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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 behaviof fot£20 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 unrecoverdglL2 defects can be suggested. A three-center-complex mdtglAss+Gans) is
proposed for the microstructure BfL2.
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The midgap donoEL2, known to play a dominant role in ensemble of the defects as a whole takes 200 min to recover
realizing  semi-insulating (SI)  liquid-encapsulated- due to scattered recovery time among defects. For this, how-
Czochralski(LEC) grown GaAs crystals? has been inves- ever, we must ask what makes the difference between defects
tigated extensively in 1980s, fueled partly by industrial in-when time constants should range between orders. A hint to
terests in GaAs-LSI devices. To clarify the microstructure ofsolve this puzzle is provided by a neat inspection on the time
EL2, many experimental and theoretical studies have foevolution of theEL2 thermal recovery during isothermal
cused on the photoguenching®E2, a metastable transition annealing. The time evolution of thEL2" near-infrared
in which all the optical and electrical properties®f2 are  (NIR) photoabsorption coefficient by Fischershowed a
extinguished when a LEC grown GaAs sample is exposed ttwofold behavior: a monotonically saturating recovery at
~1.1-eV light at low temperatured & 130 K) 2By the end  high annealing temperature3{ 130 K) and a delayed re-
of 1980s, it had been established tlRdAt2 at least contains covery with an incubation time at low annealing tempera-
arsenic antisite (As),*® and its metastable transition is tures (T~110 K). The presence of the incubation time im-
caused by the As atom movement of a few angsttotfi. plies presence of a “nucleation” or “excitation” stage that
Still to be understood, however, were whether the defect isriggers the recovery, whose understanding could be a key to
an isolated Ag, centef =’ or a complex with other defects clarifying the microstructure of this defect. In NIR measure-
such as arsenic vacancy (o) *"*2and arsenic interstitidl** ~ ments, however, the free carriers created during the measure-
(As;), or an aggregate of various electron tray£L2  ment may alter the recovery kinetics. It is for this reason that
family” ).156 Unfortunately, this identification problem has we have adopted piezoelectric phototheri®#T) method to
been left unsolved to date. Recently, howefr?-like deep  obtain theE L2" concentratiort> By monitoring nonradiative
defects are playing an important role in low-temperaturetransitions of electrons generated by optical absorption in
grown GaAs layers® which are being applied in buffer lay- semiconductors, PPT detects processes with very small opti-
ers for GaAs-based devices, and in other compound seméal absorptions, which allows us accurate evaluatiok o2
conductor layers”*® Photoquenching is also given a concentration using a very low light intensity
position as a typical example of the photoinduced atomiq~ 102 mwi/cnt).?*
movement in semiconductors, which is now widely observed Time evolutions of thé&eL2" concentration during isother-
in various semiconductors including amorphous®3nSe?®  mal annealing were obtained at XU, <130 K. The
and GaN?! In this situation, clarifying thé&EL2 microstruc-  sample (X 1x0.05 cn?) was cooled down to 80 K in the
ture and mechanism of the photoquenching, an old but longdark and itsEL2 defects were photoquenched by a 3-min
standing problem, still retains its importance. In this paperillumination of a quenching light Hv=1.12 eV,
we describe our detailed experiments on the thermal reco\d.3 mWi/cn?). The sample temperature was then rapidly in-
ery of EL2, and propose a model for the microstructure ofcreased to a selected annealing temperafyraithin 2 min,

EL2 based on the result. where the probing lighti{r=1.12 eV, 102 mWi/cn?) was

Photoquenche&L2 (EL2*) recovers to its normal state shed onto the sample. The PPT signal intendit§2-eV PPT
(EL2™ in 5 min by being annealed at 130 K, but it takes assignal intensity was detected with a disk-shaped piezoelec-
long as 200 min at 110 K2 The reason why the thermal tric transducer attached to the rear surface of the sample via
recovery requires such a long time is not understood. Theilver conducting paste. The intensity of the probing light
idea that eacleL2* defect slowly recovers t&L2" spend-  was sufficiently weak that no photoinduced changes occurred
ing 200 min may not be relevant because the essential part @iuring the measurements. The photon energy of the probing
the EL2 recovery is the atomic movement of a few light, which happened to be identical with that of the quench-
angstron? 2% The other, and more probable possibility is ing light, was chosen so that the optical absorption coeffi-
that individual EL2* defect recovers in an instant, but the cient is proportional to the totd L2 concentratior® After
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FIG. 2. Arrhenius plots ofa) 1/t; and (b) 1/746,. The former
characterizes the recovery rate in the slow recovery stage, while the

FIG. 1. Time evolutions of the thermal recovery®E2 for ()  latter is related with the rapid recovery stage.
higher temperaturesT(,= 120, 122, 124, and 128)kand(b) lower
temperaturesT,= 111, 112, 114, and 116)Krespectively. Allthe  and 7, and 6, are the parameters that control the line shape.
data were normalized at its saturation value. The solid curves are Bquation(1) has an analytical solution,
fitting with Eq. (2).

o ) ) ) ) 17e—Kt/7'0
obtaining the time evolution of the L2" concentration until o(t)= aom 2)
saturation, we annealed the sample at 150 K for 5 min to 0
fully recover the remainindgeL2* defects. ) ] ]

The open circles in Figs.(4 and Xb) show the thermal With «=(8+1)/6,. The time evolution 6(t) becomes
recovery ofEL2 for (a) high temperaturesT(,= 120, 122, simple saturgtlng fordp>1 and S|gm0|d-funct|on—l|ke f_or
124, and 128 K and (b) low temperaturesT,,=111, 112, 0p,<1, covering tPe whole range of the time evolutions.
114, and 116 K respectively. Note the time-scale difference Mathematically,r, * is the initial slope off(t) and 6, is the
between the two ﬁgures_ All the recovery curves were nor.CfitiCﬁ' 0 at which the sudden increase éfonsets. Also,
malized at its saturation value. At high temperatufig.  (47060) ~* is roughly the steepest gradient during the time
1(a)], the 1.12-eV PPT signal intensities increase immedi€volution. The solid curves in Figs(d and 1b) indicate the
ately after the start of the annealing, and its differential redits by Eq.(2). Except for slight deviations in the very initial
covery rate monotonically decreases until it vanistsimple  part of the low-temperature recoveries, the overall behavior
saturating. At low temperature$Fig. 1(b)], the initial inten- ~ Of the time evolutions is well described with the single rate
sities scarcely increase during incubation time, after whictequation containing only two fitting parameters. The incuba-
the recovery rate suddenly increases and decreases again tiRn time separates the thermal recovery into a pair of stages:
til saturation(sigmoid-function-like. This kind of transition @ slow recovery stage before the incubation time and a rapid
from the simple saturating to sigmoid-function-like behaviorrecovery stage after the incubation time. To characterize the
can be most simply described with an autocatalytic-reactiofiormer, the incubation time,; was defined, as shown for
(ACR) model®® The ACR fromA to B is a reaction whose Tm=120 K in Fig. 1@, as the temporal intersect of the
rate is proportional to the concentrations not only of the resteepest tangential line of the fitted curve. Figu@ 8hows
actantA but also of the produds. Assuming that the thermal the Arrhenius plot of 14 thus obtained. All the data line up
recovery ofEL2 is an ACR fromA=EL2* toB=EL2", we along a single straight line and the thermal activation energy

obtain the following equatiof’ was obtained to be 0.32 eV. Figuré2shows the Arrhenius
plot of 1/746,, which is related to the highest recovery rate
de 1 in the rapid recovery stage. In contrast to the slow recovery
dt %(1_ 0)(6o+ 0). D stage, the recovery rate in the rapid recovery stage showed a

twofold behavior: the low-temperature region with a thermal
Here 0 is the fractional concentration &L2", or the nor-  activation energy of 0.27 eV (1¥0T,,<120 K) and the
malized 1.12-eV PPT signal intensityis the annealing time, high-temperature region with 0.13 eV (10 ,<130 K).
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The presence of the incubation time, within a framework <111>
of “recovery as an ensemble,” implies that the thermal re-
covery of EL2 is correlated among defects, i.e., recovery of
one defect is accelerated by recovery of othér2 defects.
How, then, do they communicate with each other? A one-to-
one direct communication between defects is unlikely be-
cause the interdefect distance~<0? atoms in typical LEC
grown GaAs crystals containing 10*® cm™3 defects. Some v oL
indirect, nonlocalized interactions must be considered. - OA7 \()
Phonons, emitted during the lattice relaxation associated O/ \O
with the recovery, are ruled out because their emission rate is
proportional to the concentration &L2*, not of EL2" as QAs atom
predicted in the ACR model. Memory of early recovery (a) Oaa atom (b)
should be stored as a state variable within the system to FIG. 3. A three-center-complex model for the microstructure of
promote recovery of other dgfeCt.S' . . EL2: (8 normal and(b) photoquenched states.

A most probable mechanism in this respect is a charge
transfer from recoveredEL2" to unrecovered EL2*. level emits holes to the valence band by excitations with
Benchigueret al?®?°have proposed a charge-transfer modell.1-eV photons. Theoretical calculation by Baraff and
for EL2 photoquenching, in which electrons and holes emit-Schlutef® predicts that the As vacancy, when combined with
ted optically from the AS. defect are captured by a deep the As antisite to form an Ag-Vas complex, shows a bista-
donor and an acceptdtS! where they remain trapped. This bility; with movement of the As atom towards the vacancy
model logically necessitates a charge transfer in the reversdond the[&}l] direction, the complex becomes metastable
direction duringEL2 recovery. The sigmoid-function-like and theVys level vanishes. This is consistent with the
behavior is explained when we notice the decisive role of thé\-peak behavior in the PPT measurement. Presenuggh
deep acceptor in thEL2 photoquenching/recovery. Accord- G@AS is confirmed by Dannefaer and Kerr using their posi-
ing to our previous NIR stud? the deep acceptor, located at tron lifetime measuremetitfor crystals grown under As ex-
E,+(0.07-0.08) eV and most probably ag’gadefect, pro- Cess a_ltmosphere_s. They estl_mated the concentration of
motes the photoguenching when it is neutral and promoteg"OWn-In _vacancies to be in the range of (1-4)
recovery when it is negatively ionized. This deep acceptor® 10* cm °. The AgsVas complex well accounts for the
was further implied to be a part of a metastable complexobserved increase in tHelL.2 concentration with increasing
involving Asg, in the photoquenched state from a thermallyAS Pressure during growf?,the decrease in thEL2 con-
stimulated current measureménton the other hand, it is Centration with increasing concentration of shallow donor
known that the conduction is-type SI in the normal state dopandsy’ and the broad peak around 0.9 eV in the photo-
andp-type Sl in the photoguenched state, though the detaileffduced recovery rate.
mechanism for the type conversion is still unresolved. Put- Based on the discussions above, we here propose a three-
ting these two together, we attribute the present sigmoidcenter-complex modeVas-Asg;Gays, as the microstructure
function-like behavior of theEL2 recovery to interdefect for EL2 (Fig. 3). The AszVas pair provides the metastabil-
correlation via electrons. As the recovery BL2 defects ity, While the charge state at §a controls the transition
proceeds, the conduction type changes frpitype Sl to  between the normal and metastable states. In the normal state
n-type SI. The increased free electrons then increases tH@), the Coulombic interaction between Gand A, pins
fraction of negatively ionized deep acceptors at metastablthe As atom at its Ga site. THeL2 photoquenching starts
EL2 defects, which promotes theL2 recovery. Actually, with a neutralization of Gg, which captures a hole photo-
the rate of thermal recovery intype GaAs is proportional excited from Ag, defect to become Ga.*°~%2As a result of
to the concentration of free electrotfs> this neutralization and/or the loss of the valence electron, the

While the deep acceptor controls the metastable transbond between Ag, and Ga, breaks up(step 2, and the As
tions, the deep donor is more directly involved in the meta-atom moves towards the vacansgep 2 until the formation
stable transition. The deep donor can be related té\theak  of a metastable compleo). In this respect, the deep accep-
level (A%") found in our recent PPT measurem&hiThis  tor is essentially an inhibitor, rather than an actuator as ad-
peak appears in the early stage of #e2 photoquenching dressed in previous studig%®!
at hv~1.05eV, moves to higher photon energies by This three-center-complex model f&l2 has important
~0.15 eV with the progress of the photoquenching, andmplications on the interpretation of the three activation en-
eventually disappears. The photon energy that gives thergies obtained in the ACR analysis: 0.32 eV fot; 1dnd
maximum PPT intensity suggedis,+ ~1.1 eV for the lev-  0.13 and 0.27 eV for the high- and the low-temperature re-
el's location. The transient appearance of the level, as well agion of 1/7,0,, respectively. The overall reaction of tke& 2
its peak shift, implies that the level is involved in the meta-recovery is given by [Vas(AS)-Vgal-Gan
stable transition of th&L2. The most probable candidate —[V,.,"-Asg," ]-Gans  +€~, which is consistent with the
for this level is V,s, located atEc—0.45eV or E,  conduction-type conversion during the recovery. The three
+1.1 eV¥ Being positively ionized in the normal state, the elementary processes involved in the procébsionization
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of the deep donok/,‘is, (2) ionization of the deep acceptor Same reason in the reverse direction, the donor’s ionization
Gaﬁs, and (3) As atom movement towards the antisite should be related to the activation energy df 1¢iving 0.32

S 240 ; eV
position;™ are then reasonably attributed to the three activa- . . .
tion energies. The activation energies for the ionization pro- tT% (;ﬁncll(tl’r?% by lﬁ'r?g ttk?ernl:':PITr met/hordglltvg ?na\(/je t'ni\lleSt"
cesseq1) and (2) can be related to the electronic levels of gated the kinetics ot the thermal recovery etail.

. . The presence of the incubation time, as well as the self-
the relevant defects. The electronic level for the |solalg§ promoted behavior of the recovery, suggests interdefect cor-

. 37 . . .

is reportedlyEc—0.45 eV;”" which, after considering pos- rejation during recovery, which is consistently explained
sible variation during photoquenching as suggested by thgynsidering a charge transfer between defects. Three activa-
PPT measuremeri,can be related to the activation eNergy tion energies obtained through the analysis with the
of 0.32 or 0.27 eV. As for the acceptor, the reported activaytocatalytic-reaction model can be related to the three el-

: 2
tion energy” of 0.07-0.08 eV suggests 0.13 eV as the rel-ementary processes suggested by the charge-transfer model.

evant activation energy. The barrier for the As atom move, three-center-complex model has been proposed for the mi-
ment, calculated to be 0.3-0.4 &is related to 0.32 or 0.27 crostructure oEL?2 based on the result.

eV in our activation energies. Of the two, however, 0.27 eV
is more likely because the charge induced atomic movement The authors wish to thank Dr. Yohei Otoki of Hitachi
should be associated with the rapid recovery stage. From th@able Co. Ltd. for supplying high quality GaAs samples.
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