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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 frdhZltefect 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 betweel?Hhd 13° cm™3, indicating that they probably play a role in the
electrical compensation of the material.

[. INTRODUCTION developed a new technique to study vacancies in excited
charge states. In analogy with the optical deep-level transient
The influence of intrinsic point defects on the electrical spectroscopyfODLTS) and the electron paramagnetic reso-
and optical properties of high-purity undoped gallium arse-nance measurements under illuminatigphoto-EPR we
nide is known to be particularly important. The As-antisite- have combined positron annihilation measurements in this
relatedEL2 defect has been studied extensively due to itsvork with in situ monochromatic illumination. We have ap-
role in the compensation of the residual acceptors in undopeglied this technique to study native vacancies in undoped Sl
semi-insulating(Sl) GaAs and due to its interesting internal GaAs. Preliminary results of our study have been published
optical transition to the so-called metastable statewever,  previously? In this work our goal is to give a detailed report
there is an increasing amount of evidence that other intrinsiof our experimental method and to investigate comprehen-
point defects in addition to thEL2 defect take part to the sively the positron signals as a function of the sample tem-
compensation mechanisnOn the other hand, experimental perature, photon flux and photon energy. We shall further
information on elementary defects like Ga or As vacancies ircorrelate our findings to the metastable behavior ofEh2
undoped GaAs is very limited. The reason for this is perhapslefect! The experimental results will be modeled by describ-
that the identification of vacancy defects has proved to béng the electron transitions under illumination by rate equa-
difficult with the conventional electrical and optical measure-tions. The results on the native point defects in SI GaAs can
ments as well as with electron paramagnetic resonancdee summarized as follows.

(EPR experiments. A negative monovacancy is observed in darkness and it is
Positron spectroscopy is a powerful tool to study vacancydentified as the gallium vacancy. Under illumination more
defects® Positrons are strongly repelled by the positive ionnegative vacancy defects are detected and they are identified
cores in solids, and thus open volume defects act as attractivas arsenic vacancies. When the ionization levels of the As
centers at which positrons can be localized. The lifetime of asacancy are populated by photoinduced electrons the As va-

positron is longer in an open volume defect than in a perfectancy is in a negative charge state. Th& ionization level
crystal as the electron density in an open volume defect isf the As vacancy is determined to be atflD meV below
lower than in bulk material. Also, the positron-electron mo-the conduction band. Our data further show that the As va-
mentum distribution narrows at vacancy defects reducing theancy can be populated by photoelectrons via two different
Doppler broadening of the 511 keV annihilation line. Posi-optical processes. The first process is possible vElehis
tron lifetime and Doppler broadening measurements can thus the stable state, and it is attributed to the capture of pho-
be used to obtain information on the vacancy type defects otoelectrons excited from theL2 defect. The second process
the atomic scale. is efficient also wherkEL?2 is in its metastable state. We as-
Positrons get trapped at neutral and negative vacanciesociate it with the direct transition of electrons from the va-
Information on the size of the open volume and on thelence band to the ionization level of the As vacancy. The
charge state of the defect can be obtained from the experiatter transition gives a microscopic explanation for the near-
mental data. However, positive vacancies have so far edand-edge absorption observed in GaAghe detected va-
caped observation due to the Coulombic repulsion prevengancy concentrations of ¥8-10'® cm ™3 are close to those of
ing positrons to annihilate at positive centers. We haveaesidual impurities an&L2 defects, indicating that the native
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TABLE I. Concentrations oEL2 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] Tav (PS) [Vaal Tav (P9 [Vas
(10'® cm™3) in darkness (10® cm™3) under illum. (10® cm™3)
1 165 238 6.70.5 245 16-2
2 15+5 238 6.5-0.5 245 14-2
3 47+20 241 12:1 246 15-4
4 4619 241 11 246 23t5
5 4+1 232 1.4-0.4 233 0.90.2
6 11+4 237 6.2£0.5 244 142
7 110+60 240 1G6:1 246 26+9

vacancies have a role in the compensation of S| GaAs. are used to calculate the positron average lifetime
The paper is organized as follows. The experimental des,~=I,7,+ 1,7, which is insensitive to the uncertainties in
tails are described in Sec. Il and the results of the positrothe decomposition procedure and coincides with the center
experiments are presented in Sec. lll. Data analysis with poof the mass of the lifetime spectrum. The experimental error
itron trapping model is explained in Sec. IV. In Sec. V we in determining the average positron lifetime is about 0.3 ps
identify the vacancies and estimate their concentrationdor a particular measurement setup. The measurements pre-
Properties of the photoinduced arsenic vacancies are disented in this paper have been made on two positron lifetime
cussed in Sec. VI together with models for their excitationapparati and within a period of three years. Despite these

under illumination. Section VIl concludes the paper. facts, the positron lifetime results measured at different times
are accurate within 1 ps.
Il EXPERIMENTAL DETAILS The Doppler broadening of the annihilation radiation was

recorded simultaneously with some lifetime experiments by

The positron lifetime and the Doppler broadening experi-a high-purity Ge gamma detector with an energy resolution
ments of this work were performed on seven undoped semisf 1.2 keV. Typically 10 counts were collected in the 511
insulating GaAs samples grown by liquid-encapsulated CzokeV annihilation line. The shape of this line was described
chralski method. Their resistivities were 2@ Q cm and by the conventional parameteBsand W.2 The S parameter
the EL2 concentrations were typically betweex10'® and  (the valence annihilation parametés the relative number of
5x10" cm 3 The EL2 concentrations estimated from the annihilation events in the 1.4 keV wide central region of the
positron lifetime measuremeft$ are listed in Table | for peak and it represents mainly positron annihilation with the
each sample. low-momentum valence electrons. TW¢ parameter(the

The positron lifetime and the Doppler broadening experi-core annihilation parameteis calculated from the tail of the
ments were performed in a conventional Wawo identical  peak at the energy range &f(2.55—4.08 ke from the cen-
sample pieces were sandwiched with a @Ci positron troid, and only annihilations with the core electrons fall in
source. The source material was carrier-ffédaCl depos-  the energy window of th&V parameter. Th& andW param-
ited on a 1.5um-thick Al foil. The sample sandwich was eters can be used to determine tiie parameter as
mounted in an optical cryostat equipped with quartz win-R=(S—S,)/(W,—W) where S, and W, correspond to
dows to enable illumination of the sample during measuredefect-free reference material. TReparameter is indepen-
ments. The cryostat is cooled with a closed-cycle He cryodent of the vacancy concentration and it characterizes the
cooler and it is possible to make measurements between 1§pe of the vacancy in the studied matefial.
and 300 K. The illuminations were performed with mono-
chromatic light obtained from a 250 W halogen lamp via Ill. EXPERIMENTAL RESULTS
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 The positron lifetime as a function of the measurement
incident photon flux with a Si/Ge photodetector. In the illu- temperature in darkness was measured in all the samples.
mination set-up the photon energy rangéis=0.6—3.0 eV  The results of the samples 4 and 6 and the free positron
and the photon flux range ig=10"“-10° cm 2s ™. lifetime as a reference level are shown in Fig. 1. The refer-

The positron lifetime measurements were carried out by &nce level was obtained in Zn-doped reference sample which
fast-fast lifetime spectrometer with a time resolution of 230is free of positron trapping’*! The average positron lifetime
ps. Roughly X 10° counts were collected in each spectrumat 300 K in S| GaAs is very near the free positron lifetime,
within a typical counting time of 3 h. After subtracting the namely between 232 and 234 ps in all the samples. When the
constant background and the annihilations in the source mameasurement temperature decreases positron lifetime in-
terials (210 ps, 5.4%; 450 ps, 1.9%the lifetime spectra creases and at temperatufes.100 K the average positron
were analyzed with one or two exponential components conlifetime is clearly longer than the free positron lifetime in
voluted with the Gaussian resolution function of the spec-GaAs. The results in darkness at the lowest measurement
trometer. The values of the lifetimesand their intensities; temperature of 25 K are between 232 and 241Table ).

A. Measurements in darkness
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FIG. 1. The average positron lifetime as a function of the mea- FIG. 2. Th | ihilati h ini
surement temperature in undoped semi-insulating GaAs, samples, 4 - 2. The valence annihilation parame&rthe core annihi-

and 6. The results obtained in darkness are marked with opeﬁmon pf)a:]ametew, and the defect-speglflc pdaramdeléras func- |
circles and undehrv=1.42 eV illumination with filled ones. The tions of the measurement temperature in undoped Sl GaAs sample

reference level corresponding to defect-free material is measured r]ﬁ ;’he dre;ult_sloganca?l n _darl_<ness_ k?rf('ell n:jarked V_‘Il_':]h opfen circles
p-type GaAs and is marked with open triangles. and undethr=1.42 eV illumination with filled ones. The reference

levels corresponding to defect-free material are marked with dashed

In samples 1-4, 6, and 7 the spectra measured at tempef&€s-
tures below 80 K can be decomposed into two components.
The shorter lifetime is;=150-200 ps and the second com- strated in Fig. 1 for samples 4 and 6. The increase,pf
ponent is7,=250—260 ps with the intensity of 50%. At tem- depends on temperature, being the large§t<a100 K, and
peratures above 80 K and in sample 5 it is difficult to de-at aboutT~150 K the average lifetime is the same in dark-
compose the spectra probably because the average lifetimedgss and under illumination. When the illumination is re-
very near the free positron lifetime. L moved, typically 50%—70% of the increase=f disappears
The Doppler broadening of the annihilation radiation wasj,siantly.” However, a persistent increase of 1—4 ps is de-
recorded simultaneously with lifetime experiments INyoqtaq at 25 K even if the illumination is switched off. This
samples 1 and 4. The results for sample 1 are shown in Fl%ﬁect can be removed by annealing the sample at 120 K.
2. In darkness theS parameter decreases from 0.4521 to The effect of the illumination on the average lifetime has

0.4518 and th&V parameter increases from 0.0398 to 0.041J.%(ien studied earlier in samples containing Eh@ defect??

as temperature increases from 25 to 300 K. The paramete o
S, andF\)Nb are shown with dashed line in Fig. 2 ?he tem- | ne EL2 defect possesses a metastable state to which it can

perature coefficients of, and W, are 0.122%/100 K and be_ photoquenched by illumination with 1.15 eV photo_ns.
—0.665%/100 K when compared to the room temperatureTh'S metastable state anneals out at 120 K. The positron

values, respectively. ThR parameter is independent of tem- annihilation results show that the metastable statéld
perature and its value i®R=1.5+0.2 andR=1.2+0.2 in  contains a vacancy and this causes an increase in the average

samples 1 and 4, respectively. lifetime at temperature$ <60 K after iI.Iumination‘?'12 The
persistent increase af,, detected in this work can thus be
B. Measurements under photoexcitation associated to the metastable state of B2 defect. How-

ever, the increase of,, under illuminationis much larger

than the persistent part of it. Furthermore, the previous pos-
Under illumination with 1.42 eV light the positron life- itron results show that the effect due to the metastable state

time is clearly longer than in darkness. This effect is demonof EL2 can only be detected at temperatures below 60 K

1. The increase of positron lifetime under illumination
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under illumination as a function of the photon flux. Before the
measurements thEL2 defect has been converted into the meta-

FIG'. 3. _The_ average posﬂron lifetime in SI GaAsample 1 stable state. The measurement temperature is 15 K. The photon
under illumination as a function of the photon flux. Before the eneraies used for the illuminations are marked in the fiqure
measurements tHeL2 defect has been in the stable state. The meas = 9 gure.

surement temperature is 15 K. The photon energies used for the
illuminations are marked in the figure. Note the different scaling into the metastable state before measurements. A photon flux
bottom and top axis. of 1x10" cm ?s™! is needed to obtain the full increase in
the average lifetime under illumination with 1.4 eV photons.

whereas the illumination effect in Fig. 1 is observed up toThis flux is roughly 100 times larger than required for the
150 K. same effect wheEL2 is in the stable statdig. 3). Further-

In this work our main purpose is to Study the illumination- more, after photoquenching practica"y no effects are ob-
induced increase ofa_“, wh_ich _is not persistent and can only gerved under illumination with 0.9 and 1.2 eV photdFR.
be observed under illumination. However, we shall see thagy 4ithough 1.2 and 1.4 eV illuminations induce the increase
the EL2 defect plays an important role also in the detection, yhe ayerage lifetime with equal efficiency in the conditions
of this effect. The mfluence'dELZ is twofo!d: (i) the meta- whereEL2 defect is in the stable statBig. 3.
stgt?zle state oEL2 behaves |t_self as a positron trapTat60 To study the effect of photon energy on the average life-
K>*“and(ii) the transformation oEL2 between the stable (ine the photon flux was kept constant at different photon
and metastable states has a large influence on the populatigergies over the experiment under illumination. The con-
of the energy levels in the gap. stant photon flux was chosen so that the illumination effect in
Ty IS NOt in saturation under illumination with any photon
energy athv<1.4 eV. WhenEL2 remains in the stable state

The effects of the photon flux and energy on the averagé the experimen{Fig. 5, the increase ofr, is largest at
positron lifetime were studied further in sample 1. In thephoton energiebvr=1.2-1.4 eV, and ahv=0.9 eV the ef-
experiments of Fig. 3 the photon flux is so small that nofect is clearly smaller. WheiEL2 is photoquenched to the
photoguenching of thEL2 defect takes place, i.eEL2 isin  metastable state before the experiment under illumination,
the stable state. Increase in the average lifetime is observdble increase of,, is only detected with photon energibs
under illumination with 0.9—-1.5 eV photons. The increase is>1.35 eV (Fig. 5. The photon flux required to detect the
most efficient with 1.2—1.4 eV photons and only a photoneffect is now also much larger than in the case in wiit2
flux of 110" cm 2s ! is needed to obtain the saturation remains stablésee also Figs. 3 and.4Notice that the shape
effect. With 0.9 eV photons a clearly larger flux 0k10*®  of the spectrum ofr,, vs hv is different depending on the
cm 2s 1is required to obtain the maximum increase in pos-state ofEL2. WhenEL2 is in the stable stater, is constant
itron lifetime. under illumination withhv»=1.2-1.5 eV. However, when

Figure 4 shows the positron lifetime as a function of theEL2 is in the metastable state,, increases rapidly with the
photon flux in the case wheielL2 has been photoguenched photon energy in the rangev=1.2—-1.5 eV.

2. Photon flux and photon energy effects at 25 K
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under illumination as a function of the photon energy. In the data of 0 100 200
the top panel th€&eL2 defect remains in the stable state over the MEASUREMENT TEMPERATURE (K)

experiment. In the data of the bottom partél2 is deliberately

converted into the metastable state before the measurements. The

measurement temperature is 15 K and the photon fluxes used for the FIG. 6. The average positron lifetime in SI Gadsample 1
illuminations are marked in the figure. underhv=1.42 eV illumination as a function of the measurement
temperature. The different photon fluxes used for the illuminations

. S are marked in the figure. The dashed lines in the figure represent the
3. Temperature dependence of the 1.42 eV illumination effects reference level obtained in darkness.
The influence of 1.42 eV-photon illumination on the av-

erage positron lifetime as a function of temperature was studyx 104 and 1x10'® cm2s* the level of 7,,=239 ps is

ied in all the samples. Figure 1 shows the results of th_ereached at 60, 80, 100, and 110 K, respectively. At tempera-

measurements under illumination for samples 4 and 6. It igres helow 60 K the average lifetime does not depend on the
observed that under illumination the average lifetime at lowintensity used for illumination when photon flux is greater

temperatures is clearly longer than in darkness. The maxinan 144 cm2s 1.

mum increase of;, at 25 Kis 7 ps in samples 1 and 6, and  The changes in the Doppler broadening spectra were mea-
less than 1 ps in sample 5. The longest average lifetimegyreq simultaneously for samples 1 and 4 under 1.42 eV
measured under illumination are presented in Table I. Thumination. Results of the measurements of sample 1 are
average lifetime decreases slightly with temperature whegpown in Fig. 2. Compared to the values in darknesshe
T<100 K, but above 100 K the decrease of the averag@arameter increases and theparameter decreases. Bah
lifetime becomes much more rapid. At temperatures abovengw coincide with the values measured in darkness above
180 K no change in the average lifetime due to illumination1gg K. TheR parameter depends on temperature; below 90
is observed. K its value isR=0.9+0.1 and above 120 R=1.4=0.1. In

The temperature at which the average positron Iifetime\samme 4 theR parameter increases similarly from 0.1
under illumination begins to decrease steeply depends on thg 1 3+0.1.

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 forhy=1.42 eV. In the experiment under  The temperature dependence of the average positron life-
$=10"-10"° cm 2 s LilluminationsEL2 is converted to the time under illumination depends on the photon energy used
metastable state before the first measurement. In the expefor the illumination. This effect was studied in samples 1, 3,
ment with the lowest fluxp=3x10? cm 2s ! practically 5, and 6 with photon energi¢ésr=0.9, 1.15, and 1.4 eV and

all EL2 defects are in the stable state over the whole positrothe photon flux was¢=7x10" cm 2s™%. The results in
lifetime curve. For illumination fluxegp=3x10'2, 1x10  sample 1 are shown in Fig. 7 and in samples 3, 5, and 6 the

4. The temperature dependence of positron lifetime
versus photon energy
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under illumination as a function of the measurement temperaturqu,lponenth in SI GaAs(sample 7 as functions of the measure-
The different photon energies are marked in the figure, and thg,ent temperature undér=0.9 eV illumination. The photon flux
photon flux is the same in all the measurements. Uder1.15 g marked in the figure. Above 200 K the lifetime spectra have one

eV illumination there is some hysteresis in the temperature deper}:‘omponent and only the average positron lifetime is shown in the
dence of the average lifetime and the arrows indicate the direCtiOIﬂgure_

of the temperature change.

results are qualitatively similar. During the experiments withthe range of 20—100 K only a weak temperature dependence
1.15 and 1.4 eV photons tHEL2 defect is completely con- 1S perhaps seen in the (_jata under _1.42 eV illumination. At
verted to the metastable state within the first 2—3 experiment00—150 K the lifetimer, increases slightly from 257 to 280
tal data points at 20—30 K in Fig. 7. In the experiment undeS When temperature increases.
0.9 eV illumination about 20% OEL2 remain in the stable
state over the whole positro_n Iifetime. curve of Fig. 7. IV. POSITRON TRAPPING AT VACANCY DEFECTS

For 0.9 eV photons the increase iy, compared to the
values in darkness is about 5 ps in the temperature range In a perfect crystal positrons are delocalized and annihi-
20-50 K. The average positron lifetime decreases steeply date with a free positron lifetimey, . In the presence of va-
temperature rises from 50 to 100 K and above 150 K nccancy defects positrons get trapped at them. Because the
illumination effect can be observed. The temperature deperelectron density is lower in a vacancy defect than in the bulk,
dence of the average lifetime is fully reversible as a functiorpositrons annihilate in defects with a lifetime which is
of temperature. For 1.4 eV photons the behaviorrgfis  always longer tham, . The lifetime n, depends on the open
similar; the increase of,, is about 7 ps and the average volume of the defect, thus, can be used to identify different
lifetime decreases steeply at 90-180 K. defects.

lllumination with 1.15 eV photons results in a different  The concentration of the vacancies which trap positrons
behavior in7,,. The average lifetime decreases very steeplycan be estimated from the positron trapping rates. The trap-
already at low temperaturé20—100 K. At higher tempera- ping ratex, at a vacancy is proportional to the concentration
ture 7,, increases again up to 120 K and above 120 K itof the vacancy defects, = u\Cy, Wherec,, is the concen-
decreases again. Above 150 K the illumination has no effedration of the vacancies ang, is the positron trapping co-
on the average lifetime. In the temperature range 50—120 Kfficient. In semiconductors the vacancies can have different
the average lifetime curve is not reversible;, is longer charge states depending on the position of the Fermi level.
when the temperature decreases although the shape of tRer neutral vacancies the trapping coefficient is independent
curve remains similar. of the temperature and its value is typically 10*° s~ 11515

The lifetime spectra measured under illumination with 0.9For negative vacancigs,, is roughly 2<10° st at 300 K
and 1.42 eV photons can be decomposed into two compand it increases by an order of magnitude when temperature
nents(Figs. 8 and @ In all the samples the values of are  decreases to 20 K1°The trapping coefficient at positive
255-260 ps under both 0.9 and 1.42 eV illuminations and irvacancies is several orders of magnitude smaller because of
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time. If the measured,,, increases compared to its earlier

280 ' ' ' ' ' value, more positron trapping at vacancies takes place in the
i T sample than previously.
270 |- — In the case of negative vacancies the positron trapping is
L T, i strongly temperature dependent. A model to explain the pos-
~60 L + ] itron trapping at negative vacancies with two different pro-
~ + cesses has been presented by Peska® The positron can
& r ‘ + . get trapped at the negative vacancy either directly or by a
g 250 |- - 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-
; N N sible to write the positron trapping coefficient as
g SI GaAs ”
= R
7] =
g 244 iy, L Ae (m+kBT>3lze—ER/kBT. ©)
N7r 27h?
240
Here N=4.4x10? cm™2 is the number of atoms per cubic
236 centimeter in GaAsm, ~1.0Xxm, is the effective mass of
the positron Eg is the positron binding energy at the Ryd-
1 berg state, andyg is the transition rate from the R_ydberg
. | . | . | state to the ground state at the vacancy. The transition coef-
0 100 200 300 ficient from the free-positron state to the Rydberg state is
temperature dependentg=T Y2, Experimental estimations
MEASUREMENT TEMPERATURE (K) for parameter€g, ug, and 7 exist for vacancies in &
and GaA$®.
FIG. 9. The average positron lifetime and the second lifetime
componentr, in SI GaAs(sample J as functions of the measure- V. IDENTIFICATION OF NATIVE DEFECTS
ment temperature undéw=1.42 eV illumination. The photon flux
is marked in the figure. Before the experiment Eie? defect was A. Ga vacancies

converted into the metastable state. Above 200 K the lifetime spec-
tra have one component and only the average positron lifetime i
shown in the figure.

Results of the measurements in darkness show that the
5verage 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 S| GaAs samples.
At 300 K the average positron lifetime is close to the bulk
lifetime 7,=231 ps which indicates that only few vacancies
are detected at room temperature. This is in good agreement
with the earlier observations on as-grown S| G&A¥*°No
evidence of positron trapping around negative ions is ob-

Tav= 77b7'b+2_ MViTVi s (1) served since no increase af, due to thermal positron de-

' trapping at 100—-150 K is detectéy?*

where 7, and 7; are the fractions of positron annihilation ~ The Fermi level in SI GaAs stays at the midgap and the
events in the bulk and at the vacanciés, respectively. vacancies do not change their charge states when tempera-
Similar equations can be written for the line shape paramture changes. The increase of the average positron lifetime as
etersS and W. According to the positron trapping modél temperature decreases is thus due to the temperature depen-
the fractionsz, and 7,; are related to the trapping rates by dence of the positron trapping coefficient at defects. Since

the Coulombic repulsion and thus no trapping occurs.

The average positron lifetime,, is a superposition of the
free positron lifetimer, and of the lifetimesry; in the dif-
ferent vacancy defectg;

7\b+2i Kvi>a (29

the following equations: positron trapping at neutral defects is independent of tem-
perature, the increase af, in darkness at low temperatures
- indicates that the observed vacancies are negatively charged.
b= b The second lifetime componens is about 250—260 ps
which is a typical value for monovacancies is GaA$%%
According to theoretical calculations the As vacancies are
Vi= Kvi / N+ KVi)v (2b)  positive and the Ga vacancies negative in SI G&ASince
' positive defects repel positrons, the negative Ga vacancies
where\,= 7, ! is the positron annihilation rate in the bulk are the only defects able to trap positrons in as-grown Si
and xy; is the positron trapping rate at the vacancy type  GaAs in darkness. We thus associate the vacancies with
When vacancies withr,;> 7, are present, positron trap- negative gallium vacancies. The positron experiments are un-
ping rates and trapping fractions are greater than zgr;0  able to identify, however, whether the Ga vacancies are iso-
and 7,;>0, and the average positron lifetime is longer thanlated or bound to a defect complex.
the value in bulkr,> 7, through Eq.(1). Thus vacancy de- The positron trapping rate,, to the gallium monovacan-
fects can be detected by measuring the average positron lifeies can be calculated through E¢$) and (2). In this cal-
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culation we use the positron lifetime at the vacamgy260  The levels populated under illumination are thus located
ps (Refs. 19 and 20and the annihilation rate in the perfect above the midgap. For the Ga vacancies no ionization levels
Iattipe is obtaiped from the experimentalldata in Flg 1. Theare expected in the upper half of the gap whereas the As
positron trapping rate can be modeled with B).using the  yacancies have their ionization levels above the midgdp.

— 51 ; —
¥?]Iue Of/"V_tl"éxwl S ?jt 300 K(Eeg 2,{0 'n."Va'““V(f:_\{t: is thus natural to identify the defects observed under illumi-
€ paramelerg, ug, andzg can be determined as ting i a5 As vacancies which convert from positive to neu-

parameters. For the data of this work the fit is in excellentgal or neqative charge state under illumination. We can con-
agreement with the data in all samples in the temperatur 9 9 :

range T=30-300 K. The average factor between the trap_clude that under illumination positrons are trapped at both

ping coefficients at 30 K and at 300 K istd.. In the fits the ~Ga monovacancies and As monovacancies. However, posi-

positron binding energy is typicallgz=15 meV. The posi- tron experiments give no information whether these defects

tron trapping coefficient at the Rydberg state isare isolated or parts of a defect complex.

ur=1.1x10' s7! at 30 K and the transition rate to the

ground state is 310" s, These values are reasonable 2. Charge state of the As vacancies

compared with the theoretical and experimental values cal- ) ,

culated for positron trapping at negative vacancies itP&l. The positron trapping ratey at the As vacancy can be

However, the binding energ§iz=15 meV is slightly smaller ~Ccalculated using Eqg1) and (2). Here we assume a three

than the earlier estimates fog, in GaAs*® trap model, i.e., Ga vacancies, As vacancies and the meta-
From the trapping rate at the gallium vacancy the concenstable state of theEL2 defect trap positrons under

tration of Vg, can be estimated. The concentrations are belllumination.” Earlier, positron lifetimes of 257 and 295 ps

tween 1 and 1210°cm™2 in the samples which have been have been obtained for negative and neutral As vacancies,

L an i NPT . al :

studied in this work'see Table)l These values are in agree- respectively’ Lifetime (V) =257 ps is chosen for the As

ment with earlier results on undoped S| GaAs sampidhe  vacancy because it is closer to the lifetimes obtained from

Vg, Concentrations are less than those typically found for thédhe decompositions of the spectra and there is no indication

EL2 defect, but they are equal to or larger than the usua®f the longer lifetime of 295 ps. We assume that the trapping

impurity concentrations in LEC GaAs. rate at Ga vacancies under illumination is the same as in
darkness, i.e., illumination does not change the occupation of
B. Arsenic vacancies the ionization levels of the Ga vacancies. We further assume

that the metastable state BE2 traps positrons similarly un-
der illumination as after illumination in the dark and we use

Under illumination the average positron lifetime increaseshe lifetime of 245 ps for the positrons trapped at the meta-
compared to the values measured in darkness. This indicatstble state of th&L2 defect,EL2*.°
that more positron trapping takes place in the sample. Hence At the temperature range 20—70 K the positron lifetime
some vacancies which do not trap positrons in darkness a@nd consequently the positron trapping rate increase as func-
converted into positron traps under illumination. The effecttions of the 1.42 eV photon flux from »210* to 10"
of illumination on the average positron lifetime is strongestcm 2s %, and thereafter they saturate at values which are
at photon energies 1.4-1.5 €Fig. 5. This energy range is independent of the illumination intensitfFigs. 3 and 4 It
outside the photoexcitation pedk.1-1.2 eV of the meta- can be estimatetsee Sec. VI B Lthat at these temperatures
stable state of th&L2 defect: The increase of,, shows no and for the photon fluxp>10"* cm ?s™* the occupation of
metastability asEL2 doed? and it is observed indepen- the As vacancy ionization levels under illumination is mainly
dently of whetherEL2 is in the stable or in the metastable controlled by optical transitions and not by the thermal es-
state. These facts indicate that the increase,pifs not pro-  cape of electrons or by the hole capture. Thus the occupation
duced by theEL2 defect. of the ionization levels is independent of the temperature and

When the spectra measured under illumination are dethe number of As vacancies trapping positrons is constant at
composed, the second lifetimg is scattered between 250 T=20-70 K.
and 260 pgFigs. 8 and @ This value is close to the positron Figure 10 shows the positron trapping rate at As vacancies
lifetime atVg, detected in darkness. Under illumination both as a function of temperature under 1.42 eV illumination with
the Ga vacancies and the illumination-induced vacanciethe photon flux¢=10' cm™2s™L. In the temperature range
may trap positrons. The lifetime is a superposition of life- 20-70 K the trapping rat&(V,;) decreases strongly with
times in the Ga vacancies and in the illumination inducedemperature and above 100 K the decrease of the trapping
vacancie$:!° Furthermore, the decompositions of the spectrarate is even faster. Below 70 K the temperature dependence
are in good agreement with the one trap model and no sigof «(V,s) is similar to that observed for the Ga vacancies in
of positron trapping at negative icfi$tis detected. We can darkness. It shows that the positron trapping is enhanced at
conclude that the positron lifetime at the vacancy which trapsow temperatures which is a clear indication that the As va-
positrons under illumination is about the same as that at theancies are negative. This conclusion is also supported by the
Ga vacancies, i.e., 250—260 ps. This value indicates that tHdgetimes 7,=250—260 ps which are very close to the value
defect has the size of a monovacancy. Notice that the posR57 ps determined for the negative As vacancynitype
tron trapping at the metastable state of Hi® defect has no GaAs whereas the longer values of 295 ps is associated with
influence on the measured above 60 K since this trapping the neutral As vacancy.
can only be detected <60 K. Above 70 K the trapping rated(V,s) decreases much

In a semi-insulating sample the defect ionization levelsfaster than expected for a negative vacancy. The steep de-
which are located below midgap are occupied by electronsrease and the temperature at which it starts depend on the

1. Identification of the vacancies
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surements in darkness. For the Ga vacancy the results are
' ' ' S,/S,=1.021+0.003 andW,,/W,=0.83+0.01 as the aver-
age of the values in samples 1 and 4. Fhealue for the Ga
vacancy is 1.330.15, respectively.
hv = 1.42 eV The line shape parameters for the As vacancy can be es-
¢ =10" em?s? 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 tHeL2 defect is efficient only at 20—50
K.612 The parameters,/S, and W,,/W, determined from
the data in darkness can be used for the Ga vacancy. The
fractions 7,, 7(Vga) and 7(V,) were calculated using the
| | : lifetime measurements under 1.42 eV illumination. For the
0 50 100 150 200 As vacancy we obtain the line shape parameters of
S,/ S,=1.009-0.003 andw,,/W,=0.88+0.01. TheR value
MEASUREMENT TEMPERATURE (K) for the As vacancy is 070.1. These values are close to
those we have determined previously fui in n-type

FIG. 10. The positron trapping rate at arsenic vacancies in SGaAS-ZA
GaAs(sample 1as a function of the measurement temperature. The The parameters,/S, and W,/W, are different for the
trapping rate has been calculated from the lifetime results measureéacancy detected only under illumination and for the one
under illumination with the photon energnw=1.42 eV and photon  detected in darkness. Thus the increase inShend W pa-
flux =10 cm 2571, rameters under illumination is caused by a different vacancy
S . i ) _than the one observed in darkness. Similarly,Rhgarameter
illumination intensity. This decrease of the positron trapping(Fig. 2) shows that aff >150 K the vacancy trapping posi-
will be studied further in Sec. VI. trons under illumination is the same as in darkness. At lower
temperatures the value Bfunder illumination decreases due
to an additional, different positron trap. The larger value of

The positron trapping rate,, at the As vacancy can be W, /W, and the smaller value &,/S, for the vacancy ob-
used to estimate the concentration of the negative As vacaserved under illumination support the identification of that
cies if the trapping coefficient,, is known. Here we assume vacancy asV, since the gallium atoms around the arsenic
that the absolute value and the temperature dependence wdcancy yield more core annihilations than the arsenic atoms
the trapping coefficient, at the As vacancy are the same assurrounding the gallium vacanéy. Respectively, the va-
for wy at the Ga vacancy. Since both vacancies are negativeancy detected in darknessVg,,.
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 #lux
and on the measurement temperatlirbecause both these
parameters change the concentration of As vacancies in the The identification in the previous section shows that the
negative charge state. However, the trapping rat&@tis  native As vacancies are converted to efficient positron traps
almost independent ofp and T in the range ¢>10"*  when electrons are transferred to their ionization levels under
cm ?s 'andT<70 K and it can thus be used to estimate theijllumination. The electrons can be excited either directly
total As vacancy concentration. Rigorously, the concentratiofrom the valence band or they may originate from the cap-
of the negative As vacancies determined this way is theure of photoelectrons due to the excitation of other defect
lower limit of the total As vacancy concentration since somelevels in the energy gap. The photoexcited electrons may
of the As vacancies may not be in the negative charge statescape from the ionization levels of the As vacancies to the
due to photoionization or hole capture processes. The negaonduction band via thermal emission. Electrons in the ion-
tive As vacancy concentrations of all the samples are listegzation level can also recombine with the holes in the valence
in Table I. Typically the values arfV,s]=10x10" cm™3.  band due to hole capture. In this section we investigate these
When the V,s concentrations are compared betweenoptical and thermal processes of the As vacancy by studying
samples, it should be kept in mind that the error estimates ithe concentration o¥ 5 as a function of the photon energy
Table | take into account only the statistical error in the pos-and flux, and the sample temperature.
itron lifetime measurements. The absolute numbers are accu-
rate to about 30%.

SI GaAs

POSITRON TRAPPING RATE (ns™")

0

3. Concentration of negative As vacancies

VI. PHOTOEXCITED STATE OF THE ARSENIC
VACANCY

A. Optical generation of negative As vacancies

C. Line shape parameters for vacancy defects 1. Detection of As vacancies versus the metastabilityeh?

The Doppler broadening measurements can be analyzed To investigate the efficiency of the generation of the nega-
by calculating the line shape paramet&sandW,, for the tive charge state of the As vacancy as a function of the pho-
Ga and the As vacancies through equations similar to Eq$on energy and flux, we have calculated the positron trapping
(1)—(2). When calculating the line shape parameters for theate atV,s using the data of Figs. 3—5 and the positron
Ga vacancy, the one trap model is used. The fractigrsnd  trapping modelSec. I\). We assume that the Ga vacancies
7 (Vg can be calculated using the positron lifetime mea-trap positrons similarly under illumination as in darkness. We
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FIG. 11. Concentration of the negative arsenic vacancies in Si O - + ?
GaAs (sample 1 under illumination as a function of the photon
energy. In the data of the top panel tB&2 defect remains in the 5+ (c) SIGahs T
stable state over the experiment. In the data of the bottom panel
EL2 is deliberately converted into the metastable state before the i EL2 metastable |
measurements. The measurement temperature is 15 K and the pho- ol hv =142 v |
ton fluxes used for the illuminations are marked in the figure. I L I 1 L
0 5 10x10
also take into account the metastaBle2* as a positron trap PHOTON FLUX (em” s’

[7 (EL2*)=245 pqg in the cases wherEL2 is transformed to

this state under illumination. In the analysis we use Efjs. . . . o

and(2) with 7 (V,) =260 ps andr (V) =257 ps to calculate FIG. 12. Concentration of the negative arsenic vacancies in SI
. . . GaAs (sample 1 under illumination as a function of the photon

the trapping rate at the Ga and As vacancies. The trappi

~ . AR "Wix. The photon energies used for the illuminations are marked in
r_ate atVas _under |IIum|_nat|on IS converted_ to the Conc_entra- the figure. In the experiments of panéds and(b) the EL2 defect is
tion of V54 in the negative charge state usikg= wyCy With

6 -1 in the stable state. In pan@) EL2 is converted into the metastable
wy=1.1x10"% st at 15 K.

’ . . . _state before the measurements. The measurement temperature is 15
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 EI& defect the photon flux needed for its generation depend thus
is in the stable state, the negative charge state of the Astrongly on the state of thEL2 defect in SI GaAs.

vacancy can be generated efficiently with photonsw#0.9 The different efficiency in the generation of the negative
eV. At hv=1.2 eV the spectrum is almost fléfig. 11). The  V, can be explained in two ways. First, the optical process
saturation effect can be obtained with a photon flux ofleading to the photoexcitation &, can depend strongly on
$=1x10" cm 25! (Fig. 12 with 0.9 eV photons and with  the state of thé€EL2: when theEL2 defect is transformed to

1.4 eV photons with as low a flux ag=1x10" cm™2s™?  the metastable state, its ionization level is removed from the
(Fig. 12. When theEL2 defect has been first converted into band gap, and it is no longer possible to excite photoelec-
the metastable state, the generation of the negafjyede-  trons to the conduction band by the optical ionization of the
pends strongly on the photon energy: the spectrum of Fig. 1EL2 defect. For example, if the As vacancy becomes nega-
increases steeply d&tr=1.2 eV, whereas atv<1.1 eV no tive due to the trapping of photoelectrons emitted from the
negative As vacancies are detected. The 1.4 eV photon flugL2, the excitation is possible only if tHeL2 defect is in the

of $=1x10" cm ?s ! is needed to obtain the saturation stable state. Second, the recombination processes may also
effect in the photoexcitation &f 5 (Fig. 12). This flux istwo  depend strongly on the state of th&2. WhenEL2 is in the
orders of magnitude larger than required to generate theetastable state, the electrical compensation of undoped
same effect when th&L2 is in the stable staté~ig. 12. GaAs is lost. Thedepopulationrate of the optically excited
Both the shape of the photoexcitation spectrungf and  charge state of the As vacancy may then be increased due to
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the trapping of holes from the valence band. However, in thétrons are sensitive only to the negatively charged As vacan-
experiments we observe that tsleapeof the excitation spec- cies we can for simplicity take into account only the highest
trum of V4 is clearly different depending on the metastabil- ionization level ofV,g and assume that only one electron is
ity of EL2 (Fig. 11). Since the hole trapping rate does notneeded to change the charge state of the arsenic vacancy
depend directly on the photon energy, it can only affect theunder illumination. If the Of ionization level was taken into
photon flux needed to obtain the saturation populatio of  account the results would remain practically unchanged. The
by decreasing the excitation efficien@fyig. 12), but it does  following symbols are used in the models:

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- 1!
cancy: the first one is efficient only when tRe2 defectisin M
the stable state and the second is independent of the state of
EL2. N

The absorption spectrum of semi-insulating GaAs has,
been studied in detail in many earlier workg/hen theEL2
is in the stable state, the absorptionhat<1.4 eV is dueto An
the optical exchange of electrons between the conduction
and the valence bands and the ionization levels of&h2 A
defect. These optical processes generate photoelectrons
which can recombine with the photoholes either directly or_o_ 0
through a capture by the ionization levels of the defects i"P ~ P
the band gap. In this work we observe that the As vacancy ,
becomes negatively charged under 0.9-1.5 eV illuminatio n=Ond
when theEL2 defect is in the stable state. The shape of the
generation spectrum of the As vacancy in Fig. 11 is roughlyC
similar to the photoexcitation spectrum of electrons from theo,(v,)n
EL2 defect to the conduction baR@l.lt is thus natural to
associate the optical process populating the negatjeto op(vp)P
the capture of the photoelectrons emitted from the ionization

the total As vacancy concentratiéom ),
concentration of the occupied As vacancy
levels (cm3),

EL2 concentratioricm 3),

concentration of the occupidel2 level,

i.e., EL2° concentrationicm™3),

increase of the free electron density
compared to that in darkness,

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

optical electron transfer rate to an
electron level from the valence badB),
optical electron transfer rate from an
electron level to the conduction ba@B),
recombination factor between CB and VB,
electron capture rate from the CB to the
electron level,

hole capture rate from the VB to the
electron level, i.e., recombination rate.

level of theEL2 defect to the conduction band. o ) )
When theEL2 defect is in the metastable state, the optical WhenEL2 is in the stable state, it compensates the impu-

absorption is zero at least for the photon energies below 1.4ti€s and the intrinsic defects and the material is perfectly

eV. No photoelectrons or holes are thus created and cons&@Mi-insulating. All the electrons and the holes can then be

quently the negative charge state of the As vacancy can ngSSUmed to be photoinducetk=An andp=Ap. ,

be populated by the trapping of photoelectrons originatingn As explained in the previous section, at photon_ energies

from the optical ionization of th&L2 defect. However, ab- v<1.2 eV we can neglec_:t the d_|rect electron transition from

sorption near the band edgetat=1.4 eV has been reported the valence band to the ionization level dfs. At the low

even when théEL2 is in the metastable staté’ According measurement temperature of 15.K, thermal emission of elec-

to the experiments of this work, the negative As vacancy i$rons from the ionization levels in the gap can also be ne-

observed under illumination with the photon enetgy=1.4  9lected. The rate equations describing the electron popula-

eV and the flux=1x10" cm 2s ! when theEL2 defectis  tion of the conduction band, the ionization level\6f; and

in the metastable state. As explained above, the optical prdh€ EL2 level are then

cess leading to the population of the negatig in this case

is different from the one taking place when tBe2 defect is dAn _

in the stable state. We attribute the process to the direct ex- dt ~on{vn) (N1 =) An=0nz(vn) (N2~ n2) AN

citation of electrons from the valence band to the ionization 0

level of the arsenic vacancy. +9g,n2—CAnAp, (4a)

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

—_= Ni—ny)An— n;Ap, 4h
The occupation of the ionization level of the As vacancy dt n1{Un) (N1 1) Tpr(vpIN1AP,  (4D)

can be quantitatively studied by modeling the optical and

thermal ionization processes of electrons and holes. In earlier  dn, o o

studies orV , two ionization levels;-/0 and 04, have been gt = on2{on) (N2=n2)An—ggnp+gp(Na—ny)
observed?® The second lifetime componen} in the mea-
surements of this work is very near the positron lifetime at
the negative As vacancy;,=257 ps, and is independent of
the measurement temperature. Thus positron trapping at neln darkness the occupieBlL2 states can be noted with}.

tral As vacanciesr, =295 ps, is not observed. The positron The charge of the system remains the same before and under
trapping coefficient at neutral vacancie€/,) at 30 K, e.g., illumination, i.e.,N,—n5=Ap+(N,—n,)—An—n;,.

is by a factor of 10 smaller than(V 5s) and this makes the The occupation of the vacancy leve} can be solved
detection ofV, difficult.1*® Because in this work the pos- numerically from the steady state of the equations presented

— op2(vp)NAP. (40
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above. We have used the following values'.gz(o.g data of Fig. 120) because the vacancy concentration and the
eV)=4x10"" cn? and 02,(0.9 eM)=1x10 17 cn? for the  constant recombination process can be assumed to be the
optical cross sections related to th&L2 level?” same. We have further assumed that the optical electron gen-
0,,=5%10"19 cn? for the electron capture cross section of eration rate from the level 0¥, is small compared to the
the EL2 leveP® andC=2x101°cm 3s! for the recombi-  optical hole generation rate. This assumption is based on the
nation factor between the conduction band and the valenciact that the spectrum for the generation of the negative
band?® The numerical solution indicates that baMn and  charge state o/ s suggests that the ionization level0 of
Ap increase linearly as a function of the illumination flgx Vs is close to the conduction band, possibly within 0.1 eV.
when ¢<10'® cm™2s ™. The occupancies of the; andn,  As will be shown in Sec. VI B 2 the thermal ionization en-
are then independent of the illumination flux which is in ergy ofV is also very small, about 60 meV. For such shal-
clear contradiction with the experimental results of Figs. 3low levels the optical ionization rate is usually very small for
and 12. photon energies close to the band gap energy since the ion-
The experimental data suggests rather that the recombin&ation level and the conduction band do not overlap effi-
tion rater of electrons from the As vacancy level is constantciently in k-space’™**We can thus assume thafy, <o J;.
or depends much less afithan An does. The constant re- The solution of Eq.(6) can be fitted to the data of Fig.
combination rate can be related to a recombination via ad2(b) with the quantitieSJg /oy, and agllapl as fitting
additional defect level or to a constant hole concentragion parameters. When the ratdnpllan1>2><104, the analysis of
in the valence ban®. The model of Eq(4) can be modified the data in Fig. 1®) yields the ratios ,/o,; =10'° inde-
by replacing the—o,,(v,)nip term in Eq.(4b) by —rn;. pendently ofagllanl. In this case the ratio between the hole
The numerical solution of Ed4) shows that the effect of the and the electron capture cross sectiomrjs/ o, <2X 10°C.
electron and hole capture cross sectiopsandoy, can also  If we include only the constant recombination rate in the
be ignored in Eq(4c) and the occupancy of thEL2 level analysis, we can determine the ra&xﬂllon1=3><103.
can be written asA=a%2/(crgz+ o%,). Also the band to On the basis of the analysis presented above it is possible
band recombination rate can be excluded from the rate equ#ée compare the efficiency to excite the photoelectrons to the
tions, since it has almost no effect on the carrier concentraAs vacancy level from the valence band directly or from the
tions. EL2 level via the conduction band. When tBE2 defect is in
After these modifications the occupancy of the arsenidhe stable state the fluxes needed to excite all As vacancies
vacancy can be described by the following quadratic equaare ¢$=1x10" cm 2s ! and ¢=1x10" cm ?s ! in the
tion case of 0.9 and 1.4 eV photons, respectivélig. 12. Ac-
cording to the analysis under 1.42 eV illumination the net

) 0 On2 transfer rate of electrons from tHeL.2 level to the As va-
mMi—Ny Na| onapA+r o1 (1=A) | +rNy cancy level is practically the same as under 0.9 eV photon
" illumination since replacingrp, (0.9 eV) anda 3, (0.9 eV)
+0%,AN;N,=0. 5)  witho® (1.4eV) andag2 (1.4 eV) in Eq. (5) does not affect

) ) ) much the calculated values ain andn,. The factor of 100

The free parameters in the analysis are the i, and  jy the photon fluxes results mainly from the direct electron
the total concentration of the arsenic vacandés The  transfer from the valence band which is not possible under
analysis shows that the saturation level'hs] observed at g g ev jllumination. The direct excitation process from the
¢>1X18: cm “s ~ is practically thetotal concentration of  yglence band is thus by a factor of 100 more efficient than
Vas, [Vasl=[Vsl. The ratior/ay, is optimized to a value  the ingirect transfer of electrons from ti#.2 level via the
1.3x10" cm s 1. The fit is not very sensitive to the value ¢gnduction band.
of A and small changes in its value do not affect the analysis. \yhenEL2 is in the metastable state, the ionization level
The fit of the solution of Eq(S) is the solid line in Fig. 1&).  of v/, can only be populated by a direct electron transition

When theEL2 is in the stable state arftv=1.4 eV, the  fom the valence band. The transformation Bif2 to the
previous model does not explain the measured data. Anothggetastable state induces changes to the compensation of im-
way to populate the As vacancy levels has to be included imyities in the sample, resulting in a permanent hole concen-

the analysis. As explained in Sec. VIA 1,lat=1.4 eV the  yaiion p,. The rate equations describing the population of
electrons can make a direct transition from the valence banqAS and the valence band are then

to the As vacancy levels. If the optical hole generation rate

related to the As vacancy level is describeddfy = o 9, ¢, dn,
the rate equation describing the arsenic vacancy level is rTE 31(N1—n1)—ap1(vp>n1(Ap+ Po), (79
dn, N;—n;)An+g2 (N dA
—= —ny)An —ny)—rn
gt~ it (M)A TGNy =) =i, =~ (N1~ )+ o (o) (Ap+po), (7D
—0'p1<vp>n1Ap. (6)

where we have assumed again that the thermal emission and
The conduction band and tit€ 2 level are treated as in the capture rates of electrons between the vacancy level and the
previous model. The optical cross sections related t&Ett®2  conduction band are negligible at the lowest measurement
defect are op,(1.4 eW=3x10""" cn? and opy(1.4 temperature of 15 K and that the optical electron generation
eV)=2x1016 cm?? yielding A=0.13. The values deter- rate from the level of the arsenic vacancy is small compared
mined above for/o,; andN; can be used to analyze the to the optical hole generation rate related to the same level.
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Equation(7) and the conservation of chargge=Ap can
be reduced in the steady state to a quadratic equation,for
giving the occupation of the As vacancies under illumination
as

1 {( 0_01 2 01 1/2
P P
n=-— Up)Pot P —| t4p(v N—} 0
1 2<Up> : < p> 0 O < p> 1 o1 <4
0
g Terl_Po 15|
¢ o pl] 2 ®
As fitting parameters we obtain the ratio of the optical gen- sl
eration and the hole capture cross secti@rﬁg/opl, the hole
concentratiorp, and the concentration of the As vacancies .
N;. The fit is the solid line in Fig. 12).
The analysis shows that when the photon flux is more 15

than 1x10™ cm ?s ™! 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 values o /o =4=4x10°, N;=8.3+0.3x10"° cm™®
andp,=2+4x10" cm 3. Since the direct optical generation
and all recombination processes are the same as in the case
of Fig. 12b) we can use the ratio 5,/ o,,; =10'° and the fit
to the data then yieldp,=10'*-10"" cm 3. This order of
magnitude is reasonable when compared to the tBi&l 0 50 100 150 200
concentration in the studied samples.

The fluxes needed to excite all the As vacancies with 1.4 MEASUREMENT TEMPERATURE (K)
eV photons are p=1x10" cm?s! and ¢=1x10"
cm s ! when theEL2 level is in the stable or the meta-  FiG. 13. Concentration of the negative arsenic vacancies in Sl
stable state, respectivelffig. 12). The ionization levels of GaAs(sample 1 underhv=1.42 eV illumination as a function of
the arsenic vacancies are thus more efficiently populatethe measurement temperature. The different photon fluxes used for
when theEL2 defect is in the stable stat€ig. 12. The the illuminations are marked in the figure.
analysis presented above indicates that in both these cases

the direct photoeXCitation from the valence band to the ionAccording to the ana|ysis of the previous section, the nega-
ization level ofV s is the dominating generation mechanism. tive charge state of the As vacancy is detected at 15 K under
Since the optical generation of the As vacancies does nGfiumination in the following conditionsti) the EL2 defect is
change, the more efficient population of the As vacancies i, the stable state, the photon energiis=0.9 eV and the
mainly related to the differences in the hole capture ratequx $=10'>cm 2s %, and(ii) the EL2 defect is in the meta-
from the As vacancy. By comparing the photon fluxes onestaple state, the photon energyhis=1.35 eV and the flux
can state that the recombination rate of electrons inhe  4=1x10">cm ?s L In Fig. 7 the data under 0.9 and 1.4 eV
level is about 100 times larger whé&.2 is in the metastable jjjuminations have been measured under conditiGhsnd
state than when it is in the stable state. (ii), respectively. These two curves are qualitatively similar;
This difference can be related to the different compensathe average lifetime decreases rap|d|y at 70-120 K and the

tion in the material, caused by the changes inEh& levels.  onset temperature of this effect depends on the illumination
When theEL2 defect is converted to the metastable state, thﬂux (F|g 6) This decrease is much more rapid than expected

acceptors in the sample may emit holes to the valence bangby positron trapping at negative vacancies.
The analySiS above thus indicates that the free hole concen- Figure 13 shows the concentration of negative As vacan-

tration under 1.42 eV illumination increases roughly by acjes as a function of the measurement temperature under 1.42
factor of 100 when th&L2 defect is converted to the meta- ey Jight illumination. The concentration 0¥ 5, has been

SI GaAs

. hv=142ev

CONCENTRATION OF NEGATIVE As VACANCIES (10'° cm™)

10 -

stable state. determined from the data of Fig. 6 similarly as in Sec.
VI A 1 using the positron trapping modgEgs.(1)—(2)] and
B. Thermal electron emission from the ionization level the positron trapping coefficieni,=1x10' s at 30 K.

of the photoinduced As vacancy The metastabl&L2 defect was taken into account as a pos-

, __itron trap in the curves measured under the photon fluxes
1. Temperature dependence of the concentration of As vacanC|es¢: 104-10 cm2s L. EL2 remains in the stable state and
The experimental results of Sec. Il B indicate that underdoes not act as a positron trap over the whole experiment
illumination the behavior of the average positron lifetime aswith the lowest photon flux of 8102 cm 2s™ 2,
a function of temperature depends on the photon energy, on The data under illumination witep=10""-10 cm 25!
the photon flux, and on the metastability of tBe2 defect. indicate that the concentration of the negative As vacancies
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remains constant up to about 70 K when the temperature isrs at 120 K and the ionization levels of the staBE2
increasing and then decreases towards zero. The constapipear again in the band gap. WHEIR is in the stable state,
level continues to higher temperatures under illuminationt is possible to excite photoelectrons from its ionization
with higher photon flux. As explained in Sec. VIA2 at level to the conduction band and these electrons may be
T<50 K the concentration of the negati%, saturates to ~Ccaptured by the As vacancy. At 120 K the As vacancy is thus
the total As vacancy concentration when the photon flux i€?bserved via the indirect process as explained in Sec. VI A 1.
increased. However, above 70 K this type of saturation is nof the experiment a hysteresis in the temperature behavior of
detected in the flux range of 3-101 cm™2s 7. This be- the average lifetime is also detected depending on whether
havior shows that above 70 K the thermally activated pro_temperature is increased or decreased in the range of 50—-150

cesses start to affect the population of the negative chardé (Fig. 7) Th;élgystteﬁsm catn Tsﬁ be tutnderstoocti since thte
state ofV,g in addition to the optical generation rate. The conversion o 0 1€ melastable state cannot oceur &

: R g turesT >85 K33 At decreasing temperatuteL?2 is
thermally activated processes may either involve emission Otﬁmp_era
- thus in the stable state whé&n>85 K and the As vacancy
electrons or capture of holes. However, in Sec. VIA2 thelgavels can be populated also with 1.15 eV illuminati@ig.

magnitude of the hole capture rate at 15 K was estimated t ). Below 70 K theEL2 is again converted to the metastable

be much lower than the optical generation rate at photo .
fluxes above 18 cm 251, and the hole capture coefficient state and consequently As vacancies are not observed under
' 1.15 eV illumination.

usually decreases as a function of temperattitéence we
attribute the decrease p¥ ,.] with temperature to the ther-
mally activated emission of electrons from the ionization
level of Vs to the conduction band.

When the photon flux is less thanf@m 2 s * the con- The temperature dependence of the occupation of the pho-
centration of negative As vacancies is not constant as a funteexcited As vacancies can be analyzed by modeling the
tion of temperature under 1.42 eV illuminatiéRig. 13. In  electron transitions under illumination with rate equations.
these data the positron trapping rate at 25 K is not in saturaFhe population of the ionization level of As vacancy is then
tion as a function of the photon flux. Hence the thermal
capture and emission processes of photocarriers have influ- N,
ence on the concentration of negatig even at the lowest nlzm, (€)
measurement temperature. The increadd/@f| versus tem-

perature may thus reflect the temperature dependence of thghere the generation ratgin the sum of the thermal capture
trapping of holes from the valence band changing the popugg'= ¢, (v ,,)An] from the conduction band and of the direct
lation of the ionization level oW g undgr |IIum|nat|op. An-  optical transition rate qozaglqg) from the valence band.
other process affecting the concentration of negative As vathe thermal electron emission rate from the ionization level
cancies is the optical recovery of the metastable state of thgr v/ s to the conduction band can be written as
EL2 defect. IfEL2* recovers under illumination, it is pos- =y (va)N; exp(—E4/kgT), where y is a degeneration
sible to excite photoelectrons from its ionization level to thefactor, N the effective density of conduction band states and
conduction band and the As vacancy may then be populated the energy difference between the vacancy ionization
also by the trapping of photoelectrons as explained in Seqevel and the conduction band minimuthAs explained in
VIAL Sec. VI A 2 the hole capture rate plays no role in the occu-
When theEL2 defect is in the metastable state, the negapation of the ionization level o 5 at 25 K. When tempera-
tive charge state oV is not detected at 15 K under illumi- tyre increases, the hole capture coefficient decrédsae

nation withh»<1.35 eV as explained in Sec. VI A 1. Figure can thus neglect the hole capture rate in the analysis. The
7 indicates that the temperature dependence of the averageydified Eq.(9) becomes then

lifetime is in this case complicated under 1.15 eV illumina-

2. Occupation of the As vacancy ionization level versus
temperature

tion: at low temperatures,, decreases strongly, it increases N,

and forms a local maximum at about 120 K and all illumi- n,= (10
nation effects are removed at 150 K. At low temperatures 1+ Yon(vn) N Ea/kaT

T<50 K the second lifetime componentig~245 ps and it g

increases to about 260-270 ps at 120 K. The low tempera-
ture data af <50 K are also metastable in the sense that the Assuming that the generation raggeand the electron cap-
total photoeffect stays permanently in the sample even if théure cross sectiow,; do not vary strongly as functions of
illumination is removed. This type of behavior is character-temperature, the temperature dependence of the population
istic of the EL2 defect. Before the positron experimdtit2  of the negativeV, is determined by the exponential term in
was transformed to the metastable state which acts itself askq. (10). The fitted function reproduces well the observed
positron trap with a lifetime of 2453 ps® Under illumina-  trends in the measured data both as a function of temperature
tion atT<80 K with h»=1.15 eV only the strongly tempera- and illumination intensity. The fitted ionization energies are
ture dependent positron trapping at the metastable state &;=58+5, 67+5, 121+25, 123+25, 50+9, and 6@-8 meV
EL2% is thus seen in the experiment of Fig. 7. in samples 1-4, 6, and 7, respectively. The energy difference
At 120 K the positron average lifetime under 1.15 eV between the conduction band minimum and the arsenic va-
illumination increases and forms a local maximum as a funceancy ionization level is thus 6010 meV, indicating that the
tion of temperature. This behavior can be understood in thénization level—/0 of the arsenic vacancy is located about
following way. The metastable state of tB&2 defect recov- 60 meV below the conduction band minimum in SI GaAs.
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In Sec. VI A we concluded that the photonstof=1.4— The optical cross section for the defect responsible for the
1.5 eV are able to populate the arsenic vacancy level by C absorption has been estimated to e-7)x10°1°
direct optical excitation from the valence band. This resulic?.®”*®Since we identify the RC absorption as the electron
suggests that the ionization level 8f is close to the mini- transfer from the valence band ¥ we can associate this
mum of the conduction band since the band gap of GaAs isross section asgl in the notation of Sec. IV A 2. Using the
1.5 eV at 30 K. In good agreement with this conclusion theratios a3,/ a1, o p1/ g1, andr/ o, obtained in that section,
ionization level of the negative arsenic vacancy was found ate get the following valuesw,;~10*° cn?, r~3x10°3
about 60 meV below the conduction band by analyzing thes *, and a,,;~10">* cn? for the electron and hole capture
temperature dependence of electron emission from the ioréross sections and the total recombination rate at 15 K for the
ization level of the As vacancyFig. 13. The same ioniza- Vas. The estimate for corresponds to the situation where
tion level ofV 5 at about 60 meV below the conduction band EL2 is in the stable state. The value foy, is reasonable
is thus able to explain the positron data as functions of temeompared to the electron capture cross section ofgh2
perature, photon energy and photon flux. defect at the same temperatdfe.

In semi-insulating GaAs thEL2 defect is responsible for
the compensation of the residual acceptor impurities. How-
C. Relations to earlier optical, electrical, and positron ever, it has been verified that other unidentified intrinsic
annihilation experiments point defects also contribute to the compensation

In earlier positron experiments in-type GaAs the—/0 mechanisn?.In this work we have shown that SI GaAs con-

; ; 5 6 ~—3 .
ionization level of the native As vacancies has been detecte®'"S typically 16°-10 cm Ga and As vacancies. Be-
at about 30 meV below the conduction baAdhis level is  cause these concentrations are comparable to those of the

close to that determined ., in the present workE—60 impurities and thé=L2 defects, the native vacancies can have
S

meV) and the small difference in the ionization energy maya role in the compensation of S| GaAs.
be simply due to the experimental uncertainties. However,
concentration of the native As vacanciesnifiype GaAs is
clearly at least an order of magnitude lar§és—10x10'°
cm 3] than determined in this work in undoped semi- We have performed positron lifetime and Doppler broad-
insulating GaAs. ening measurements on semi-insulating GaAs in darkness
In the earlier positron lifetime measurements the ioniza-and under photoexcitation. The possibilities of using mono-
tion level O4 of the As vacancy was observedBg—140  chromatic illumination together with positron spectroscopy
meV. In this work no clear signs of positron trapping at neu-have been examined by studying the excited charge states of
tral vacancies were detected. The arsenic vacancies changacancies in GaAs as a function of temperat(ire 15—-300
their charge state to neutral when electrons thermally escag€), photon energy(hv=0.6-1.5 eV and photon flux
from the —/0 ionization level at temperatures above 100 K.(¢=10"-10'® cm ?s™%). The technique is applied to study
At these temperatures the positron trapping coefficignat  the elementary vacancies in GaAs and the correlation of their
a neutral vacancy is by an order of magnitude lower than atharge state under illumination to the metastability of the
a negative vacanéy*®>which makes the detection of th&;  EL2 defect.
difficult. However, in the decompositions of the lifetime Inthe measurements in darkness the average positron life-
spectra(Figs. 8 and 9 the second lifetime component  time is longer than in bulk GaAs and and it decreases
increases at =100-200 K towards the value @§=280 ps.  strongly with temperature. The samples thus contain nega-
This effect may be a sign of positron trapping\dt; where tively charged native vacancies which we identify as gallium
a positron lifetime of 295 ps has been detected edflier. vacancies. Under illumination with photon energies 0.8—1.5
In optical experiments on bulk GaAs a strong absorptioreV the average positron lifetime at 25 K increases compared
of monochromatic light within 50 meV of the conduction to the values measured in darkness. This indicates that some
band edge is observed below 15¢# This near-band-edge vacancies are turned into more efficient positron traps by
absorption has been attributed to an unidentified point defectapturing electrons under illumination. The photoinduced va-
but it is not associated with thEL2 defect Due to the cancies are negative and they are identified as native arsenic
spatial anticorrelation o;—50 meV absorption and the vacancies. The-/0 ionization level of the As vacancies is
EL2 concentrations this absorption process is called the redetermined to be at 6010 meV below the conduction band
verse contrastRC). Other studies have shown that the de-minimum.
fects giving rise to the RC absorption are the main nonradi- Positron lifetime measurements as a function of the pho-
ative recombination centers in SI GaXs.The present ton energy and the photon flux show that As vacancies can
positron experiments indicate that the ionization level of thebe populated by photoelectrons through two different optical
As vacancy is at abolE-—60 meV and that this level can processes depending on the metastability o&h2 defect in
be most efficiently populated with 1.4-1.5 eV light. This GaAs. When th&L2 defect is in the stable state, photoelec-
level can also be populated by the trapping of photoelectronsons excited to the conduction band in the optical ionization
which is typical property of a recombination center. The con-of the EL2 defect are partially trapped by the As vacancy.
centration ofV ¢ determined by positron experiments corre- The As vacancy thus acts as a recombination center for the
lates with the magnitude of the RC absorptidiTherefore, it  photoelectrons. When thEL2 defect is in the metastable
is natural to conclude that the near-band-edge absorption rstate, another optical process converts the As vacancy to the
sults from the photoinduced electron transitions from the vanegative charge state. In this case only photons with an en-
lence band to the ionization level of the arsenic vacancy. ergy close to the width of the band gdpr=1.35 e\} are

VII. CONCLUSIONS
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able to excite electrons to the As vacancy. We associate thisf vacancy defects which are otherwise inaccessible by pos-
process with the direct transition of photoelectrons from thdtron spectroscopy due to their positive charge state. The pos-
valence band to the ionization level of the As vacancy. Thidtron experiments are able to yield new information on the

transition gives a microscopic explanation for the near-bandphotoexcited charge states of the As vacancies, e.g., the po-

edge absorption seen in the previous optical experiments
undoped semi-insulating GaA&s?®

isitions of their ionization levels in the band gap. Further-

more, the optical processes populating the excited charge

The observed concentrations of the Ga and As vacanciestates of the vacancy defects may be identified by positron

are typically (5-10x10"° cm™3. This is roughly one order

lifetime measurements.

of magnitude less than the As vacancy concentrations ob-

served inn-type GaAs'° but comparable to the concentra-

tions of the residual impurities and of tHelL2 defects in
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