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Interdefect correlation during thermal recovery of EL2 in semi-insulating GaAs:
Proposal of a three-center-complex model
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Time evolution ofEL2 thermal recovery has been investigated in detail by a piezoelectric photothermal
method. Results showed a simple saturating behavior forT.120 K and a sigmoid-function-like behavior for
T,120 K, which were both quantitatively analyzed with an autocatalytic-reaction rate equation. The latter
recovery mode indicates correlation between defects, for which recovery promotion by charge transfers from
recovered to unrecoveredEL2 defects can be suggested. A three-center-complex model (VAs-AsGa-GaAs) is
proposed for the microstructure ofEL2.
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The midgap donorEL2, known to play a dominant role in
realizing semi-insulating ~SI! liquid-encapsulated-
Czochralski~LEC! grown GaAs crystals,1,2 has been inves
tigated extensively in 1980s, fueled partly by industrial
terests in GaAs-LSI devices. To clarify the microstructure
EL2, many experimental and theoretical studies have
cused on the photoquenching ofEL2, a metastable transitio
in which all the optical and electrical properties ofEL2 are
extinguished when a LEC grown GaAs sample is expose
;1.1-eV light at low temperatures (T,130 K).3 By the end
of 1980s, it had been established thatEL2 at least contains
arsenic antisite (AsGa),

4,5 and its metastable transition
caused by the As atom movement of a few angstrom.6–10

Still to be understood, however, were whether the defec
an isolated AsGa center4–7 or a complex with other defect
such as arsenic vacancy (VAs)

11,12 and arsenic interstitial13,14

(Asi), or an aggregate of various electron traps~‘‘ EL2
family’’ !.15,16 Unfortunately, this identification problem ha
been left unsolved to date. Recently, however,EL2-like deep
defects are playing an important role in low-temperatu
grown GaAs layers,10 which are being applied in buffer lay
ers for GaAs-based devices, and in other compound se
conductor layers.17,18 Photoquenching is also given
position as a typical example of the photoinduced atom
movement in semiconductors, which is now widely observ
in various semiconductors including amorphous Si,19 ZnSe,20

and GaN.21 In this situation, clarifying theEL2 microstruc-
ture and mechanism of the photoquenching, an old but lo
standing problem, still retains its importance. In this pap
we describe our detailed experiments on the thermal rec
ery of EL2, and propose a model for the microstructure
EL2 based on the result.

PhotoquenchedEL2 (EL2* ) recovers to its normal stat
(EL2n) in 5 min by being annealed at 130 K, but it takes
long as 200 min at 110 K.22 The reason why the therma
recovery requires such a long time is not understood.
idea that eachEL2* defect slowly recovers toEL2n spend-
ing 200 min may not be relevant because the essential pa
the EL2 recovery is the atomic movement of a fe
angstrom.6–10 The other, and more probable possibility
that individualEL2* defect recovers in an instant, but th
0163-1829/2003/67~11!/113202~4!/$20.00 67 1132
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ensemble of the defects as a whole takes 200 min to rec
due to scattered recovery time among defects. For this, h
ever, we must ask what makes the difference between de
when time constants should range between orders. A hin
solve this puzzle is provided by a neat inspection on the t
evolution of theEL2 thermal recovery during isotherma
annealing. The time evolution of theEL2n near-infrared
~NIR! photoabsorption coefficient by Fischer22 showed a
twofold behavior: a monotonically saturating recovery
high annealing temperatures (T;130 K) and a delayed re
covery with an incubation time at low annealing tempe
tures (T;110 K). The presence of the incubation time im
plies presence of a ‘‘nucleation’’ or ‘‘excitation’’ stage tha
triggers the recovery, whose understanding could be a ke
clarifying the microstructure of this defect. In NIR measur
ments, however, the free carriers created during the meas
ment may alter the recovery kinetics. It is for this reason t
we have adopted piezoelectric photothermal~PPT! method to
obtain theEL2n concentration.23 By monitoring nonradiative
transitions of electrons generated by optical absorption
semiconductors, PPT detects processes with very small o
cal absorptions, which allows us accurate evaluation ofEL2
concentration using a very low light intensity
(;1023 mW/cm2).24

Time evolutions of theEL2n concentration during isother
mal annealing were obtained at 110<Tm<130 K. The
sample (13130.05 cm3) was cooled down to 80 K in the
dark and itsEL2 defects were photoquenched by a 3-m
illumination of a quenching light (hn51.12 eV,
0.3 mW/cm2). The sample temperature was then rapidly
creased to a selected annealing temperatureTm within 2 min,
where the probing light (hn51.12 eV, 1023 mW/cm2) was
shed onto the sample. The PPT signal intensity~1.12-eV PPT
signal intensity! was detected with a disk-shaped piezoele
tric transducer attached to the rear surface of the sample
silver conducting paste. The intensity of the probing lig
was sufficiently weak that no photoinduced changes occu
during the measurements. The photon energy of the prob
light, which happened to be identical with that of the quenc
ing light, was chosen so that the optical absorption coe
cient is proportional to the totalEL2 concentration.25 After
©2003 The American Physical Society02-1
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obtaining the time evolution of theEL2n concentration until
saturation, we annealed the sample at 150 K for 5 min
fully recover the remainingEL2* defects.

The open circles in Figs. 1~a! and 1~b! show the thermal
recovery ofEL2 for ~a! high temperatures (Tm5120, 122,
124, and 128 K! and ~b! low temperatures (Tm5111, 112,
114, and 116 K!, respectively. Note the time-scale differen
between the two figures. All the recovery curves were n
malized at its saturation value. At high temperatures@Fig.
1~a!#, the 1.12-eV PPT signal intensities increase imme
ately after the start of the annealing, and its differential
covery rate monotonically decreases until it vanishes~simple
saturating!. At low temperatures@Fig. 1~b!#, the initial inten-
sities scarcely increase during incubation time, after wh
the recovery rate suddenly increases and decreases aga
til saturation~sigmoid-function-like!. This kind of transition
from the simple saturating to sigmoid-function-like behav
can be most simply described with an autocatalytic-reac
~ACR! model.26 The ACR fromA to B is a reaction whose
rate is proportional to the concentrations not only of the
actantA but also of the productB. Assuming that the therma
recovery ofEL2 is an ACR fromA5EL2* to B5EL2n, we
obtain the following equation:27

du

dt
5

1

t0u0
~12u!~u01u!. ~1!

Here u is the fractional concentration ofEL2n, or the nor-
malized 1.12-eV PPT signal intensity,t is the annealing time

FIG. 1. Time evolutions of the thermal recovery ofEL2 for ~a!
higher temperatures (Tm5120, 122, 124, and 128 K! and~b! lower
temperatures (Tm5111, 112, 114, and 116 K!, respectively. All the
data were normalized at its saturation value. The solid curves a
fitting with Eq. ~2!.
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andt0 andu0 are the parameters that control the line sha
Equation~1! has an analytical solution,

u~ t !5u0

12e2kt/t0

u01e2kt/t0
~2!

with k5(u011)/u0. The time evolutionu(t) becomes
simple saturating foru0@1 and sigmoid-function-like for
u0!1, covering the whole range of the time evolution
Mathematically,t0

21 is the initial slope ofu(t) andu0 is the
critical u at which the sudden increase ofu onsets. Also,
(4t0u0)21 is roughly the steepest gradient during the tim
evolution. The solid curves in Figs. 1~a! and 1~b! indicate the
fits by Eq.~2!. Except for slight deviations in the very initia
part of the low-temperature recoveries, the overall behav
of the time evolutions is well described with the single ra
equation containing only two fitting parameters. The incub
tion time separates the thermal recovery into a pair of sta
a slow recovery stage before the incubation time and a ra
recovery stage after the incubation time. To characterize
former, the incubation timet1 was defined, as shown fo
Tm5120 K in Fig. 1~a!, as the temporal intersect of th
steepest tangential line of the fitted curve. Figure 2~a! shows
the Arrhenius plot of 1/t1 thus obtained. All the data line up
along a single straight line and the thermal activation ene
was obtained to be 0.32 eV. Figure 2~b! shows the Arrhenius
plot of 1/t0u0, which is related to the highest recovery ra
in the rapid recovery stage. In contrast to the slow recov
stage, the recovery rate in the rapid recovery stage show
twofold behavior: the low-temperature region with a therm
activation energy of 0.27 eV (110<Tm,120 K) and the
high-temperature region with 0.13 eV (120<Tm<130 K).

a

FIG. 2. Arrhenius plots of~a! 1/t1 and ~b! 1/t0u0. The former
characterizes the recovery rate in the slow recovery stage, while
latter is related with the rapid recovery stage.
2-2



r
re
o

-to
be

ed
te

te

ry

rg

de
i
p

is
er

th
-

at

te
to
le
lly

ile
u
id

t

t
b

l

ns
ta

by
n
th

ll
ta
te

e

ith
nd
ith
-
cy
le
e

si-
-

of
4)

or
to-

ree-

-

state

s
-

the

p-
ad-

n-

re-

ree

of

BRIEF REPORTS PHYSICAL REVIEW B67, 113202 ~2003!
The presence of the incubation time, within a framewo
of ‘‘recovery as an ensemble,’’ implies that the thermal
covery ofEL2 is correlated among defects, i.e., recovery
one defect is accelerated by recovery of otherEL2 defects.
How, then, do they communicate with each other? A one
one direct communication between defects is unlikely
cause the interdefect distance is;102 atoms in typical LEC
grown GaAs crystals containing;1016 cm23 defects. Some
indirect, nonlocalized interactions must be consider
Phonons, emitted during the lattice relaxation associa
with the recovery, are ruled out because their emission ra
proportional to the concentration ofEL2* , not of EL2n as
predicted in the ACR model. Memory of early recove
should be stored as a state variable within the system
promote recovery of other defects.

A most probable mechanism in this respect is a cha
transfer from recoveredEL2n to unrecoveredEL2* .
Benchigueret al.28,29 have proposed a charge-transfer mo
for EL2 photoquenching, in which electrons and holes em
ted optically from the AsGa

0/1 defect are captured by a dee
donor and an acceptor,30,31 where they remain trapped. Th
model logically necessitates a charge transfer in the rev
direction duringEL2 recovery. The sigmoid-function-like
behavior is explained when we notice the decisive role of
deep acceptor in theEL2 photoquenching/recovery. Accord
ing to our previous NIR study,32 the deep acceptor, located
EV1(0.07–0.08) eV and most probably a GaAs

0/2 defect, pro-
motes the photoquenching when it is neutral and promo
recovery when it is negatively ionized. This deep accep
was further implied to be a part of a metastable comp
involving AsGa in the photoquenched state from a therma
stimulated current measurement.33 On the other hand, it is
known that the conduction isn-type SI in the normal state
andp-type SI in the photoquenched state, though the deta
mechanism for the type conversion is still unresolved. P
ting these two together, we attribute the present sigmo
function-like behavior of theEL2 recovery to interdefec
correlation via electrons. As the recovery ofEL2 defects
proceeds, the conduction type changes fromp-type SI to
n-type SI. The increased free electrons then increases
fraction of negatively ionized deep acceptors at metasta
EL2 defects, which promotes theEL2 recovery. Actually,
the rate of thermal recovery inn-type GaAs is proportiona
to the concentration of free electrons.34,35

While the deep acceptor controls the metastable tra
tions, the deep donor is more directly involved in the me
stable transition. The deep donor can be related to theA-peak
level (A0/1) found in our recent PPT measurement.36 This
peak appears in the early stage of theEL2 photoquenching
at hn;1.05 eV, moves to higher photon energies
;0.15 eV with the progress of the photoquenching, a
eventually disappears. The photon energy that gives
maximum PPT intensity suggestsEV1;1.1 eV for the lev-
el’s location. The transient appearance of the level, as we
its peak shift, implies that the level is involved in the me
stable transition of theEL2. The most probable candida
for this level is VAs , located at EC20.45 eV or EV
11.1 eV.37 Being positively ionized in the normal state, th
11320
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level emits holes to the valence band by excitations w
1.1-eV photons. Theoretical calculation by Baraff a
Schluter12 predicts that the As vacancy, when combined w
the As antisite to form an AsGa-VAs complex, shows a bista
bility; with movement of the As atom towards the vacan
along the@111# direction, the complex becomes metastab
and the VAs

0/1 level vanishes. This is consistent with th
A-peak behavior in the PPT measurement. Presence ofVAs in
GaAs is confirmed by Dannefaer and Kerr using their po
tron lifetime measurement38 for crystals grown under As ex
cess atmospheres. They estimated the concentration
grown-in vacancies to be in the range of (1 –
31017 cm23. The AsGa-VAs complex well accounts for the
observed increase in theEL2 concentration with increasing
As pressure during growth,39 the decrease in theEL2 con-
centration with increasing concentration of shallow don
dopands,39 and the broad peak around 0.9 eV in the pho
induced recovery rate.3

Based on the discussions above, we here propose a th
center-complex model,VAs-AsGa-GaAs , as the microstructure
for EL2 ~Fig. 3!. The AsGa-VAs pair provides the metastabil
ity, while the charge state at GaAs

0/2 controls the transition
between the normal and metastable states. In the normal
~a!, the Coulombic interaction between GaAs

2 and AsGa
1 pins

the As atom at its Ga site. TheEL2 photoquenching start
with a neutralization of GaAs

2 , which captures a hole photo
excited from AsGa

1 defect to become GaAs
0 .30–32As a result of

this neutralization and/or the loss of the valence electron,
bond between AsGa and GaAs breaks up~step 1!, and the As
atom moves towards the vacancy~step 2! until the formation
of a metastable complex~b!. In this respect, the deep acce
tor is essentially an inhibitor, rather than an actuator as
dressed in previous studies.30,31

This three-center-complex model forEL2 has important
implications on the interpretation of the three activation e
ergies obtained in the ACR analysis: 0.32 eV for 1/t1 and
0.13 and 0.27 eV for the high- and the low-temperature
gion of 1/t0u0, respectively. The overall reaction of theEL2
recovery is given by @VAs-(As)-VGa#-GaAs

0

→@VAs
1-AsGa

1#-GaAs
21e2, which is consistent with the

conduction-type conversion during the recovery. The th
elementary processes involved in the process:~1! ionization

FIG. 3. A three-center-complex model for the microstructure
EL2: ~a! normal and~b! photoquenched states.
2-3
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of the deep donorVAs
0 , ~2! ionization of the deep accepto

GaAs
0 , and ~3! As atom movement towards the antisi

position,40 are then reasonably attributed to the three acti
tion energies. The activation energies for the ionization p
cesses~1! and ~2! can be related to the electronic levels
the relevant defects. The electronic level for the isolatedVAs

0/1

is reportedlyEC20.45 eV,37 which, after considering pos
sible variation during photoquenching as suggested by
PPT measurement,36 can be related to the activation ener
of 0.32 or 0.27 eV. As for the acceptor, the reported acti
tion energy32 of 0.07–0.08 eV suggests 0.13 eV as the r
evant activation energy. The barrier for the As atom mo
ment, calculated to be 0.3–0.4 eV,12 is related to 0.32 or 0.27
eV in our activation energies. Of the two, however, 0.27
is more likely because the charge induced atomic movem
should be associated with the rapid recovery stage. From
l.
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same reason in the reverse direction, the donor’s ioniza
should be related to the activation energy of 1/t1, giving 0.32
eV.

To conclude, by using the PPT method, we have inve
gated the kinetics of the thermal recovery ofEL2 in detail.
The presence of the incubation time, as well as the s
promoted behavior of the recovery, suggests interdefect
relation during recovery, which is consistently explain
considering a charge transfer between defects. Three ac
tion energies obtained through the analysis with
autocatalytic-reaction model can be related to the three
ementary processes suggested by the charge-transfer m
A three-center-complex model has been proposed for the
crostructure ofEL2 based on the result.

The authors wish to thank Dr. Yohei Otoki of Hitach
Cable Co. Ltd. for supplying high quality GaAs samples.
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