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Microscopic nature and optical properties of metastable defects in electron-irradiated GaAs

S. Kuisma, K. Saarinen, P. Hautoja and C. Corbél
Laboratory of Physics, Helsinki University of Technology, 02150 Espoo, Finland
(Received 23 October 1996

Systematic correlation of infrared absorption and positron annihilation experiments allows us to identify two
metastable defects in electron-irradiated GaAs. The first one is present already in as-grown material, and can
be identified as the natiieL2 defect by its photoquenching and subsequent thermal-annealing properties. The
second one is introduced by irradiation at 300 K, and it disappears in thermal annealing at 520 K. Its metastable
state is optically active, anneals at 70 K, and exhibits optical recovery at 25 K. Positron experiments indicate
that both of these defects have a vacancy in their metastable state in good agreement with the vacancy-
interstitial model of the As antisite defect. Therefore, the native defect is here attributed to an As antisite and
the irradiation-induced one to an As antisite complex. The metastable state of ghecdxaplex can be
generated with 1.075-eV photons and recovered with 1.35-eV photons with optical cross sections of
2% 102 and 5x 10 *°cn?, respectively. The metastable state of the;Asomplex absorbs 0-71.2-eV
photons, indicating that it has ionization levels in the band §80163-182@07)06815-X

I. INTRODUCTION stable vacancy is similar to that related to the nafle?
defect, and therefore it has been associated with the atomic

The most fascinating property of the natiZz&2 defectin  structure of the metastable state of the irradiation—induced As
GaAs is its metastability. The defect can be converted to &ntisite  defect® However, some properties of the
metastable state by illumination with 1.1 evhy <1.3 ey  irradiation-induced defects are different from those of the
light at low temperatures. The metastable state is eIectricaII?a“V_eELz, defect. In particular, the metastable state of the
and optically inactive: its ionization levels are not in the Ilradiation-induced defect is optically active, suggesting that
band gap, and therefore it does not absorb infraigilight. It has ionization levels in the band gabThe metastable
After illumination atT<100 K, theEL2 defect remains per- effects in irradiated GaAs can also be optically recovered at

. ; . : 5 K, although this is not possible for the natikzé& 2 defect.
sistently in the metastable state until a thermal annealing . X
T>120 K is performed. The metastability of the 2 defect hese differences can be explained by the presence of other

. : ; ..._defects which form complexes with the As antisite in irradi-
can be theoretically explained by the vacancy-interstitial, ;o4 G5ad819

model for an isolated As antisite defect. In the stable state In this work, the systematic combination of positron an-

the As antisite is on a substitutional lattice site, but in thepjhilation and infrared absorption spectroscopies is used to
metastable state it has relaxed along fé1] direction,  siudy the optical properties and atomic structure of meta-
leaving behind a Ga vacancy: &s-VesAsi. An internal  stable defects in irradiated GaAs. Experiments in several
optical transition can convert the defect from the stable to thgamples irradiated to various electron fluences allow us to
metastable state, but these two states are separated by s#parate native defects from those introduced by irradiation.
energy barrier of about 0.3 eV, corresponding to an anneakurther, the different metastable defects in GaAs can be dis-
ing temperature of 120 K. tinguished by studying their photoquenching and subsequent
Introduction of As antisite defects in electron irradiation thermal and optical recovery properties. In contrast to our
of GaAs has been reported in several papetf3However, earlier work!® the metastable changes in IR absorption are
most infrared absorption studies have revealed only minostudied here at a wide photon energy range/ eV <hv
metastable effects, which have often been related to the na<1.4 eV), and the positron annihilation data are analyzed
tive EL2 defect remaining in the sample after irradiatidi.  with the positron trapping model. This allows a quantitative
The detection of irradiation-inducdslL2-like metastable de- correlation of the infrared absorption and positron annihila-
fects has been reported in some electron-paramagnetition results in terms of optical cross sections. Furthermore,
resonancéEPR and magnetic-circular-dichroism of absorp- we have investigated also the thermal stability of the meta-
tion (MCDA) experiment$.Recently, MCDA measurements stable defects in irradiated GaAs.
have revealed three different As antisite related defects with The results show that there are two different metastable
slightly different metastable properti&sHowever, no struc-  defects in electron-irradiated GaAs after annealing at 300 K.
tural information on the metastable states of the irradiationThe first one is a native defect, and its concentration is not
induced defects has been obtained in these experiments. increased by irradiation. Its optically inactive metastable
In good agreement with the vacancy-interstitial model,state anneals thermally at 120 K but cannot be optically re-
positron annihilation measurements in as-grown GaAs haveovered at 25 K. We conclude that this defect is the native
manifested that the metastable state of the n&il2 defect EL2. The second metastable defect is introduced by irradia-
contains a vacancy. Experiments in electron-irradiated tion and is not present in as-grown GaAs. Its metastable state
GaAs have shown that defects with a vacancy in the metaabsorbs IR light, anneals at 70 K, and exhibits optical recov-
stable state are also introduced by irradiatidhis meta- ery already at 25 K. Positron experiments show that both
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defects have a similar vacancy in the metastable state, isorption coefficient. The measured absorption values corre-
good agreement with the vacancy-interstitial model for thespond to a steady-state situation caused by the probing illu-
As antisite defect. We thus attribute the native defect to amination.

As antisite and the irradiation-induced defect to an As anti- To compare absorption results in different samples and in
site complex. The As, complex is most probably the different situations, the absorption coefficient was calculated
arsenic-antisite—gallium-antisite antistructure pair detecteffom

earlier in MCDA experiment$® The metastable state of the

irradiation-induced As, complex can be generated by I =1oexp(—ax), 2
1.075-eV illumination with a cross section of
2x10 ?°cn?, and it can be optically recovered by 1.35-eV
light with a cross section of 810~ 1° cn?. Unlike the native
EL2 defect, the metastable state of thegAsomplex ab-
sorbs light athy=0.7—1.2 eV in a photoionization process.
This indicates that the complex has ionization levels in th
band gap in the metastable state. The irradiation-induce
Asg, complex recovers thermally at 520 K, whereas the na-
tive EL2 defect remains unchanged over this annealin
stage.

The next section describes briefly the experimental meth-
ods used in this work. The infrared absorption results are Paositron lifetime measurements were performed in a con-
presented in Sec. llI, and they are correlated quantitatively teentional way?° the positron and a 1.275-MeY are emitted
positron annihilation data in Sec. IV. The microscopic naturesimultaneously in 88* decay from the*Na isotope, and a
of the observed defects is discussed in Sec. V. Section Mast-fast lifetime spectrometer was used to measure the time
treats the thermal stability of the irradiation-induced meta-difference between the 1.275-MeY and the annihilation

wherex is the thickness of the sample. Due to experimental
limitations, changes irv were precisely measured but the
absolute values are accurate only within0.5 cm 1.

Mounting of the sample required reinstallation of the op-
tical fiber stands, and, due to small differences in the illumi-
ation geometry, a difference of about 20% in the illumina-
on intensity is possible from one sample to another. The

hoton flux and fluence values stated below are nominal.

B. Positron lifetime spectroscopy

stable defect, and Sec. VII concludes this work. v. Two identical sample pieces were sandwiched with a 30-
wCi positron source, which consisted of carrier-frédlaCl
Il. EXPERIMENTAL DETAILS AND ANALYSIS METHODS deposited on a 1.pm-thick Al foil. The sample sandwich
. was mounted in the same optical cryostat that was used in
A. Infrared absorption the IR absorption measurements. llluminations were also

Defects having energy levels in the energy gap are able tperformed with the same setup. Further experimental details
absorb light at lower energies than the band gap. The absorgan be found in Ref. 21.

tion coefficienta at a certain photon enerdy is the super- After subtracting the constant background and annihila-
position of various defects at concentratidui], tions in the source material, the measured positron lifetime
spectrum was analyzed with one or two exponential compo-
nents
a(hv)=2 ai(hv)[d], (1)
' n(t)=ng[l 1exp(—t/71) +1,exp(—t/7,)] ®)

whereo; is the effective cross section containing all the ab-
sorption processes related to the def#ct

The infrared absorption measurements of this work wer
performed at 30 K in an optical cryostat. Light from a 250-W
halogen lamp was led to a monochromator and then to th
sample with an optical fiber bundle. The photon energy
range used for the illumination wés/=0.7— 1.5 eV and the
maximum photon fluxp=10"cm 2 s~ 1. The sample tem- The average lifetime is insensitive to the decomposition pro-
perature could be varied from 30 to 300 K using a closed<edure and coincides with the center of mass of the lifetime
cycle He cryocooler. spectrum.

The incident intensity, of the IR light was detected with Positron lifetime spectroscopy yields microscopic infor-
a Si-Ge photodetector from a reference branch of the fibemation on vacancy defects in material. In a perfect semicon-
bundle, and the intensity transmitted through the sample ductor crystal positrons are delocalized in the lattice and an-
was observed simultaneously with a Ge photodetector. Thaeihilate with a free positron lifetimer,. Neutral and
intensities were measured by collecting data every 10 s: ewaegative vacancies can trap positrons to localized states.
ery data point was measured by averaging 400 samples réhese vacancies the electron density is lower than in the bulk,
corded with a sampling frequency of about 100 Hz. Withinand thus positrons annihilate with a lifetime, which is
the experimental accuracy, the absorption was constant ovénger thanr .
the time needed to collect the 400 samples. In some cases the Positrons can also get trapped at Rydberg states around
number of samples was reduced in order to ensure that theegative ions: this enables the detection of negative-ion-type
absorption was not altered during the collection. This collectdefects in semiconductor materials. The negative ions are
ing procedure limits the time scale for studied processes tehallow traps for positrons, since the binding energy for pos-
larger than 10 s; on the other hand, the large number of daté&ons is less than 0.1 eV. At higher temperatures positrons
samples enables the observation of small changes in the atart to escape thermally from the Rydberg stéfesg., in

convoluted with the Gaussian resolution function of the
spectrometer. Her@, is the total number of annihilation

eevents, and; is the intensity of the decay mode with a pos-
iéron lifetime 7, . The average positron lifetime is defined by

Ta= 171+ 1575, 4
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GaAs the thermal escape begins at 10G**KPositrons

trapped at negative ions annihilate with the same lifetime as g r B ,' T e {

free positrong* g | ¢imSIGaAs = :
The concentration of defects trapping positrons can be e 2_M§1Vt;13 d’;ﬂl(o com !

estimated from the positron trapping ratewhich is propor- LE) 20 - ageri.gzg et’, 1}{ i

tional to the defect concentratiary : £ T nd100Kann. | !

m we 3S=BTOWN i
k=Cgu/N. (5) 8 - - annealed at 520K /{ 1

Here u is the defect-specific trapping coefficient axds the % 10

atomic density of the material. For neutral vacancies the 5

trapping coefficientu, is temperature independent, and its o) -

value is typically 16°s1.2° For negative vacancieg, is 4

roughly 2x 10'®s™* at 300 K2® and it increases by an order 20

of magnitude when temperature decreases to 30%?2
In practice, positron trapping at vacancies can be detected PHOTON ENERGY (eV)

by measuring the average positron lifetimg. Increase in

T,y @bOver, is a clear indication of vacancy defects in the  FIG. 1. Infrared absorption in electron-irradiated GaAs aged at

sample. According to the trapping modthe average pos- 300 K as a function of photon energy. Measurement temperature

itron lifetime is a superposition of the free positron lifetime was 25 K. Absorption before any illumination is marked with a

7y, lifetimes 7,; at vacancy defects, and lifetime at the solid line, after 1.075-eV illumination with a dashed line, and after

Rydberg states around negative ians= 7, a subsequent annealing at 100 K with a dotted line. Absorption in

as-grown GaAs and in electron-irradiated GaAs annealed at 520 K

: are shown as well.

Tav= TbTp T i21 i Toi T NstTh s (6)

] ) _ the measurement time. The values obtained in this measure-
where 7y, 7,i, and 7 are the fractions of positrons anni- ment are referred to as initial absorption in this paper.
hilating at the defect-free bulk, vacancies, and shallow traps. |, electron-irradiated GaAs the absorption at photon en-
The trapping fractions can be expressed in terms of pos'tm@rgieshv=0.7— 1.4 eV is clearly larger than in as-grown

trapping rates, which can be calculated from the measureaierial. Figure 1 shows the results for GaAs irradiated with
average positron lifetime. If there are both vacancies and 5y 10'%.cm=2 fluence of 2-MeV electrons. The well-

negative ions present in the sample, positron trapping rates gl features of absorption in electron-irradiated GaAs can
both these defects can be determined by measuring the avgfs jpserved: a shoulder at 0.8 eV and a peak at 1.0
. . . 6 . . . H
age lifetime as a function of temperatufe’ well as a strong increase in absorption at photon energies just
below band gap. Absorption related to the nafile? defect,
C. Samples which dominates the IR absorption spectrum in as-grown

In this work two sets of electron-iradiated GaAs samplesGaAs:° is shown as reference in Fig. 1. In electron-
were studied. The first set consisted of four pairs of samplelradiated GaAs absorption relatedfad 2 is largely masked
that were all cut from the same wafer of undoped semiby the absorption of the irradiation-induced defects.
insulating GaAs. Three sample pairs were irradiated with
1.5-MeV electrons at 20 K with electron fluences of ) _ ) _

1, 5,and 1% 107 cm~2, whereas a reference sample pair B. Behavior of absorption during photoquenching

was left unirradiated. The samples with the largest irradiation To study the photoquenching effects in IR absorption in
fluence were annealed at 425 K, while the others were ageglectron-irradiated GaAs, the samples were illuminated at 25
at room temperature. K with various photon energies at 0.9 e\iv<<1.4 eV and a

The other set consisted of two pairs of undoped semiconstant photon flux of #cm 2 s 1. Absorption was
insulating GaAs samples, both irradiated with 2-MeV elec-monitored simultaneously with the same photon energy as
trons to an electron fluence o#610'" cm™2 at 300 K. After  used for the photoquenching. Before the illuminations the
irradiation one pair was aged at room temperature, and theéample was annealed in darkness at 200 K to remove all

other was annealed at 520 K. metastable effects.
The absorption coefficient as a function of the photo-
IIl. METASTABILITY OF THE ABSORPTION SPECTRUM quenching timeg(t), behaves similarly in all the irradiated
IN ELECTRON-IRRADIATED GaAs GaAs samples aged at room temperature. Results for the

GaAs sample irradiated with 1.5-MeV electrons to a fluence
of 5x 10" cm™? are presented in Fig. 2. When illumination

The IR absorption of electron-irradiated GaAs as a funcs turned ong(t) starts to decrease with a time constant that
tion of the photon energy was measured before any illumidepends on the photon enerdig. 2). Forhv=1.05 eV this
nations at 25 K. Before the absorption measurement thdecrease lasts about 1000 s andtfor=1.25 eV about 5000
sample was annealed in darkness at 200 K in order to recovet The decrease in absorption is observed with
all metastable effects, and it was checked that the photon flu@.9 eV<hv<1.4 eV, and the magnitude of this decrease de-
used for the measurement did not affect absorption duringpends on the photon energy.

A. Photon-energy dependence of the absorption
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FIG. 2. Infrared absorption in electron-irradiated GaAs as a FIG. 3. Absorption coefficient at 1.075 eV as a function of
function of illumination time. The photon energies used for theannealing temperature in electron-irradiated GaAs. Measurement
illuminations are marked in the figure. Measurement temperaturgemperature was 25 K, and the sample was illuminated with
was 25 K, and absorption was measured with the same photon.075-eV photons before the isochronal annealing. lllumination was
energy as the illumination occurred. performed and absorption was monitored with 1.15-eV photons in

as-grown GaAs.

When the photoquenching is performed with o S )
0.95-1.2-eV photons, the absorption coefficient goesl-15-eV illuminations. After an illumination lasting for
through a minimum and then starts to increase with a muc0 000 s with a photon flux of #0cm™? s™* at 25 K, the
longer time constant. For example, the increase in absorptiopgmple was kept at each annealing temperature for 10 min
saturates after an illumination time 6£15 000 s when the and then cooled back to 25 K for the absorption measure-
sample is illuminated with 1.05-eV photons. The magnitudeMent. The absorption was monitored with the same photon
and the time constant of the increase depend on the photdii€rgy as used for the illumination. o
energy. At 0.95 e¥-hy<1.075 eV the final absorption after ~ The annealing behavior of absorption is shown in Fig. 3
a long illumination even exceeds the initial value observedor the as-grown and 1.5-MeV electron-irradiated GaAs
before any photoguenching. samples.. After _anngalmg at 6{BO_K the absorption de-

Both the decrease and increase in the absorption are peftéases in the irradiated but not in the as-grown samples.
sistent: when the illumination is turned off and the sample ig=rom this low level the absorption increases to the initial
kept in darkness at 25 K, the absorption coefficient has th¥alue after annealing at 120 K. The magnitude of this in-
same value when monitored after a long period of time. Onhgreéase is the same in as-grown and electron-irradiated
heating of the sample at temperatufes 120 K recovers the samples. In the |rra_1d|_ated material abs_orptlon at 1.15 and
initial value of absorption. Thus there are metastablel-075 eV behaves similarly: both annealing steps at 70 K and

changes, both an increase and a decrease, in the IR abso@$-120 K are observed. In as-grown GaAs no annealing stage
tion in electron-irradiated GaAs. at 70 K is observed, and at 120 K absorption increases to the

initial value before any illumination.

The magnitudes of the annealing steps at 70 and 120 K
are plotted in Fig. 4 as functions of the electron-irradiation
fluence. The changes are more clearly seen at a photon en-

The isochronal annealing behavior of the persistentergy of 1.15 eV for the annealing step at 120 K and at 1.075
changes in the IR absorption were studied after 1.075-eV aneV for the 60-K annealing stage. As seen in Fig. 4, the de-

C. Annealing behavior of the metastable changes
in the absorption
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FIG. 5. Cross section for the decrease in infrared absorption
under illumination in electron-irradiated GaAs as a function of the
photon energy used for illumination. Measurement temperature was
25 K.
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o
N
T

lated to any particular microscopic absorption process, they
[ T SR facilitate the comparison of results from different measure-
0 2 4 6 ments.

Results for the cross sectian,, corresponding to the de-
crease in absorption, are presented in Fig. 5. The cross sec-
tion is largest at a photon energy of 1.15 eV, and its value

FIG. 4. Change in infrared absorption in isochronal annealing athere is o;(1.15 eV)=1.6x10 ¥ cn?. Both the absolute
70 and 120 K compared to the absorption after 100-K annealing ifglue and the photon energy dependencerpfagree well
electron-irradiated GaAs. Before the measurement the sample W&gith the cross sections measured for the photoquenching of

illuminated with 1.075-eV photondower panel or 1.15-eV pho-  the nativeEL2 defect in as-grown GaAs; see, e.g., Refs. 17
tons (upper pangl and absorption was measured at 25 K at theand 31.

same photon energy.

IRRADIATION FLUENCE (10" e-cm?)

Absorption related to the native and irradiation-induced
metastable defects can be distinguished by their different an-
crease in absorption after 70-K annealing depends linearlgiealing properties. 1.075-eV illumination converts both de-
on the irradiation fluence, and the annealing step at 120 Kiects to their metastable states. A subsequent annealing at
on the other hand, is independent of the electron fluence. 100 K recovers the irradiation-induced defect back to the
stable state, whereas the native one remains in the metastable
state. The photon-energy dependence of the absorption coef-
ficient at this state of the samples is presented in Fig. 1 with
a dotted line. The absorption coefficient is smaller than the

The behavior of the absorption coefficient under illumina-initial absorption for all photon energies. The difference be-
tion, an increase and a decrease with different time constantsyeen the initial absorption spectruffiull line in Fig. 1) and
and the two distinct annealing steps in the absorption suggetitat obtained after 1.075-eV photoquenching and 100-K an-
the presence of two different metastable defects in electromealing (dotted ling is plotted in Fig. 6 with filled circles.
irradiated GaAs. The decrease in the absorption and the aithe shape of this spectrum is remarkably similar to that of
nealing step at 120 K are related to one, and the increaseatie EL2 defect in as-grown GaA¥:*?> The absolute values
absorption and annealing stage at 70 K to the other. of the absorption coefficients are typical for natlz2 con-

The two persistent transients in the absorption coefficiententrations of the order of ocm™2.

(Fig. 2) can be modeled with exponential decay terms and a The native metastable defects observed in both as-grown
constant background and electron-irradiated GaAs have similar absorptkig. 6)

and photoquenchingFig. 5 properties as the well-known
native EL2 defect. The annealing stage of the metastable
state at 120 K is also the same as that foundsh. There-
fore, the native metastable defect can be identified as the
wherer; and, are the time constants, abdandc stand for EL2 center. The nativ&EL2 defect is thus also present in
the magnitude of the decreade>0) or increase¢<0) in  electron-irradiated GaAs, and it is metastable in the same
absorption. The time constants, which depend on the illumiway as in as-grown material.

nation intensity, can be converted to optical cross sections The persistent increase in the absorption coefficig(t)

o: 7 1=0¢. The optical cross sections are independent ofFig. 1) is proportional to the irradiation fluenck.- (Fig.

the photon flux, and, although they are not necessarily red), and it is thus related to a defebx created in electron

D. Absorption related to the native and irradiation-induced
metastable defects

a(t)=a+bexp —t/7;) +cexp —t/ 1), (7)
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ton energies 0.951.15 eV, and it anneals out at 70 K. This
defect thus has properties that are clearly different from
those of the nativ&E L2 defect. PHOTON FLUENCE (cm?)

After a sufficiently long illumination the absorption satu-
rates to a value that is either smaller or larger than the initial FIG. 7. Absorption at 0.9 eV and positron trapping rate at meta-
absorption, depending on the illumination photon energystable vacancies as functions of 1.075-eV photon fluence in
(see Fig. 2 To find out the photon-energy dependence of theelectron-irradiated GaAs. Measurement and illumination tempera-
absorption in this state of the sample where both native antlire was 25 K, and absorption and positron measurements were
irradiation-induced defects are in the metastable state, the |Bonducted between 1.075-eV illuminations.
absorption was measured after a 1.075-eV illumination that

: -2 1
lasted for 25 000 s with a photon flux of lf&m_ S *.The  gefectD can be deducedi) it has a metastable state that is
absorption spectrum in the 2-MeV electron-irradiated GaASgenerated by 1.051.15-eV photons.(ii) The metastable
sar'z{)lehlst plotted in F'%'71 V\QE a<dlaggedvl|?he ) b i state causes an increase in IR absorption, @ndit is an-

photon energies .7 ey =1.05 € € absorplion - o a1ed at 70 K. In earlier positron experiments electron irra-

after 1.075-eV illumination is larger than the initial absorp-diation has been found to produce metastable vacanies
tion, and forhv >1.05 eV it is smaller. For all photon ener- . 18 . P . .
GaAs:® The aim of the present measurements is to find

gies this absorption is larger than or equal to the absorptiowt hether the irradiation-induced tastabl X
measured after 100-K annealing. Since the metastable stapalt whether the irradiation-induced metastable vacancy 1S

of the nativeEL2 defect does not absorb light, the absorp-Télated to the irradiation-induced defdat

tion after a long 1.075-eV illumination is due to the meta- '€ IR absorption and positron lifetime measurements
stable stat®* of the irradiation-induced defect and to other Were conducted at 25 K in the 2-MeV electron-irradiated
defects present in the sample. Assuming that the absorptic}@mple aged at 300 K. Before the actual IR absorption and
due to other defects is not affected by the illumination, thePositron measurements the samples were illuminated with
increased absorption related to the metastable Btatis the ~ 1.075-eV photons witkp=10"°cm™? s™* for 3000 s where-
difference between the spectra measured before and after thgon annealing at 100 K took place. As explained in Sec.
subsequent 100-K annealing, i.e., the difference between tH# D this procedure photoquenches the natizé?2 defect
dashed and dotted lines in Fig. 1. This difference is plotted irbut leaves the irradiation-induced defdat totally in the

Fig. 6 with open circles. At photon energies 0.7 €¥iv  stable state. After the preliminary procedures, the sample
< 1.2 eV the metastable stalE* increases the total absorp- was illuminated with 1.075-eV photons in sequence 20 times

0 1 2 3x10%

tion, and at 0.9 eV the increase is largest. for 500 s and 10 times for 1000 s with a photon flux of
10 cm 2 s~ 1. Between these illuminations the absorption
IV. METASTABLE VACANCY AND IR ABSORPTION in the Sample was monitored at 0.9 eV, where the most
CONNECTED TO THE IRRADIATION-INDUCED DEFECT prominent changes related to the irradiation-induced defect
) , take place(see Fig. 6 and Sec. 1D
A. Changes in IR absorption and appearance The results are presented in the upper panel of Fig. 7
of the metastable vacancy where the absorption at 0.9 eV is shown as a function of the

From the IR absorption results presented in the previoud.075-eV photon fluencet. The absorption coefficient in-
section, the following properties of the irradiation-inducedcreases from 5.1 to 7.2 cnt during the generation process.
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A single exponential functiorx(t)xexp(—oy.¢$t) with a 8.0 — r T r I
cross sectionry ,=(2.0+0.5)x 10 cn? can be fitted to
the data.

Positron lifetime measurements were performed in dark-
ness between similar 1.075-eV illuminations. The illumina-
tion caused the average positron lifetime to increase from the
initial value of 234 ps and to saturate at 238 ps, indicating
the generation of metastable vacancies. These metastable va-
cancies are either the irradiation-induced oné$)(or those
related to the metastable state of the native2 defect
(EL2*), which also contains a vacanty.

From the lifetime results it is possible to calculate the Z
positron trapping rate af* andEL2*, «(V*)+ «(EL2%),
using Eq.(6). In addition to these metastable defects, posi-
trons in electron-irradiated GaAs are trapped at irradiation-
induced Ga vacanciesr(=260 p3 (Ref. 26 and Ga anti-
sites (r= 7,= 230 p3.2* The positron trapping rates at these
defects can be calculated from the temperature dependence
of the average positron lifetime in darkné8<® and the re-
sults are k(Vg)=45+5 ns ! and «(Gay)=330+50
ns ! at 25 K. Trapping at Ga vacancies and Ga antisites is
assumed not to change due to illumination, and for positron l L | I l
lifetime at the metastable vacancieg EL2*)=r(V*) 0 1 2x10"

— H 7,18
=245 ps is used™™® . PHOTON FLUENCE (cm?)
The positron trapping rate at the metastable vacancies,

x(V*)+ K(ELZ*)' 1S presenteq n t_he !ower panel of Fig. 7 FIG. 8. Absorption at 0.9 eV and positron trapping rate at meta-
as a function of the 1.075-eV illumination fluence. The errorgiapje vacancies as functions of 1.35-eV photon fluence in electron-
estimation of« takes into account only statistical errors in jradiated GaAs. lllumination with 1.075-eV photons preceded
the average positron lifetime. Abt=0 in Fig. 7, the posi- 1.35-eV illuminations. Measurement and illumination temperature
tron trapping rate is 30 ns'. This value indicates the was 25 K, and absorption and positron measurements were con-
amount of positron trapping at the vacancy in the metastabl@ucted between 1.35-eV illuminations.

state of the nativeEL2 defect [«(V*)=0]. Taking

w(EL2*)=3x10"*s"! (Ref. 33 an EIEZ concentration of Figure 8 shows both the 0.9-eV absorption and the posi-
[EL2]=«(EL2*)N/p(EL2*)=4x10"*cm* can be esti- ron trapping rate at the metastable vacancy as functions of
mated from the positron data with E&). This concentration  the 1.35-eV photon fluence. The absorption coefficient de-
is in good agreement with the IR absorption restfly. 6  creases from 7.2 to 5.3 cnt with the time constant corre-
and Sec. np. _ _ sponding to a cross section of (5:9.5)x 10~ cn?. Simi-

With increasing illumination fluence, the trapping rate in- larly, the positron trapping rate decreases from 270 to 30
creases from 30 to 270 A3, which is due to the generation ns~ ! with a cross section of (2:80.5)x 10" cn?. Here
of irradiation-induced metastable vacancies. As seen clearly,q trapping rate 30 ngt is again due to positron trapping at
in Fig. 7, thg positron trapping rat_e increases al_most simulg L2*, which thus does not exhibit any photorecovery.
taneously with the 0.9-eV absorption. The trapping rate can Thg results of the IR absorption and positron annihilation
be modeled ag(t)exp(~ag ), yielding the Cross section  measyrements indicate that the metastable iradiation-
0g,.=(4.020.3)X10 “"cn” for the generation of meta- jnquced vacancies are optically generated and recovered si-
stable vacancies with 1.075-eV photons. Within a factor of 2y jtaneously with the persistent changes in the IR absorp-
this cross section is the same as that determined above frofy. The simple exponential modeling of the IR absorption
the absorption experiments. or positron data yields effective generation and recovery

The dynamics of the optical recovery of the metastableoss sections that are the same within a factor of 2. The
defects was studied at 25 K with the following experimentalincrease in the absorption and generation of the metastable
procedure. A preparatory 1.075-eV illumination using a phoyacancies is therefore concluded to result from the same op-
ton flux of 10°cm™2 s and lasting for 30 000 s was first tjcg process.
used to generate the persis_tent increase in the IR abs_orption It is worthwhile noting that the cross-section values pre-
and the metastable vacancies to the sample. After this geRpnted here may not be purely related to the actual optical
eration the sample was exposed to subsequent illuminationseneration and recovery processes because both transitions
with 1.35-eV photons since an optical recovery has beeinay occur simultaneously. If the generation and recovery of

earlier observed at this energyBetween these illuminations the metastable state of defdtare modeled simply by
the 0.9-eV absorption or the average positron lifetime was

measured. The positron trapping rate at the metastable va-
cancies was calculated from the average lifetime as described dD] _ D1+ D*
above. dt - Ugerﬂs[ ] Urec¢[ ]’

PY e irr. SI GaAs
2 MeV, 5x 107 cm

~
o
I

1.35 eV illumination after
1.075 eV illumination

IR ABS. at 0.9 eV (cm™)
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2
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lasting for 30 000 s. Lifetimer,, remains at level 238 ps
until annealing at 60—90 K gradually decreases the lifetime
to a value of 235 ps. At 2K a further decrease of about 1
ps occurs. Figure 9 shows with filled circles the positron
trapping rate at the metastable vacancies,
k(V*)+ k(EL2%), calculated from these lifetime results.
The trapping rate behaves in the same way as the positron
lifetime: it decreases during annealing at 60—85 K from 210
to 30 ns ! and after annealing at 120 K to zero. The trapping
rate of 30 ns! is due to the nativeEL2 defect(see Sec.
IVA). The irradiation-induced metastable vacancy thus an-
neals at 70 K and the metastable vacancy relatdelt?* at

Z e~ irr. SI GaAs Z 120 K.

2MeV, 5x 10" em™ To check that the decrease in absorption after 1.35-eV
T ¢ T illumination is indeed due to the same defect as the increased

~ %
< (=1
|
l

o
o
|
1

IR ABS. at 0.9 eV (cm'l)
T
i

after 1.075 eV illumination . - . . ”
e directly absorption after 1.075-eV illumination, a thermal annealing

© afteracduional o study was performed after 1.35-eV illuminations. In other
.35 eV illumination . _ .
words, the annealing study was conducted after similar illu-

mination treatments as presented in Fig. 8. The results from
the absorption and positron measurements are shown in Fig.
1 9 with open circles.

1.35-eV illuminations at 25 K decrease the 0.9-eV absorp-
tion from 7.2 to 5.5 cm® and the positron trapping rate
; ' : L from 210 to 30 ns . As explained in Sec. IVA, this behav-
0 100 200 ior is due to the photorecovery of the absorption coefficient
ANNEALING TEMPERATURE (K) and of the metastable vacancies. After the additional 1.35-eV
illumination no annealing stages are observed in the 0.9-eV

FIG. 9. Absorption at 0.9 eV and positron trapping rate at meta_absorptlon at 70 K. Hovv_ever, _at 120 K_the_ a_bsorptlon In-
dly to 5.8 cnt. This stage is similar as that

stable vacancies as functions of annealing temperature in electrofff€aSes rapi € IS similar
irradiated GaAs. Isochronal annealing after 1.075-eV illumination®bserved directly after the 1.075-eV illuminatigig. 9).
is presented with solid circles and after additional 1.35-eV illumi- This indicates that the 1.35-eV illumination removes the per-

nation with open circles. Measurement temperature was 25 K. ~ Sistent increase in absorption, but does not affect the meta-
stability of theEL2 defect.
d[D*] After additional 1.35-eV illumination, the average posi-
—gp = TgerP[ D]~ recp[ D™ ], tron lifetime stays almost constant at 235 ps, until after an-
dt nealing at 120 K it decreases to 234 ps. This lifetime change
corriasponds to the decrease in the trapping rate from 30
. . ns~ - to zero(Fig. 9. Hence, the 1.35-eV illumination recov-
exfl ~(0gert Ored d’.t]' Rigorously, the _experlmentally ob- ers the irradiation-induced metastable vacancies but not the
served cross section, e.grg . Or oy ,, is thus the sum of metastable vacancies connectedio2*

Cross sectionwrgen and ore; related to the generation and The IR absorption data on the metastable defects in

Y
3
[

TRAPPING RATE (ns™)
8
T

=
1

the time dependence of the solutions f@] and[D*] is

recovery processes, respectively. electron-irradiated GaAs can thus be perfectly correlated
with the changes in the positron trapping rate. The positron
B. Annealing behavior of the IR absorption results demonstrate the vacancy nature of the metastable
and the metastable vacancy state of the nativé&EL2 defect in the electron-irradiated ma-

The isochronal annealing of the metastable vacancy Ca}grial. Furthermore, the metastable state of the irradiation-

be quantitatively correlated with the 0.9-eV absorption in thenduced defecD can be associated with an increase in the

experiments shown in Fig. 9. The sample was first illumi-Positron t.rapping rate, indicating that this defect also has a

natgzd for 30 000 s with 1.075-eV photons of a flux of Vacancy in its metastable state.

10'cm™2 s~ After this, heat treatments were performed @s |, \ \TURE OF THE IRRADIATION-INDUCED

described in Sec. IlIC, and absorption at 0.9 eV was moni- METASTABLE DEFECT

tored at 25 K between the treatments. As seen in Fig. 9, the

absorption coefficient remains constant at 7.2 ¢runtil The observations in Sec. |V indicate that the defect that is

annealing at 65 K. At 65-90 K the absorption decreases teesponsible for the persistent increase in IR absorption in

5.3 cm™ %, whereupon it is constant until annealing at 120 K. electron-irradiated GaAs has a vacancy in the atomic con-

After annealing at 120 K and higher temperatures the absorgiguration of its metastable state. This vacancy is similar to

tion increases gradually to 5.8 ¢m, which is the initial  that detected in the metastable state of the nafiv@ defect,

value of the 0.9-eV absorption before any illumination andwhich is related to the arsenic antisite. The vacancy belong-

annealing treatments. ing to the metastable state of an arsenic antisite is in agree-
The average positron lifetime was measured as a functioment with the vacancy-interstitial model for the metastability

of the annealing temperature after 1.075-eV illuminationof an isolated arsenic antisiteéAccording to this model, the
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arsenic antisite atom moves in the metastable configuratioable to absorb IR light by optically exchanging electrons
away from the lattice site in thgl11] direction towards an with the valence or conduction bands. The cross section for
interstitial position. Positrons detect the open volume assocf€se photoionization processes can be rougqu estimated as
ated with the metastable configuration, As'Ve,—As,. o=Aa/[V*]=0.7 cm */4x 10" cm *~2x 10" ¥em?.
Since a vacancy is observed in the metastable state of both The fact that the metastable state of the irradiation-
the nativeEL2 and the irradiation-induced defe, both induced arsenic antisite complex is able to absorb light indi-

these defects are related to the same defect, i.e., to the ates that is has an ionization level in the energy gap. Thi_s is
senic antisite quite different from the experimental properties of the native

However, some properties of the irradiation-inducedE -2 defect. In the calculations performed for the isolated

. . ASg,, the (—/0) ionization level of the metastable state is
Asg, are clearly different from those of the nati&l2 de- Iso slightly above the conduction-band minimum, i.e., not

fect. The increased IR absorption and the optical recovery a}i the band gap.However, very recent calculations for the
low temperatures are not observed for the naBile defect 5 qanjc.antisite—gallium-antisite pair show that the presence
or theoretically predicted for the isolated As antisite. Thisyf the Ga antisite at the next-nearest-neighbor position of the
difference can be understood if the irradiation-inducedAs As antisite atom modifies the electronic properties of the
is not isolated but part of a defect complex. metastable state and causes ionization levels to appear in the
In fact, a recent study with MCDA revealed an arsenic-energy gap’ Those ionization levels can explain the absorp-
antisite-related metastable defect in semi-insulating GaAs ation properties of the metastable state of the;Asomplex
ter electron irradiation® The defect was identified as an that were detected in this work.
arsenic-antisite—gallium-antisite p&iin which the metasta- The generation of the metastable state of the irradiation-
bility is associated with the lattice relaxation of &s The induced Ag,complex is most efficient at a photon energy of
metastable state of this defect is optically generated with.05 eV, whereas for the nati¥el 2 defect this energy is 0.1
1.05-eV photons and recovered with 0.8- or 1.35-eV phoeV larger. Furthermore, the optical cross section for the gen-
tons. These properties are exactly the same as found for thgation is also about 2 orders of magnitude larger for the
irradiation-induced metastable vacancy and for the persistemfative EL2 defect. According to the vacancy-interstitial
increase in IR absorption in this work or earlf€fThis simi-  model, the transformation of the isolated Aslefect to the
larity indicates that the metastable vacancy belongs to thmetastable configuration occurs via an internal optical tran-
atomic structure of the metastable irradiation-induceg As sition through an excited state of the defedte stable and
complex observed in the MCDA experiments. However, thethe metastable states are separated by an energy barrier, and
annealing stage of the metastable state of thg,Asmplex the transformation probability to the metastable state de-
determined in this work70 K) seems to differ from that pends on the energy of the excited state and on the height of
reported in MCDA experiment§140 K according to Ref. the barrier. The experimentally observed 0.1-eV shift down-
35). wards in the transition energy may indicate that the energy of
According to the MCDA studie¥**the Ag+Gays anti-  the excited state of the As complex is below that of the
structure pair is not produced as a primary defect in electroE L2 defect when compared to the top of the energy barrier.
irradiation, but rather formed in the annealing of primary This can dramatically reduce the transition probability to the
defects at 208 300 K3 This statement is in agreement with metastable state thus explaining the experimentally observed
the estimates of the introduction rates of defects in positrommall optical cross section. The barrier height for the recov-
experiments. In 1.5-MeV electron irradiation the introduc-ery of the metastable state of theAgomplex is also much
tion rate of the defects containing the metastable vacancy igwer than that of the nativEL2: the annealing temperature
only 0.3 cm™ !, whereas one order of magnitude larger intro-of 70 K for the complex corresponds to a barrier height of
duction rates have been determined for primary defects lik@.2 eV whereas foEL2 the barrier height is 0.34 eV.
Via OF Gas. '8¢ The low introduction rate suggests again A very interesting explanation for the optical recovery of
that the irradiation-induced metastable defect is a complexe As;, complex has been recently given byyRko, Puska,
rather than an isolated As. and Nieminen in Ref. 37. According to their calculations, the
The metastable state of the irradiation-induced A®om-  metastable state of the AsGa,, complex can recover opti-
plex is responsible for the increased IR absorption. The mageally through two different excited states of the defect. In
nitudes of the IR absorption caused by the generation anthct, experimentally the metastable Asomplex can be re-
recovery processes of the metastable state can be estimaiasiered with two photon energies, 0.85 and 1.35&¥.
as follows. The positron trapping rate at the metastable vaAccording to theory, the cross section can be expected to be
cancy V* in the 2-MeV electron-irradiated sample is much larger for the 1.35-eV recovery, because the excited
k(V*)=250ns ! at 25 K. Taking the positron trapping co- state related to this transition may much more efficiently help
efficient u(EL2*)=3Xx 10'®s ! at 25 K33 concentration of  the defect to overcome the 0.2-eV barrier. In experiments the
the metastable vacancies ipV*]=«(V*)N/u(EL2*) optical recovery with 1.35-eV photons is indeed more
~4x10Y cm 3 [Eq.(5)]. The generation and recovery pro- efficient than with 0.85-eV photortS. Furthermore, the
cesses thus cause a change Mfi=o[V*]=2%x10"2° optical cross section for the 1.35-eV photorecovery
cm?X4x 107 ecm 3~0.01 cm! for 1.075-eV photons. (o,~5X%10 °cn?) is more than an order of magnitude
However, the experimentally observed increase in absorptiolarger than the optical generation cross section for 1.05-eV
at this photon energy is about 0.7 cth(Fig. 6), indicating  photons gy~2x 10~ % cn); see Sec. IV A. This difference
that only about 1% of the absorption can be explained by thean also be easily understood: the state generated by 1.35-eV
optical generation and recovery of the metastable state. THaght is above that excited with 1.05-eV lighithus enabling
metastable state of the arsenic antisite complex isitlsef  more efficient transition over the energy barrier.
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FIG. 10. Absorption at 1.15 eV and positron trapping rate at FIG. 11. Absorption at 1.15 eV and positron trapping rate at
metastable vacancies as functions of 1.15-eV photon fluence if€tastable vacancies as functions of annealing temperature in
electron-irradiated GaAs annealed at 520 K. Measurement and illielectron-irradiated GaAs annealed at 520 K. Illlumination before
mination temperature was 25 K, and absorption and positron meannealing occurred with 1.15-eV photons. Measurement tempera-
surements were conducted between the 1.15-eV illuminations. ~ ture was 25 K.

VI. THERMAL STABILITY OF THE optical cross section of (91)x 10 °cn? for the photo-
IRRADIATION-INDUCED ARSENIC-ANTISITE COMPLEX quenching process. The decrease in absorption can be in-
duced with 0.9-1.3-eV photons, and no increase in absorp-

: tion is detected at any photon energy.
after annealing at 520 K The generation ofythpe metastab?eyvacancies was studied

One pair of the semi-insulating GaAs samples irradiatecby performing positron lifetime measurements in darkness at
with 2-MeV electrons at 300 K was annealed at 520 K in25 K between 1.15-eV illuminations. As a function of
order to study the thermal stability of the irradiation-induced1.15-eV photon fluence the average positron lifetime in-
Asg, complex. After annealing at 520 K the IR absorption creased from 233 to 236 ps. The increase in the average
spectrum resembles closely that obtained in as-grown GaAffetime indicates the generation of metastable vacancies in
(Fig. 1. This indicates that most of the irradiation-induced the sample annealed at 520 K. The positron trapping rate at
defects have been annealed out. The disappearance of defettte metastable vacancies was calculated similarly as in Sec.
can also be observed in the positron results: the average pd& A by assuming that the illumination does not affect the
itron lifetime was 233 ps at 25 K and only 234 ps at 300 K.positron trapping at the Ga vacancies and Ga antisites
These values are very near free positron lifetime in GaAs angresent in the sample. The trapping rate at the metastable
much less than those measured after 300-K annealing. Posiacancy is presented in Fig. 10. The illumination time re-
tron trapping rates at the dominant defé¢ts, and Gas can  quired for the positron trapping rate to saturate is a factor of
be calculated similarly as in Sec. IV A or earlfrand the 20 shorter than in electron-irradiated GaAs aged at room
results are k(Vg)=13+6ns ! and «(Ga)=110-60 temperature. An exponential fit to the trapping rate versus
ns ! at 25 K. As these values are lower than those afteillumination fluence yields an optical cross section of
300-K annealing, these defects have mostly annealed at 528+ 2)x 10~ 1° cn?® for the generation of the metastable va-
K. This is in agreement with earlier positron resdfts® cancies.

The photoquenching of absorption at 25 K is presented in The annealing behavior of the persistent decrease in ab-
Fig. 10 for 1.15-eV illumination. The absorption coefficient sorption as well as that of the metastable vacancy are pre-
a(t) decreases roughly exponentially from 2.5 to 1.4sented in Fig. 11. The absorption coefficient after 1.15-eV
cm~ !, and the changes i are persistent. Hence, about illumination is 1.4 cmi'! and increases back to the initial
50% of the absorption can be photoquenched in the samplealue 2.5 cni! after annealing at 120 K. In positron results
annealed at 520 K. The absorption curve in Fig. 10 yields athe same phenomenon is observed: after annealing at 120 K

A. Experimental results on electron-irradiated GaAs
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the average lifetime decreases from 236 to 232 ps abrupthgorption to the metastable defects observed by positron an-
As shown in Fig. 11, the corresponding decrease in the posiihilation technique. Furthermore, measurements as a func-
itron trapping rate at the metastable vacancy is from 3Qion of electron-irradiation fluence enabled the distinction

ns ! to zero. between the native metastable defects and those induced by
the irradiation.
B. Effects of 520 K annealing on electron-irradiated GaAs Two different metastable defects can be observed in semi-

insulating GaAs after electron irradiation and annealing at

In electron-irradiated GaAs annealed at 520 K the IR a.b'300 K. The first one is present already in the as-grown ma-

§orp'gion and positron results differ from those obtained i erial, and its concentration is not increased by the irradia-
irradiated GaAs aged at room temperature: no metastab on. The metastable state of this defect can be generated

increase in absorption connected to irradiation-induceq;y y,—3 01 3 ev photons, and the transition takes place
Asg, complexes is observed in the annealed material. Th?nost efficient]

decrease in absorption under 1.15-eV illumination OCCUrg s 1y 1018
with almost the same time constant as the generation of thf20 K, but it cannot be optically recovered at 25 K. No

metastaple vacarlno@qg. 11). The optical cross section cor- absorption related to the metastable state can be detected.
responc'hng to this process 1s clqse to that for the phOtoThese properties are identical to those of the nal\e?
?hueen(r:]f(ljlg)g Sgglehiganfe Lghgifeg;'irm;ggg\g; ?izﬁsérﬁterosc!efect. Therefore, th&L2 defect is present after electron

P 4 9 1anges P POS|radiation and exhibits similar metastable properties as in
tron trapping rate recover in a single state at 120 K, and n%s-grown GaAs

frgeCtii arr:tesz'??n;;;gblfé \g]cznactijgglclzjé?rgsalgiz g tﬁgsr']ggn The second metastable defect is found only in irradiated
pping . . P K?aterial, and its concentration increases with the irradiation
EL2 concentration of the material, and the value 30 'hs

N ; . . fluence. The defect is found after electron irradiation at 300
(Figs. 10 and 1jiis aiso the same as that determined in the , but it disappears after annealing at 520 K. Its metastable

2-MeV electron-irradiated sample after annealing at 300_ tate can be generated withy=0.95- 1.2 eV photons. The

(Sec. V). The absolute accuracy of this value, however, is - ) _
30—50 % and only the statistical errors are shown in Figsgeneratlon process is much less efficient than the photo-

10 and 11 ‘quenching of the nativEL2 defect, and the maximum cross

. . ies cgection for the transition is only 210 Pcn?  at
The photoquenching and thermal-annealing properties Y =1.075 eV. The metastable state can be optically recov-
the metastable defects in the sample annealed at 520 K are .~ : P y

exactly the same as those of the natie2 defect. There- efed withhy=1.35 eV photons with an optical cross section

: \ of 5x10 ¥ cn?. The thermal annealing of the metastable
fore we conclude that the natiEel.2 is the only metastable state takes place at 70 K. The metastable state absorbs infra-
defect present in the annealed material. The absence of tf}gd light athy=07—1.2 eV in a photoionization Process
persistent increase in absorption and of the 70-K annealin%dicagtin thalf[ it Has idnization Ievpels in the band pa '
stage indicate that the irradiation-inducedzAsomplex is 9 gap.

The positron lifetime experiments show that both the na-
not detected after the sample has been annealed at 52.0 {f\'/e and irradiation-induced metastable defects have a similar
However, the results of Sec. Il C show that after annealin

: S ; acancy in the structure of their metastable states. This va-
at 425 K this defect is still present. The thermal annealing o b iated with th bl fth
the irradiation-induced As, complex thus occurs between cancy can be associated with the metastable state of the As
450 and 520 K antisite defect, which is formed by a relaxation of the As
j atom towards the interstitial positidrHowever, the proper-

The irradiation-induced defects in GaAs anneal in threeties of the irradiation-induced metastable defect differ from

gﬁ:gaftag:égtrozng_sérzasrgéaggﬂi_zr%sﬁr?:ﬁgéd'n%rzg elecc:)tsr;;:rz hose of the nativ& L2 defect or those found for the isolated
P ' P 9 ’ P Rs antisite in theoretical calculations. Therefore, the ob-

; 8,26,36,38—-4 ; H
experiments! dn positron experiments these Stagesserved defect is attributed to a complex involving the As

have been associated with Ga vacancies (200-30arid antisite. According to recent calculatioffsthe antistructure

i ; 26,36,38 _
Ga antisites and As vacanci€s00-600 K. The re- pair As;-Gays detected earlier in MCDA experiments
sults of this work suggest that, in addition to Ga antisites o8 : .
has similar optical properties to those observed for the

Asga Complexes anneal at around 500 K. irradiation-induced As antisite complex in this work.

y athr=1.15 eV with an optical cross section
cn?. The metastable state anneals thermally at

VII. CONCLUSIONS
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