.6 Under illumina-
tion atT,80 K with hn51.15 eV only the strongly tempera-
ture dependent positron trapping at the metastable state of
EL26 is thus seen in the experiment of Fig. 7.

At 120 K the positron average lifetime under 1.15 eV
illumination increases and forms a local maximum as a func-
tion of temperature. This behavior can be understood in the
following way. The metastable state of theEL2 defect recov-

ers at 120 K and the ionization levels of the stableEL2
appear again in the band gap. WhenEL2 is in the stable state,
it is possible to excite photoelectrons from its ionization
level to the conduction band and these electrons may be
captured by the As vacancy. At 120 K the As vacancy is thus
observed via the indirect process as explained in Sec. VI A 1.
In the experiment a hysteresis in the temperature behavior of
the average lifetime is also detected depending on whether
temperature is increased or decreased in the range of 50–150
K ~Fig. 7!. This hysteresis can also be understood since the
conversion ofEL2 to the metastable state cannot occur at
temperaturesT.85 K.33 At decreasing temperatureEL2 is
thus in the stable state whenT.85 K and the As vacancy
levels can be populated also with 1.15 eV illumination~Fig.
5!. Below 70 K theEL2 is again converted to the metastable
state and consequently As vacancies are not observed under
1.15 eV illumination.

2. Occupation of the As vacancy ionization level versus
temperature

The temperature dependence of the occupation of the pho-
toexcited As vacancies can be analyzed by modeling the
electron transitions under illumination with rate equations.
The population of the ionization level of As vacancy is then

n15
N1

11~r /g!1~e/g!
, ~9!

where the generation rateg in the sum of the thermal capture
[gt5sn1^vn&Dn] from the conduction band and of the direct
optical transition rate (g05s p1

0 f) from the valence band.
The thermal electron emission rate from the ionization level
of VAs to the conduction band can be written asen
5gsn1^vn&Nc exp~2Ed/kBT!, where g is a degeneration
factor,NC the effective density of conduction band states and
Ed the energy difference between the vacancy ionization
level and the conduction band minimum.34 As explained in
Sec. VI A 2 the hole capture rate plays no role in the occu-
pation of the ionization level ofVAs at 25 K. When tempera-
ture increases, the hole capture coefficient decreases.31 We
can thus neglect the hole capture rate in the analysis. The
modified Eq.~9! becomes then

n15
N1

11
gsn1^vn&

g
Nce

2Ed /kBT

. ~10!

Assuming that the generation rateg and the electron cap-
ture cross sectionsn1 do not vary strongly as functions of
temperature, the temperature dependence of the population
of the negativeVAs is determined by the exponential term in
Eq. ~10!. The fitted function reproduces well the observed
trends in the measured data both as a function of temperature
and illumination intensity. The fitted ionization energies are
Ed55865, 6765, 121625, 123625, 5069, and 6068 meV
in samples 1–4, 6, and 7, respectively. The energy difference
between the conduction band minimum and the arsenic va-
cancy ionization level is thus 60610 meV, indicating that the
ionization level2/0 of the arsenic vacancy is located about
60 meV below the conduction band minimum in SI GaAs.
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In Sec. VI A we concluded that the photons ofhn51.4–
1.5 eV are able to populate the arsenic vacancy level by a
direct optical excitation from the valence band. This result
suggests that the ionization level ofVAs is close to the mini-
mum of the conduction band since the band gap of GaAs is
1.5 eV at 30 K. In good agreement with this conclusion the
ionization level of the negative arsenic vacancy was found at
about 60 meV below the conduction band by analyzing the
temperature dependence of electron emission from the ion-
ization level of the As vacancy~Fig. 13!. The same ioniza-
tion level ofVAs at about 60 meV below the conduction band
is thus able to explain the positron data as functions of tem-
perature, photon energy and photon flux.

C. Relations to earlier optical, electrical, and positron
annihilation experiments

In earlier positron experiments inn-type GaAs the2/0
ionization level of the native As vacancies has been detected
at about 30 meV below the conduction band.10 This level is
close to that determined forVAs in the present work~EC260
meV! and the small difference in the ionization energy may
be simply due to the experimental uncertainties. However,
concentration of the native As vacancies inn-type GaAs is
clearly at least an order of magnitude larger@~5–10!31016

cm23# than determined in this work in undoped semi-
insulating GaAs.

In the earlier positron lifetime measurements the ioniza-
tion level 0/1 of the As vacancy was observed atEC2140
meV. In this work no clear signs of positron trapping at neu-
tral vacancies were detected. The arsenic vacancies change
their charge state to neutral when electrons thermally escape
from the2/0 ionization level at temperatures above 100 K.
At these temperatures the positron trapping coefficientmV at
a neutral vacancy is by an order of magnitude lower than at
a negative vacancy14,15which makes the detection of theVAs

0

difficult. However, in the decompositions of the lifetime
spectra~Figs. 8 and 9! the second lifetime componentt2
increases atT5100–200 K towards the value oft25280 ps.
This effect may be a sign of positron trapping atVAs

0 where
a positron lifetime of 295 ps has been detected earlier.10

In optical experiments on bulk GaAs a strong absorption
of monochromatic light within 50 meV of the conduction
band edge is observed below 150 K.5,35This near-band-edge
absorption has been attributed to an unidentified point defect,
but it is not associated with theEL2 defect.5 Due to the
spatial anticorrelation ofEg250 meV absorption and the
EL2 concentrations this absorption process is called the re-
verse contrast~RC!. Other studies have shown that the de-
fects giving rise to the RC absorption are the main nonradi-
ative recombination centers in SI GaAs.36 The present
positron experiments indicate that the ionization level of the
As vacancy is at aboutEC260 meV and that this level can
be most efficiently populated with 1.4–1.5 eV light. This
level can also be populated by the trapping of photoelectrons
which is typical property of a recombination center. The con-
centration ofVAs determined by positron experiments corre-
lates with the magnitude of the RC absorption.37 Therefore, it
is natural to conclude that the near-band-edge absorption re-
sults from the photoinduced electron transitions from the va-
lence band to the ionization level of the arsenic vacancy.

The optical cross section for the defect responsible for the
RC absorption has been estimated to be~1–7!310215

cm2.37,38Since we identify the RC absorption as the electron
transfer from the valence band toVAs we can associate this
cross section ass p1

0 in the notation of Sec. IV A 2. Using the
ratioss p1

0 /sn1, s p1
0 /sp1, andr /sn1 obtained in that section,

we get the following values:sn1'10219 cm2, r'331023

s21, andsp1'10224 cm2 for the electron and hole capture
cross sections and the total recombination rate at 15 K for the
VAs . The estimate forr corresponds to the situation where
EL2 is in the stable state. The value forsn1 is reasonable
compared to the electron capture cross section of theEL2
defect at the same temperature.28

In semi-insulating GaAs theEL2 defect is responsible for
the compensation of the residual acceptor impurities. How-
ever, it has been verified that other unidentified intrinsic
point defects also contribute to the compensation
mechanism.2 In this work we have shown that SI GaAs con-
tains typically 1015–1016 cm23 Ga and As vacancies. Be-
cause these concentrations are comparable to those of the
impurities and theEL2 defects, the native vacancies can have
a role in the compensation of SI GaAs.

VII. CONCLUSIONS

We have performed positron lifetime and Doppler broad-
ening measurements on semi-insulating GaAs in darkness
and under photoexcitation. The possibilities of using mono-
chromatic illumination together with positron spectroscopy
have been examined by studying the excited charge states of
vacancies in GaAs as a function of temperature~T515–300
K!, photon energy~hn50.6–1.5 eV! and photon flux
~f51012–1016 cm22 s21!. The technique is applied to study
the elementary vacancies in GaAs and the correlation of their
charge state under illumination to the metastability of the
EL2 defect.

In the measurements in darkness the average positron life-
time is longer than in bulk GaAs and and it decreases
strongly with temperature. The samples thus contain nega-
tively charged native vacancies which we identify as gallium
vacancies. Under illumination with photon energies 0.8–1.5
eV the average positron lifetime at 25 K increases compared
to the values measured in darkness. This indicates that some
vacancies are turned into more efficient positron traps by
capturing electrons under illumination. The photoinduced va-
cancies are negative and they are identified as native arsenic
vacancies. The2/0 ionization level of the As vacancies is
determined to be at 60610 meV below the conduction band
minimum.

Positron lifetime measurements as a function of the pho-
ton energy and the photon flux show that As vacancies can
be populated by photoelectrons through two different optical
processes depending on the metastability of theEL2 defect in
GaAs. When theEL2 defect is in the stable state, photoelec-
trons excited to the conduction band in the optical ionization
of the EL2 defect are partially trapped by the As vacancy.
The As vacancy thus acts as a recombination center for the
photoelectrons. When theEL2 defect is in the metastable
state, another optical process converts the As vacancy to the
negative charge state. In this case only photons with an en-
ergy close to the width of the band gap~hn>1.35 eV! are
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able to excite electrons to the As vacancy. We associate this
process with the direct transition of photoelectrons from the
valence band to the ionization level of the As vacancy. This
transition gives a microscopic explanation for the near-band-
edge absorption seen in the previous optical experiments in
undoped semi-insulating GaAs.5,35

The observed concentrations of the Ga and As vacancies
are typically ~5–10!31015 cm23. This is roughly one order
of magnitude less than the As vacancy concentrations ob-
served inn-type GaAs,10 but comparable to the concentra-
tions of the residual impurities and of theEL2 defects in
high-purity GaAs. The native Ga and As vacancies thus
probably have a role also in the electrical compensation of
undoped GaAs to highly resistive semi-insulating material.

It is concluded that photoexcitation enables the detection

of vacancy defects which are otherwise inaccessible by pos-
itron spectroscopy due to their positive charge state. The pos-
itron experiments are able to yield new information on the
photoexcited charge states of the As vacancies, e.g., the po-
sitions of their ionization levels in the band gap. Further-
more, the optical processes populating the excited charge
states of the vacancy defects may be identified by positron
lifetime measurements.
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5S. Tüzemen and M. R. Brozel, Appl. Surf. Sci.50, 395 ~1991!.
6K. Saarinen, S. Kuisma, P. Hautoja¨rvi, C. Corbel, and C. LeBerre,
Phys. Rev. B49, 8005~1994!.

7C. LeBerre, C. Corbel, M. R. Brozel, S. Kuisma, K. Saarinen, and
P. Hautoja¨rvi, J. Phys. Condens. Matter6, L759 ~1994!.

8K. Saarinen, S. Kuisma, J. Ma¨kinen, P. Hautoja¨rvi, M. Törnqvist,
and C. Corbel, Phys. Rev. B51, 14152~1995!.

9S. Mantl and W. Triftsha¨user, Phys. Rev. B17, 1645 ~1978!; L.
Liszkay, C. Corbel, L. Baroux, P. Hautoja¨rvi, M. Bayhan, A. W.
Brinkman, and S. Tatarenko, Appl. Phys. Lett.64, 1380~1994!;
P. Hautoja¨rvi, Mater. Sci. Forum175-178, 47 ~1995!.

10K. Saarinen, P. Hautoja¨rvi, P. Lanki, and C. Corbel, Phys. Rev. B
44, 10585~1991!.

11B. Barbiellini, M. J. Puska, T. Torsti, and R. M. Nieminen, Phys.
Rev. B51, 7341~1995!.

12R. Krause, K. Saarinen, P. Hautoja¨rvi, A. Polity, G. Gärtner, and
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38S. Tüzemen and M. R. Brozel, inSemi-insulating III-V Materials
~Ref. 27!.

9830 53S. KUISMA et al.


