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Defects in electron-irradiated GaAs studied by positron lifetime spectroscopy
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A systematic study of electron-irradiation-induced defects in GaAs was carried out. The irradiation was
performed at low temperaturgt K) with an incident energy of 2 MeV. Both, the defect formation and
annealing behavior were studied in dependence on the fluek@8-10*° cm ?) in undoped,n-, and
p-doped GaAs. Temperature-dependent positron lifetime measurements were performed between 20 and 600
K. The thermal stability of defects was studied by annealing experiments in the temperature range of 90—600
K. A defect complex, which anneals in a main stage at 300 K, was found in all GaAs samples after electron
irradiation. A possible candidate for this defect is a complex of a vacancy connected with an intrinsic defect.
A second vancancylike defect was observechitype material after annealing at 550 K. This defect was
assumed to be in the As sublatti¢€0163-18207)05915-9

I. INTRODUCTION conductivity type(n doped,p doped, and undopédf GaAs
crystals.

Point defects strongly affect the optical and electrical be- The paper is organized as follows. The material and ex-
havior of GaAs. Therefore the knowledge of the physicalperimental details are presented briefly in Sec. Il. The
properties of these defects is an essential requirement fépethod of positron annihilation for studying vacancy defects
device technology. Electrical and optical spectroscopy techin semiconductors is described in Sec. IIl. In Sec. IV the
niques detect various localized energy levels in the energgbtalned results are described and discussed. The presenta-
gap. However, the identification of the atomic structure oftion of the data and the discussion are divided in four parts.
the defects is still a matter of discussion. Part A is concerned with unirradiated material, part B with

Positron annihilation spectroscopy, a well-established! €-doped, part C with Zn-doped, and part D with undoped
method to study vacancylike defects in solids, yields valu-GaAs. The annealing kinetics of compensated GaAs samples
able information on the structure of the defects. DuringWill be dealt with in part E of Sec. IV. Conclusions are
the last decade, it has found broad application fordrawn in Sec. V.
semiconductor$? The theoretical background of the interac-

tion of positrons with mgtter is well understood nﬁ\l?.os]— Il. MATERIAL AND EXPERIMENTAL PROCEDURES
trons may be trapped in open-volume defects, resulting in
characteristic changes of the annihilation paramétds- The GaAs samples of a sizex6x0.5 mn? were cut from

cause of their charge, positrons are also sensitive to differemtrystals grown by the liquid-encapsulated Czochralski
charge states of a vacancy in semiconductors and thus thegethod. Undopedn-GaAs (n=1x10'® c¢cm3), Te-doped
represent a selective tool for their identification. The charge-GaAs [n=(2—-6)x10"" cm™®], and Zn-dopedp-GaAs
state of a defect is determined by the position of the Ferm{p=5x10" cm3) were used for the experiments. The net
level in the energy-band gap. Hall-effect experiments allowcarrier concentrations of the as-grown samples were deter-
the determination of the Fermi-level position and thereforemined at room temperature.
correlated investigations enable us to identify the vacancies Electron irradiations were performetl 4K with the Van
within the given population of existing electrically active de Graaff accelerator in the ForschungszentruticluThe
defects. incident energy of electrons was 2 MeV. Different fluences

Electron-irradiation-induced defects in GaAs were extenbetween 18 and 16° cm 2 were used for irradiation. The
sively studied by various techniques characterizing theisamples remained under liquid nitrog€ri7 K) to prevent
electrical and optical properti@sA few positron investiga- warming up and annealing. They were mounted into a cryo-
tions of vacancylike defects in electron-irradiatetype and  heater system that enabled measurements and annealings at
semi-insulating GaAs have been carried out in the paSt. temperatures between 90 and 600 K. The annealings were
These studies have clearly shown that irradiation by 0.5—3performed isochronally15 min). After different annealing
MeV electrons produces monovacancy defects. In addition teteps temperature-dependent measurements were also carried
vacancies, electron irradiation produces negative {opga-  also out in a second cryoheater system in the range between
tively charged antisitg¢sin GaAs crystals® These negative 15 and 600 K.
ions act as shallow traps for positrofts. The carrier concentration and mobility of irradiated

In this paper we report on a systematic study by positrorsamples were obtained by Hall-effect and conductivity mea-
lifetime spectroscopy and Hall-effect measurements abowurements according to van der Patiat 300 K.
defect formation and annealing behavior in dependence on The positron lifetimes were measured using the conven-
the electron fluencél0'-10" electrons per cf and on the  tional techniqué. A fast-fast coincidence system having a
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time resolution full width at half maximum of 260 ps was tron, and this open volume is more or less proportional to the
used for the collection of a lifetime spectrum ofk&®®  unit-cell volume of the compound. The relaxation depending
counts within 3 h. The positron source with an active size ofon the charge state of the vacancy and on the positions of
1x1 mn? was radioactive’’NaCl (0.5 MBq) covered with  ions around the defect affects the positron lifetime as well.
two thin (1 mg/cnf) Al foils and placed between a pair of For Si and GaAs the outward breathing relaxation of 1% of
identical samplegcut from the same wafgr The lifetime  the bond distance means an increase-8t5 ps in the pos-
spectra were analyzed after source and backgrouniiron lifetimel® It is possible that an isolated vacancy is not
correctiort>%in terms of the trapping modé¥:® distinguishable from a larger complex containing a vacancy.
The determined average positron lifetime is reliable, but Additionally, so-called shallow positron traps are possible
the decomposition of the spectra is difficult in GaAs. This iscandidates for positron trapping. They are negatively
due to positron trapping in shallow positron traps in as-charged non-open-volume defe@tegative iong able to lo-
grown GaAs. This effect is even intensified by irradiation- cate positrons at low temperaturés® At higher tempera-

induced shallow trapésee also discussion in Sec.)IlV tures(above 300 K the thermal detrapping from the shallow
potential becomes dominant and no significant influence on
IIl. POSITRON TRAPPING IN DEFECTS the positron trapping is detectable. The temperature depen-

] ] ” dence of this detrapping process was theoretically described
Positrons are usually obtained by t§é decay of*Na  py Manninen and Nieminef. The ratio of the detrapping

sources. The lifetime of a single event is measured by detecfate 5 to the trapping ratecs of shallow traps(ST denotes
ing the time difference between the positron bistuantum  gpaliow trap is given by

(1.27 MeV) and the annihilationy quanta(0.51 Me\). The

lifetime spectrum consists of a sum of exponential decay S 1
components with the lifetimeg and their intensities; . Pos-
itrons may annihilate from the delocalized ground state in the
perfect lattice or from localized states formed at defects be€; is the concentration of shallow traps aBg the binding

ing able to trap positrons. If no trapping centers locate thenergy of the positron to the shallow tragq, is the Boltz-
positrons during their diffusion through the sample, a singlemann constantm the positron effective mass, ar the
exponential component will be observed for the lifetime sample temperature. The positron lifetime in shallow traps is
spectrum,m=7, (b denotes bulk In the case of the presence close to the lifetime in the bulk due to the small change of
of one open-volume defede.g., vacancigsthe positrons the electron density affecting the positron. Therefore only the
may be trapped there with the trapping rateThe lifetime  temperature dependence of the positron lifetime as a result of
spectrum consists of two components. The positron lifetimeompetition between positron trapping in vacancies and in
in the defectry (d denotes defegis larger thann, due to the  shallow traps proves the presence of these shallow positron
decrease of the electron density in the defect compared to theaps.

bulk. From the experimentally obtained fitting parametegrs
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7,, and |, (lifetimes _and intensitigs the positron_ trapp_ing_ IV. RESULTS AND DISCUSSION
rate may be determined from the average positron lifetime
(=117 + 1,7 with m=74). The positron trapping rate In Sec. IV A the results of positron measurements in as-

yields the defect concentratid@y, if the constantu (trap-  grown GaAs will be presented. The results of annealing be-
ping coefficient could be obtained at least once by an inde-havior and of temperature-dependent measurements in
pendent methoce.g., Hall-effect measurements, infrared ab-electron-irradiated GaAs will be discussed with regard to the

sorption, electron paramagnetic resonance conductivity type and to the irradiation fluence. In Sec. IV B
. the experiments on GaAs:Te, in Sec. IV C on GaAs:Zn, and
c _Kk_ i T~ Tp ) in Sec. IV D on undoped GaAs are presented and analyzed.
d L T, Tq—T In Sec. IV E the annealing kinetics of compensated GaAs

. . samples is dealt with.
The so-called trapping coefficiept depends strongly on the

defect type, defect charge, and possibly on temperature. For
negative defectsu=(1-4x10*® s ! at 300 K and
u=10"%-10" s* at 20 K were found’? For neutral vacan- The positron lifetimes in as-grown GaAs and their tem-
cies u is assumed to be temperature independent angerature dependencies were determined before electron irra-
amounts to about £6-10"° s71.18 For the determination of diation. The lifetime of 230 ps was measured in GaAs:Zn
the vacancy concentration in GaAs we used the averagand was previously attributed to positron annihilation from
value of u=10" s (300 K). the delocalized state in the bulkThe positron lifetime for

A vacancy in a semiconductor is neutral or may carry abulk material was also found in semi-insulating, undoped
positive or negative charge, which gives rise to an additionaGaAs’® The increased average lifetime in undopeaAs,
Coulombic tail of the potential. Positively charged vacancie235 ps at 300 K, and Te-dopedGaAs, 245 ps at 300 K, are
repel positrons. Positrons are trapped only in vacancy defectfue to positron trapping in native defects. The nature of these
which are neutral or negatively charged. Thus the positromlefects was discussed earffer?>?2In undoped GaAs the
trapping may be affected by the position of the Fermi level.higher average lifetime is due to positron trapping in As

The calculations for ideal vacancies and multivacancies itvacancies. The positron lifetime in the defect wgs=290
[lI-V semiconductors indicate that the positron lifetime re-ps. The As vacancies are detectable in thype material
sponds to the extent of the open volume affecting the posidue to their neutral or negative charge determined by the

A. Unirradiated material
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position of the Fermi level near the conduction-band edge

(see Fig. 2 In Te-doped GaAs the positron trapping is due 2 GaasTe

to compensating centers J¥ g, and the resolved lifetime in | electron irradiated:

the defect is 255 ps. Temperature-dependent measurements 2 MeV, 4K, 10"em”

show the presence of negative ions acting as shallow posi- 250 F i
tron traps inn-type material. Corresponding to the earlier " n=61x10"cm”

investigations these shallow traps are assigned to negatively
charged Ga antisites.

e n=22x10"cm’

245
B. GaAs:Te

Prior to irradiation the samples wenetype with a carrier
concentrationn=6.1x10"" cm 3. The Fermi level was lo-
cated above the conduction-band edge=E.+0.03 eV}.
The average positron lifetime af=244.9 ps was measured
and the positron lifetime in the defect was determined to be
74=255 ps. The increased lifetime compared to the lifetime 235 |
in perfect GaAq7,=230 p3 is due to the positron trapping
in compensating centers, J@’%a, which are thermally

240

average positron lifetime (ps)

stable at least up t,=1075 K2 T
230 fom-mm oot h T -
1. Annealing experiments of high-dose irradiated GaAs:Te measurement temperature: 90 K
| L 1 ' ] 1 1 L 1 L
After electron irradiation with a fluence di=10" cm™? 100 200 300 400 500 600
an increased averaged positron lifetime of 248.4 ps was ob- annealing temperature (K)

served. Hence irradiation-induced defects were detected. The
decomposition of the spectra yields a defect component of i 1. Average positron lifetime is shown as a function of the
262 ps. The location of the Fermi level after irradiation andannealing temperature in electron-irradiated GaAs(@ie=10
after annealing at 300 K was determined by Hall-effect meagm-2),
surements to b&;=E.—0.54 eV. The carrier concentration
decreased due to irradiation-induced acceptors and was de- | . .
termined to ben=3.1x1CF cm ™3 (p=1.8 M cm). We call time in the def_ect ofrd=(262t$) psis a typlc_al value for a
this sample state “compensated.” If both donors and accepfonovacancy in GaAs. The lifetime of the isolated Ga va-
tors are distributed at random in the semiconductor one call§&ncy was experimentally found to be 260 (Befs. 1 and
it a compensated semiconductor. At ideal compensatiod® and the theoretically calculated value was 263%8or
there would be equal numbers of donors and acceptors arigolated As vacancies 257 and 295 ps in the neutral and
consequently the carrier concentration is very lgw=c)  negatively charged state were determihéd.
and the Fermi level is in mid-band-gap position. For GaAs The positron trapping depends on the charge state of the
the compensation will be realized by deep-level deféicts  trapping centefvacancy, i.e., it depends on the location of
instance EL2) of high concentration which compensate thethe Fermi level. To illustrate the main idea, the results of a
carriers and pin the Fermi level. Similar deep-level defectgheoretical calculation of ionization levels of vacancies in
will also be induced by electron irradiation. GaAs(Ref. 24 are schematically drawn in Fig. 2.

Figure 1 shows the results of the isochrofte® min) an-
nealing experiments of Te-doped GaAs after electron irradia-

tion with a fluence ofb=10" cm 2 A second sample with conduction band

a lower Te content(as-grown staten=2.2x10"" cm™?, 13 -
7=242.1 ps, ;=255 ps; irradiated stater=248.1 ps, vy Vas As”
74=262 ps,E;=E.—0.52 eV} was included to show the in- ; oo
fluence of the doping concentration. For all figures of this 1,0
paper it holds that the lines are only guides for the eye if not
otherwise marked. The samples were annealed in the tem-
perature range between 90 and 550 K. For both samples a
wide annealing stage between 90 and 550 K was observed.
The positron lifetime of the bulk of 230 ps was measured
after this treatment. No significant difference in the anneal-
ing behavior was detected for different doping concentra- o

tions. Therefore we assume that the defect introduction rate valence band
is independent of the Te concentration. Because the compen-

sating centers are thermally stable up to 1075 K in nonirra- F|G. 2. Calculated ionization levels of vacancies and antisites of
diated samples, we conclude that the increase of the positrabaAs are presented. The energy levElsare related to the upper
lifetime after irradiation and decrease after annealing is dugalence-band edgg, . The values given in eV were taken from
to irradiation-induced vacancylike defects. The positron life-Ref. 24.

o
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The ionization levels of the Ga vacancy are located in the —

lower half of the band gap. According to the calculations, the 2521 .,ﬁ .
Ga vacancies are always negatively charged or at least neu- I I
tral. Thus the positrons should always be sensitive to Ga 201 E /T meaed 320 KA
vacancies in GaAs, independent of the location of the Fermi sasl ¢/ | @ amealed atSSOKI
level, whenever the vacancy concentration exceeds the sen- M. | ¢ asgrown

sitivity limit of the method. The ionization levels of the As 246 La t% AN i

vacancies are located in the upper half of the band gap and
the vacancies may exist in all possible charge states. Positive
As vacancies are expected in the case of semi-insulating or
p-type samplegFermi level in midgap position or lowgr
They are neutral for slightly doped-type samplegFermi
level is in the upper half of the band gagnd they should be
found in the negative charge state, when the sample is
stronglyn type (Fermi level is close to or within the conduc-
tion band.

The relaxation around the vacancy which may lead to a -
shift of the ionization levels was not taken into account in the 234
calculation. Such an effect was observed for the As vacancy I

244
20
240
238

236

average positron lifetime (ps)

in GaAs, where th&/”~ level was predicted to be 220 meV 232 I ]

below the conduction-band eddend was found at about 30 230 i
meV 823 Also for the ionization leveVY~ in GaP a discrep- i

ancy between the obtained value of abByt- E;=250 meV gl 0L 1

(Ref. 25 and the predicted value of 410 méRef. 24 was 0 100 200 300 400 500 600
determined. Furthermore, no experimental evidence was sample temperature (K)

found for the existence of the ionization level of the P va-

cancy,V;’z_, inside the band gap. But the relative posi- FIG. 3. Average positron lifetime is shown as a function of

tions of calculated ionization levels are correct and detectsalmg"e temperature in as-grown and in electron-irradiated10"
able by measurements. cm ©) GaAs:Te after different annealing steps. The fitted curve

After electron irradiation both GaAs:Te samples are com-Sclid line) corresponding to the two-defect trapping model with
pensated and the Fermi level is in a midgap position. TherGQetrapplng from one defect is drawn for the sample annealed at 580

fore the observed annealing stage cannot be caused by The positron binding energy to shallovxtraﬁﬁz(GSi%llm%\{
vacancies but by Ga vacancies or neutral or negativelﬁlnOI tge trap.p'ng rate in Shauov‘; trap&;}”—f.(7'6_2'4)><1 s
charged complexes containing vacancies of either sublatticé® © etermined as parameters from the fit
linked with the Te dopant or with an intrinsic point defect.
This annealing stage is known in electron-irradiated GaAs After electron irradiation and annealing at 320 K the tem-
and has been discussed in terms of recovery of isolated Gazerature dependence of the positron lifetime is different from
monovacancie$??°The annealing studies gttype and un- that of the as-grown samplsee Fig. 3 The average posi-

doped GaAs after electron irradiation described in Secs. IV Gron lifetime is lower and the decrease is weaker at low tem-

and 1V D support this identification of the defect. peratures for the as-grown sample. It may be concluded that
the concentration of shallow positron traps increases due to

2. Temperature-dependent measurements irradiation. Irradiation induces besides vacancies also other

after high-dose electron irradiation charged defects such as interstitials and antisites. The tetra-

Temperature-dependent measurements were performégdral interstital configurations es,, GaGa,, AsAsy,
after different annealing steps. Figure 3 shows the results ¢ind AsGag, are positively charged independent of the loca-
these positron-lifetime measurements, i.e., the average pogion of Fermi level and therefore these defects are no posi-
tron lifetime in as-grown and electron-irradiat@hnealed at  tron traps’’?® Asg, antisites are neutral or positively charged
320 and 580 K GaAs:Te. For as-grown GaAs:Te the posi- in compensated samples and only the,Gantisites carry a
tron lifetime depends on the sample temperature due to twoegative charge and may act as shallow triae® Fig. 2.1°
competitive processes, positron trapping in shallow traps andihe increase of the average positron lifetita¢ least above
in compensating centef$.At low temperatures the detrap- 200 K) is caused by the presence of the irradiation-induced
ping of positrons from shallow trap&Gaa; , 74=230 p3 is  vacancy defect, which has not yet completely annealed at
lower and leads to a decrease of the positron lifetime witi320 K (see Fig. 1 The positron lifetime in defect was de-
decreasing temperature. At temperatures above 200 K thermined to bg262+5) ps.
positron trapping in the negatively charged vacancy defect The observed temperature dependence of the average pos-
(TeasVear 79=255 ps dominates the annihilation behavior itron lifetime is thus a result of competitive positron trapping
and leads to a decrease of the positron lifetime with increasn irradiation-induced vacancy defects and in native and
ing temperature. Consequently, one observes a maximum inradiation-induced shallow traps. The negative temperature
the temperature-dependent average positron lifetime. Thidependence at temperatures above 200 K caused by the com-
behavior of the positron lifetime in GaAs:Te has been extenpensating centers in the as-grown sample is superimposed by
sively investigated earliétt?2 irradiation-induced defects.



55 DEFECTS IN ELECTRON-IRRADIATED GaAs STUDIE. . . 10471

Assuming the average defect introduction rate per elec-

tron of 1 cm1,° the concentration of shallow traps is about S [ B o S

10 cm™ 3. Provided that the trapping coefficient amounts to 252 irradiation dose: | i

ust=10°-10'° s711% an estimation of the according trap- L o v 1x10 em

ping rate results ingr=2x10"-2x10? s, 250 - : ixigncm.z 1
Compared to the positron lifetime after annealing at 320 I g 1110"’22‘2

K, the positron lifetime after annealing at 580 K is lower 2481 ]

within the whole temperature rangeee Fig. 3. At a sample 246 I
temperature of 500 K the average lifetime reaches the value
for the as-grown sample~240 p3g. Figure 1 shows that the
irradiation-induced vacancy defect is completely annealed at
550 K. Therefore the observed temperature dependence of
the positron lifetime is due to simultaneous positron trapping
in native defects(compensating centers: J& ;) and in
shallow positron traps. The thermal stability up to 1075 K of
these compensating centers has already been mentioned
above.

A fit applied to the temperature-dependent average posi-
tron lifetime according to the positron trapping model shows 234
the effectiveness of shallow traps up to 550 K, if their con- I

2441
2420
240 |

238 -

average positron lifetime (ps)

236 -

centration is high. The fitting procedure requires the tem- 232__ |
perature independence of the trapping rate of the vacancy 230beo o __.....IH I
defect in this case. On condition that negative ions trap no - measurement temperature: 90 K
positrons due to strong detrapping at the highest temperature o8l L1 4.

100 200 300 400 500 600

(550 K), this rate was determined. The decrease in the aver- .
annealing temperature (K)

age lifetime with decreasing temperature is described by the

trapping model considering detrapping in shallow traps. , o ,

There are three unknown parameters: the trapping rate for FIG. 4. Average positron lifetime is represented as a function of

the shallow trapssr, the binding energy, of positrons to annealing temperature in GaAs:Te after electron irradiation with
ST P — 5 9 —2

the shallow traps, and the concentration of shallow tags different fluences®=10"-10" cm?).

[see Eq.(2)]. The fit yields E,=(65-8) meV and iy centers are present, the compensating centers and

— 11 : H
ks7=(7.6+2.4x10™ s™*. The estimated trapping rate pre- jyradiagion-induced vacancylike defects. Assuming the aver-
sents a lower limit because the compensating centers a%?ge defect introduction rate of 1 ¢® the trapping coeffi-

negatively charged, but a temperature-independent trappingant for irradiation-induced defects at 90 K are estimated to

rate was assumed in the fit. At low temperatures the megs, u~1x10"" s~1. However, this value is underestimated

sured positron lifetime is equivalent to the positron lifetime pecase shallow traps are neglected. This positron trapping
in the bulk(m,=230 ps. The negative ions are the dominat- ¢,efficient agrees with values determined earlier for nega-
ing trapping centers there. tively charged vacancy defects.

A plateau of the annealing curve was detected for anneal-
ing temperatures=250 K. The average positron lifetime in

Figure 4 shows the annealing behavior of GaAs:Tethe range between 250 and 450 K is equal to the lifetime
samples electron irradiated with doses of°1@0'®, 107,  before the irradiationy=245 ps, and the positron trapping is
and 13° cm 2 After irradiation with fluences up to 16  dominated by the compensating centers. For higher fluences,
cm 2 the samples are only partially compensated, the locathe plateau level of the lifetime decreases due to increasing
tion of the Fermi level is abovE&.—0.11 eV (see Table)l concentration of shallow positron traps.
Therefore As vacancies are in principle detectable in the For annealing temperatures above 450 K, the positron
negative or neutral charge statee Fig. 2 lifetime increases again. This behavior is more distinct after

The annealing behavior of noncompensated samples dif-
fers from compensated GaAs:Te. An annealing stage was
observed, which is followed by a range of constant averag
positron lifetime. Finally an increase of the positron lifetime
was detectedsee Fig. 4.

The results of the GaAs:Te sample irradiated with

3. Annealing experiments on GaAs:Te after low-dose irradiation

TABLE I. Fluence, carrier concentration, and location of Fermi
vel of as-grown and electron-irradiated GaAs:Te are tabulated.
egative values mean that Fermi level is located in the conduction
band.

Fluence Carrier concentration Fermi level

d=10% cm’_2 are discussed first. After irradiation, an in- ¢, cm2) n (cmd) E—E, (V)
creased positron lifetime of 251 ps was measured and can be

attributed to irradiation-induced vacancy defects. The anAs-grown 6.1x 10" —0.03
nealing stage at 200 K may be due to the annealing of these®® 3.7x10Y —0.01
defects. Possible candidates are As vacancies or acceptorlike!® 2.2x10'° +0.07
defects according to the annealing behavior of compensaterh!” 5.6x10% +0.11
material after 18 cm 2 irradiation (see Sec. IVB L This 10w 3.1x 108 +0.54

means that below ;=250 K two vacancylike positron trap-
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irradiation with higher fluences but not detectable after cominterpretations in the literature. Our positron measurements
pensating irradiation. This effect is discussed in the follow-were correlated with Hall-effect investigations and no Fermi-
ing. level shift in this annealing range was detected. Therefore we
After irradiation with fluence ofb=10'"® cm™2, the aver- conclude the increase of positron lifetime is due to a struc-
age positron lifetime of 242 ps was measured for GaAs:Tetural change of defect complexes. At the same annealing
This value is lower compared to the positron lifetime of thetémperature a disappearance ofAés complex was ob-

as-grown sample. However, the annealing behavior is simila$erved by optical methods. We assume a connection between
to that of the sample irradiated with=10" cm™2 (see Fig. the two effects and we will study this behavior in more detail

4), but the positron lifetime is lower within the whole anneal- In future. _ _ o _
ing range. Therefore this irradiation induces also a vacancy 'N€ a@”eaﬂgg behavior of the sample irradiated with
defect which anneals above 200 K. The sample is only par®=1X10"" cm* shows clearly a transition to the annealing
tially compensatedsee Table )l Thus the isolated As va- behz_:\wor of_ Compe_nsated samples, without consideration of
cancy and an acceptorlike vacancy defect are possible traffJ€ increasing lifetime above 550 K. The sample was par-
ping centers. The measured positron lifetime is constant fofi@lly compensated due to the irradiation, the Fermi level is
T,=250 K. In the plateau range, the compensating centerdocated 0.11 eV below the conduction bafske Table )l
TeaVaa, Which are stable up to 1075 K, are the dominatingThe first annealing stage is due to the annealing of
vacancy defects. The decreased positron lifetime compardifadiation-induced vacancies. For temperatures above 150 K
to the as-grown sample is due to the irradiation-induced shaf gradual decrease of lifetime was detected, i.e., no plateau
low traps, which act at the measurement temperatsee ~ Was found. Th|§ is due to the hlgher electron flulence and
also Sec. IVB 4 therefore to the introduction of a higher concentration of va-
For annealing temperatuf®,=500 K, the average posi- cancy Qefects, which dqminate the positron trapping in com-
tron lifetime increases. The decomposed lifetime in the dePensating centers. Additionally, shallow traps were produced
fect was determined to be 275 ps. This value is typical for gnd lower the positron lifetime. Thus induced vacancy de-
monovacancy in GaA¥. The increase of the positron life- [€Cts in GaAs:Te irradiated witkb=10"-10" cm™2 were
time after annealing was also observed in electron-irradiateominated by the ingrowing compensating centers after an-
(E=0.5-1.5 MeV,T,,=90 K) highly n-doped GaAs:Si and nea_lmg at 259 K. From the similarity of the annealing be-
GaAs:Sn(Ref. 26 and was attributed there to a shift of the havior (see Fig. 4 it was concluded that the same defect
Fermi level due to the recombination of As vacancies and A@nneals in all samples. _ o
interstitials, i.e., due to annealing of defects in the As sub- After annealing at 550 K the positron lifetime increases
lattice. Furthermore, in electron-irradiate@=1.5 MeV, for sqmples .after noncompensating irradiation and.the posi-
T,,=20 K) Te- and Si-doped GaAs a steep increase of thdron I|feF|me in the_ defeqt is 275 ps. The cause of this behav-
positron lifetime after annealing between 500 and 550 K wador is still under discussiofisee above
measured® This was explained by the removal of compen-
sating defects which reveals irradiation-induced As vacan-

cies. Here, no annealing of As vacancies was presumed up to Figure 5 shows the average positron lifetime measured at
550 K. 90 K versus the irradiation fluence after different annealing

However, our experimental data are in contrast to thisstages. An increase of the defect concentration with increas-

interpretation. No change of the Fermi-level location aftering fluence was expected in principle. After annealing at 90,
annealing at 550 K results from the Hall-effect measure250, and 320 K the highest positron lifetime was measured
ments in our GaAs:Te samples. The values of carrier conafter irradiation with®=10" cm™2. Then a distinct decrease
centration determined after 550-K annealing correspondavas observed and fab=10'" cm 2 a positive slope of the
within the error limit to the values after 300-K annealing. We lifetime curve was detected. This dependence of the positron
conclude that a structural change of a defect complex may bietime on the fluence has also been detected rfdaype
observed. Furthermore, the annealing of a complex4s GaAs:Te earlief.Irradiation induces simultaneously several
at 450 K in electron-irradiatedE=2.2 MeV, T;,=4 K, types of defects detectable by positrons: vacancies, vacancy
$=2.2x10" cm™?) GaAs:Te (n=2x10"" cm 3 was de- complexes, and antisitd$.Antisites may carry a negative
tected by magnetic circular dichroism of the optical absorp-charge and act as shallow positron traps. Vacancylike defects
tion (MCDA).>® Wietzke, Koschnick, and Spaétfidentified  increase the average positron lifetime, but shallow traps de-
this complex in electron-irradiatedE=2 MeV, T;,=4.2 K,  crease it. The superposition of these two effects leads to the
®d=1x10" cm? GaAs:Te (n=3.4x10" cm® as curves of Fig. 5. However, the complete explanation for this
Asg sV as With an ionization level oE,+1.2 eV (2+/+) by  behavior is rather difficult and not yet understood.
optical detection of electron nuclear double resonance After annealing at 450 K the irradiation-induced vacancy
(ODENDOR). However, this defect complex is not detect- defect is recoveretsee Fig. 4 and the positron trapping in
able by positrons. irradiation-induced defects is dominated by trapping in shal-
The connection supposed between the increase of the alew traps. Additionally, the samples contain ingrowing com-
erage positron lifetime and the annealing stage at 450 K obpensating centers which also give rise to a vacancy signal.
served by MCDA and ODENDOR in electron-irradiated This is visible for low irradiation fluencesP=10"cm 2. 7
n-type GaAs will be the topic of future investigations. decreases with increasing fluence by an increasing concen-
In summary one can say that for noncompensat&hAs tration of irradiation-induced shallow traps. The number of
after electron irradiation and annealing at about 550 K arcompensating centers is unchanged, but their vacancy signal
increased positron lifetime was measured. There are differef completely covered.

4. Dose dependence
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FIG. 6. Average positron lifetime is represented as a function of
230 "1"(;15 — ""1"(;16 — ""1“(;17 — ""1“(;18 — "“l‘gw the annealing temperature in GaAs:Zn irradiated with different elec-
5 tron fluences.
dose (cm )

effect measurements in this annealing range. Therefore we
FIG. 5. Average positron lifetime is shown as a function of conclude that the increase of positron lifetime is due to a
electron fluence in GaAs:Te after different annealing steps. structural change of defect complexes connected with a
change of the charge state of these complexes or of the va-
Figure 5 also illustrates that the positron lifetime de-cancy involved.
creases with increasing annealing temperature for compen- A fit corresponding to the two-defect trapping model with
sating irradiation®=10"° cm™?). detrapping from one defédtyields for the compensated
The dose dependencies show clearly that the interactiopample after the 580-K annealing step a positron binding
between the generation and annealing of vacancy defects aetiergy to shallow traps df,=(65+8) meV and a trapping
shallow positron traps is complicated. The calculation ofrate in shallow traps okgy=(7.6+2.4x 10" s™1.
trapping rates or defect concentrations from the average pos-
itron lifetime measured at low temperatures is therefore very C. GaAs:Zn

difficult and often impossible. . S ) )
Prior to irradiation, the samples wepetype with a carrier

5. Summary concentration op=5x10"" cm 3. The Fermi level was lo-

: ... . cated near the valence-band edfe=E,+0.08 eV due to
It was shown in Sec. IV B that a vacancylike |rrad|at|on-t e Zn dopant with an acceptor level Bf— E, =0.33 eV.

induced defect anneals above 200 K. For the compensat us the Fermi level is located below the lowest ionization

.sarlnﬁ)led(dzzlolg cm %) one cgn e>t<cll:{|ge Ithe l"?‘””t?a"”gf (t)r: level of the Ga vacancysee Fig. 2 and the Ga vacancies

ISolated AS monovacancies gue 1o the localization of &, 14 he peytral. They must be detectable by positrons in
Fermi Ie_v_el in midgap position. In this case, the As vacanue%ny casé* The As vacancies are positively charged and are
are positively charged. anq therefore undetectable by. POS[indetectable for all GaAs:Zn samples under investigation.
trons. After Iovy-dose |rrad|at|_on the samples were S.'t'” OfThe average positron lifetime was determined to be 230 ps.
n-type conductivity, so that evidence of As vacancies is POSThis value agrees with the positron lifetime in the bulk. Thus

sible. But from the shape of the annealing curves one ahe concentration of Ga vacancies is below the sensitivity
conclude the annealing of the same vacancylike defech%nit of positrons(some 16° cm3)

Therefore the annealing is attributed to the disappearance 0
a defect which contains a vacancy and which is neutral or
negatively charged for the compensated state of the sample.
The vacancy could be associated with an intrinsic defect Figure 6 shows results of the annealing experimésts
(Asg,, Gays, As, Ga) or with the dopantTe). The second chronally for 15 min of p-type GaAs:Zn after electron irra-
possibility is the annealing of isolated Ga vacancies. diation with fluences o=10"-2x10' cm™ 2. The samples

At the annealing temperature of 550 K an additional de-were annealed in the temperature range between 90 and 580
fect was detected fon-type samples, but not for the com- K. No change of the average positron lifetime was observed
pensated sample. No Fermi-level shift was observed by Hallafter irradiation up to the fluence df=10' cm™2. 7 weakly

1. Annealing experiments
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TABLE II. Fluence, carrier concentration, and location of the This is in agreement with determined values for negatively
Fermi level for as-grown and electron-irradiated GaAs:Zn are tabucharged vacancies at low temperatlf-réﬂ)wever, from the

lated. calculated energy levéfsfollow that the shallow traps have

the OF ionization level at the same position of the Fermi
Fluence Carrier concentration Fermi level level as the Ga vacanciesBt—E,=0.11 eV. This means, if
@ (cm?) p (cm™3) Ei—E, (eV) neutral Ga vacancies are present, the anti$eg,) are also

neutral and should not act as shallow traps. The dependence

7

As-grown 5.0<10° 0.068 of the positron lifetime on the irradiation fluence up to
1x10% 5.5x10'° 0.125 o8 cm 2 i i thi

6 . 6 . <I>=_2><1 cm “ cannot _be explained in this way. Slow-
1><1017 9-2><1017 0.112 positron beam investigations are planned to prove the pres-
1x10' 2.1x10" 0.091 ence of shallow traps ip-type GaAs after noncompensating
1x10'® 2.4x10' 0.147 irradiation.
2x10'8 3.8x10" 0.254 To sum up, the isolated Ga vacancy and its transition
5x 108 7.8x 100 0.474 from the neutral to the negative charge state can only be
1x 1010 1.4x 10° 0.578 responsible for the measured positron-lifetime dependence
2% 100 4.5x 108 0.607 on the irradiation dose and for the annealing stage at about

300 K, when the ionization levels & and GaZ° differ
distinctly. The calculations of Puskayield no difference
increases for fluences of foand 2<10'® cm 2 and a dis- between the energy positions of these ionization levels. It
tinct change of the average positron lifetime and the positronvas also earlier assumed that the isolated Ga vacancy an-
lifetime in the defect of 265 ps were observed after irradia-neals below 100 K.

tion with ®=5x10'"® cm 2. A main annealing stage was (i) The second possibility to explain the positron-lifetime
found for these samples between 200 and 500 K. behavior in electron-irradiated GaAs:Zn is an irradiation-

Table Il summarizes the results of the Hall-effect mea-induced defect complex containing a vacancy. This vacancy-
surements performed on differently irradiated GaAs:Znlike defect has to have a&/0 ionization level in the lower
samples after the 300-K annealing step. A Fermi-level shiftalf of the band gap and is the dominating trapping center for
due to the irradiation-induced carrier compensation was obpositrons after compensating irradiation in GaAs:Zn. For
served. Up to the fluence of<2L0'® cm 2 the samples are partially compensating irradiation, the Fermi level was
still of p-type conductivity and only partially compensated shifted through the band gap into midgap directiee
(see Table ). The carrier concentration is low for Table Il) and the vacancylike defect becomes neutral. Con-
®=5x10" cm 2, and the shift of the Fermi level is distinct, sequently, the average positron lifetime increases. The
E; reaches a near-midgap position fb=2x10'" cm 2 Be-  samples irradiated with fluencds=5x10' cm™2 are nearly
cause of this shift a positron trapping center was ionized andompensated and the vacancylike defect complex is detect-
the trapping rate increased. This is indicated by the increaseable by positrons. Hence the variation oWwith the carrier
average positron lifetime. concentratiorp and consequently with the location of Fermi

Assuming an average introduction rate for Ga vacancietevel E; is due to the change of the trapping coefficignt
by electron irradiation in GaAs of 1 ¢ we expected an and/or of the vacancy-defect concentrat®nin this caseu
increase of positron lifetime fob>10'® cm 2. Because Ga changes distinctly due to the/0 transition with increasing
vacancies act as positron trapping centerp4type and in  Fermi level (u, <<ug). Assuming an ionization level of this
semi-insulating material and the average positron lifetime iglefect at the energ¥, within the band gap the positron
constant up taP=10" cm™2, the behavior of average posi- trapping rate may be written ag=[fuo+(1—f )u.]C
tron lifetime in dependence oh is surprising. There aretwo ~fu,C, where f is the Fermi-distribution function:
possible explanations. f={1+g exp[(Eq— E{)/(kgT)]} . g is the degree of degen-

(i) At first, the irradiation-induced defects are isolated Gaeracy of the level. The average positron lifetime was fitted
vacancies. For irradiation fluencds<2x10'® cm 2, the Ga  with these expressions to the experimental data uSjnand
vacancies could be neutral and due to simultaneously ing,C as parameters for the fit;=265 ps,7,=230 ps,g=2).
duced shallow positron traps either no or a weak increase dfhe fit provides the ionization level of the detected vacancy-
average positron lifetime was measured. Assuming an avetype defect to b& —E,=(0.355-0.020 eV.
age introduction rate for defects by electron irradiation in  Additionally, the annealing of &/ ;X complex was
GaAs of 1 cm! and a trapping coefficient of 3®s™ for  found by the magnetic circular dichroism of the optical ab-
shallow traps at the measurement temperature of 98é€.  sorption at about 300 R Optically detected magnetic reso-
2) an estimation of the trapping coefficient of the vacancynance(ODMR) studie$* showed that this MCDA spectrum
defect according to the two-defect trapping model iscorrelates with the electron paramagnetic resond&&tR)
possiblet>® The calculation provideg=3.5x10" s™! for  spectrd that were attributed t&2, . However, the constitu-
the sample irradiated withb=10' cm 2 and u=1.6x10"®  entX of the complex is not known. The connection of this
s~ for irradiation with®=2x10' cm 2. These values are complex with a Ga vacancy was earlier concluded from pos-
reasonable for neutral defects at low temperattté$.For  itron annihilation measuremenrtsyhere an annealing stage
irradiation fluencesP=5x10' cm™2, the Ga vacancies are detected at about 300 K was attributed to isolated Ga vacan-
negatively charged due to the shift of the Fermi level causedies.
by the irradiation-induced compensation of carriers. The es- In summary, an irradiation-induced defect complex con-
timation of the trapping coefficient of the vacancy defectnected with a vacancy may explain the positron results with-
gives a value ofx=2.3x10'® s7 under the same conditions. out further assumptions. This irradiation-induced defect an-
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average positron lifetiméafter annealing at 330, 350, and

265 : . . . . ) i ) )
' ' ' ' ' 390 K) according to the positron trapping model. In the fit-
o ting procedure, the temperature independence of the trapping
260 L o . ~ e 1 rate of the vacancy defect was assumed. The decrease in the
o | GaAsiZn(p=5x10 cm ) average lifetime with decreasing temperature is described in
electron irradiated: . . . . .
o 8 2 the trapping model considering detrapping of positrons from
2MeV, 4K, 5x10 cm .
255 | ° shallow traps. In this case four parameters were used for the
fit: the trapping rate for the shallow trapsy, the binding
= 00 algealzefoaé 1 energyE, of the positrons to the shallow traps, the concen-
S sl e 330K tration of shallow trapsCsy [see Eq.(2)], and the trapping
£ m 350K rate of the vacancy defeat,. The fit givesE,=(90+12)
2 A 390K meV. A binding energy of about 40 meV has been obtained
g a5l v 430K earlier for shallow positron traps in electron-irradiated semi-
k= ¢ 550K 1 . . 0 .
Z insulating GaAs? The numerical accuracy of the other pa-
o rameters was low due to their mutual dependency. In Fig. 7
%D 240 L i the fit curves are drawn.
= After annealing at 430 K, the positron lifetime is nearly
independent of temperature, the irradiation-induced vacancy
235 | i defect is annealed, and the positron lifetime of bulk material
v was measured over the whole temperature range. The shal-
L vVyV . i
S s vy’ I OE cosd low positron traps are no longer detectable.
230 _9_____9_’_;‘__'_9_‘_030_0*_?__ * -
T 3. Summary
P 130 ' 2(')0 ' 3(')0 ) 4(')0 ' 5(')0 In electron-irradiated GaAs:Ziip=5x10'" cm™3), de-

fects were detected by positrons only wh@es10'® cm 2.

For ®=5x10' cm™2, the positron lifetime clearly increased
and the lifetime in the defect was determined to be 265 ps,
FIG. 7. Average positron lifetime is presented as a function ofpeing typical for a monovacancy. Between 200 and 500 K,
sample temperature in electron-irradiated GaAs:Zn after differenihe annealing of this defect was observed. The Hall-effect
annealing steps. The full lines are the fits corresponding to thg¢neasurements showed that the Fermi level was shifted into
two-defect trapping model with detrapping from one defect. Thethe midgap direction due to irradiation-induced carrier com-
positron binding energy to shallow traps was determined to bepensation. Because of this shift, a positron trapping center
Ep=(90+12) meV. was ionized and the trapping rate increased. This was indi-
) ) cated by the higher average positron lifetime.
neals in one stage between 200 and 500 K in analogy to the Thjs behavior may be explained by an irradiation-induced
defect in electron-irradiated compensated GaAs:Te. We Cotomplex containing a vacandjn the Ga or As sublattioe
clude that the annealing stage observed in electron-irradiateglith an ionization level(+/0) of E4—E,=(0.355+0.020
p- and n-doped GaAs is due to a complex containing aey. The annealing behavior of this complex is similar to that
monovacancy associated with an intrinsic defect or with the, GaAs:Te and one can propose the annealing of the same
dopant rather than an isolated monovacancy. We investgefect. The vacancy could be connected with an intrinsic
gated also irradiated undoped material to decide betW@e@efect(AsGa, Gaxs, As, Ga) or with the dopantTe or Zn.
these possibilities of the constitueXtof the complex(see  The annealing of & s+ X complex at about 300 K was also
Sec. IVD. found by MCDA®®
Temperature-dependent measurements after different an-
2. Temperature-dependent measurements nealing steps show the presence of shallow positron traps. It
Figure 7 shows the temperature-dependent positroni-s difficult to obtain quantitative informgtion fror_n these mea-
lifetime measurements on GaAs:Zn electron irradiated with SUurements due to the unknown trapping rate in the vacancy
fluence of 5¢10* cm™2 after different annealing steps. After defect. The positron binding energy to shallow traps is esti-
annealing between 230 and 390 Kincreases with increas- Mated to beE,=(90+12) meV.
ing temperature. This strong temperature dependence is due
to the competitive positron trapping in negative ions and in D. Undoped GaAs
the irradiation-induced vacancylike defedsee discussion The undoped samples were mitype conductivity with a
above. The determination of the trapping rate for the shal-carrier concentration ai=1x10" cm™2 prior to irradiation.
low positron traps is difficult because no saturated trappind’he Fermi level was located near the conduction-band edge
in the vacancy defects is reached at high temperatures. Th&=E.—0.162 eV and As and Ga vacancies were then de-
binding energy of positrons to shallow traleg and the con- tectable(see Fig. 2 The average positron lifetime was de-
centration of shallow trap€ <t are dependent on each other termined to be 235 ps. Due to stoichiometric As vacancies,
in the fitting procedure as far as the positron-lifetime curvethis value is higher than the positron lifetime in the b(280
as a function of temperature shows a point of inflection.  ps).® Generally it is assumed that the concentration of Ga
In order to estimate the positron binding energy to thevacancies is below the sensitivity limit of positrons in as-
shallow traps, a fit was applied to the temperature-dependegrown material:®

sample temperature (K)
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260 —— defect. It has also been assumed earlier that the isolated Ga
undoped GaAs vacancy anneals below 1QOE1§. .
L electron irradiated: 2 MeV, 4 K 1 Therefore the assumption is supported that the annealing
Yy stage between 200 and 550 K in electron-irradiated GaAs is
255 1 -\ 7 due to the disappearance of a defect complex connected with
\- T irradiation dose: n A raGav n
4 - o 1x10" on | an As or a Ga vacancy. .
Q nea, o We conclude from the same annealing temperatses
1A 4 O IxI0 cm . . . R :
250 L Q v 130" em® i also discussion in Sec. IV)En electron-irradiated doped and
l\ 1210 em? undoped GaAs that the dominating irradiation-induced de-
O fect is a monovacancy connected to an intrinsic defect

terstitial, antisitg but not to a dopant atom. There are differ-
ent possibilities to combine these defects. A vacancy and a
nearest-neighbor interstitial form an unstable complex due to
the high mobility of interstitials. Therefore the favorable
combination is a monovacancy linked with an antisite defect.
Assuming a Coulombic repulsion between two acceptors
(VgzGang) or two donors(Ve-Asgy), the most probable
complexes are/;-AsSg, OF Vas-Gays. In good agreement
with this conclusion is the fact that a dominating defect,
which anneals at 300 K, was found after low-temperature
electron irradiation in semi-insulating;, and p-type GaAs

by ESR (electron spin resonanceand was assigned to
VX233 However, the connection of this complex with a
Ga vacancy was concluded from positron annihilation

245

240

average positron lifetime (ps)

235

230

measurement temperature: 90 K
PR S U RS N S S X
0 100 200 300 400 500 600 measurementSwhere the detected annealing stage at about

300 K was attributed to the isolated Ga vacancy. Therefore
the decision betweeYig-Asg, andV-Ga,s is not possible.

A discrepancy between the annealing curves of undoped
FIG. 8. Average positron lifetime is shown as a function of and doped GaAs was observed. The end of an annealing

annealing temperature (K)

annealing temperature in undoped GaAs after electron irradiatiostage for irradiation fluence®=10'" cm 2 in undoped
with different fluences. GaAs was to be seen below a temperature of 120 K. The
effect is small and a decomposition of the spectra was very
1. Compensating irradiation difficult due to the influence of shallow positron traps at the

After electron irradiation the average positron lifetime in- measurement temperature. There are two possible explana-
creased with increasing fluen¢see Fig. 8 due to the occur- tions for the annealing below 120 K. At first, the annealing
rence of irradiation-induced defects. The decomposition off isolated Ga vacancies is assumed to occur below 100 K
the spectra yields a defect component(®70+5) ps. The (Ref. 5 and can cause the annealing stage. Secondly, the
location of the Fermi level after irradiation and after anneal-thermally stimulated reconversion of tiel.2 defect from
ing at 300 K was determined by Hall-effect measurements téhe metastable to the stable state may give rise to this anneal-
be E;=E,—0.57 eV for all samples. Therefore the samplesing effect®® The EL2 defect converts under illumination at
were compensatethp=95 M(Q cm) already after irradiation 0w temperatures to the metastable configuration and recon-
with ®=10 cm™2. verts at about 120 K. The metastable state contains a vacancy

Figure 8 shows the results of the isochrofh min) an-  detectable by positrori. Because the samples were pre-
nealing experiments of undopedGaAs after electron irra- Pared in liquid nitrogen by daylighB0 min) the metastable
diation with fluences ofb=10'-10"° cm 2 The samples State ofEL2 may be created. This annealing stage at 100 K
were annealed in the temperature range between 90 and 58&s not observed after irradiation with®@m™2 An expla-

K. For all samples a wide main annealing stage between 200ation is the low introduction rate for metastable vacancies
and 500 K was observed. The positron lifetime in the defect0.3 cmi'!) (Ref. 38 by electron irradiation in GaAs. There-

of 270 ps is a typical value for a monovacancy defect. Afterfore, the concentration of the irradiation-induced metastable
the 580-K annealing step, the positron lifetime of the bulkvacancies is below the sensitivity range of positrons
(230 p$ was measured at 90 K and no temperature depen<5x10™ cm™3).

dence was detected. The irradiation-induced defect is an- Temperature-dependent measurements were also per-
nealed. formed after different annealing steps. The results are com-

The irradiated samples are compensated and the Ferrmparable with those of the Zn-doped samples. The observed
level (E;=E.—0.57 eV} is located below the lowest ioniza- increase ofr with the temperature is due to the competitive
tion level (0/+) of the As vacancysee Fig. 2. Therefore As  positron trapping in shallow traps and in the irradiation-
vacancies are positively charged and undetectable, while Gaduced vacancylike defectsee discussion abokeThe de-
vacancies remain detectable by positrons. We concludegtrmination of the trapping rates for vacancies and shallow
from the investigations on irradiated GaAs:Z8ec. IV Q positron traps is difficult because no saturated trapping in the
that the isolated Ga monovacancies were not observed andcancy defects is reached at high temperat(ges discus-
the increased positron lifetime is caused by another vacancgion in Sec. IV B 2.. After annealing at 500 K, the positron
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"™ . . for a negatively charged trapping center at low temperatures.
' ' ' ' ] This unexpectedly strong increase of the positron lifetime

I undoped GaAs was also observed after low-dose irradiation in GaAs:Te.
N electron irradiated: 2 MeV, 4 K, 10 cm” Instead of a wide annealing stage between 200 and 500 K
42 b detected in compensated GaAs, two steps at 200 and at 300

K appear. We assume the annealing of the same complex
observed in compensated samples at 300 K. Additionally, the
;o annealing of another vacancylike defect at 200 K was ob-
® n= 3xl0150m | served only inn-type material. Therefore the 200-K anneal-
n=1x10"cm ing stage may be due to a donorlike defect detectable by
positrons. A possible candidate is the irradiation-induced As
i vacancy. This is in agreement with an earlier assumption that
V s recombine with mobile Gan the annealing stages | and
I1, which occurs at about 250 K.
The positron lifetime reaches the value measured prior to
T irradiation after annealing at 350 K and the assumed growth-
induced vacancies are still detectable. Moreover, this means
that the concentration of shallow positron traps introduced
- e - by irradiation is too low to decrease the average lifetime at
P o the measurement temperature of 90 K distinctly. After an-
nealing at 550 K, a weak increase of positron lifetime was
measured. This behavior is possibly caused by the same de-
232 T U R B fect reaction observed in uncompensatetype GaAs:Te
100 200 300 400 500 600 (see Sec. IV B
annealing temperature (K) For the initially semi-insulating GaAs sample a positron
lifetime equal to the value of 230 ps was measured before
FIG. 9. Average positron lifetime is shown as a function of irradiation at room t_em_pera?ure. In the irradiated sample, the
annealing temperature mtype and semi-insulating undoped GaAs average positron lifetime increased up to 235 (fided
after electron irradiation. circles and no significant effect was observed up to an an-
nealing temperature of 600 K. After this annealing step, the
room-temperature measurement results in an average posi-
lifetime is independent of the temperature. The irradiation{ron lifetime of ,230 ps. This means that no defectg are 0_‘8'
induced vacancy defect is annealed, and the positron lifetim&ctable by positrons at 300 K and that a defect with a sig-
equals the bulk value over the whole temperature range. THafficant trapping rate at 90 K is present in this sample with a
shallow positron traps are no longer detectable but may bW concentration.
present.

240 ~

238 -

average positron lifetime (ps)

3. Summary
2. Annealing experiments on undoped GaAs

o In Sec. IV D it was shown that a vacancylike irradiation-
after low-dose irradiation

induced defect anneals in the temperature range between 200

The annealing behavior of positron lifetime after low- and 500 K analogously to doped GaAs. The detection of
dose irradiation®=10' cm?) is different from the curves annealing of isolated As monovacancies can be excluded for
obtained after compensating doseb=10°~10"° cm ).  the compensated sampleb=10'® cm?) because of the lo-
Figure 9 shows the average positron lifetime as a function otation of the Fermi level in midgap position. We deduce
annealing temperature for two undoped GaAs samples. Thigom the same annealing temperature in electron-irradiated
first sample is ofn-type conductivity (see Sec. IVD 1, doped and undoped GaAs that the dominating irradiation-
n=1x10" cm 3, E;=E,—0.162 eV and after irradiation induced defect is a monovacancy connected to an intrinsic
still of n type proved by Hall-effect measurements defect(antisite.

(n=6.9x10" cm™ 3, E;=E,—0.17 eVj. The second sample Instead of a wide annealing stage between 200 and 500 K
is semi-insulating before and after irradiatisth=3x10"  detected in compensated undoped GaAs two steps at 200 and
cmd). at 300 K appear after low-dose irradiation mitype GaAs.

For the sample oh-type conductivity(filled squaresan  We assume the annealing of the same complex observed in
increase of average positron lifetime from 235 to 242 ps aftecompensated samples at 300 K and additionally the anneal-
irradiation was observed. This increase is unexpectedlyng of another vacancylike defect at 200 K only visible in
strong and the average positron lifetime in the defect im-type material. A possible candidate is the irradiation-
(270=5) ps due to irradiation-induced vacancy defects. Thanduced As vacancy.
trapping rate isx<=2x10° s . Assuming that 18 cm 3 de- The positron lifetime weakly increased for the initially
fects were induced by irradiatiof®=10" cm ?), the esti- semi-insulating GaAs sample due to irradiation and no sig-
mation of the positron trapping coefficient results in nificant effect was observed up to an annealing temperature
u=8.8x10' s71. This value is very high but it is possible of 600 K.
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E. Annealing kinetics of compensated GaAs samples

We tried to determine the activation energy of the _255¢ A GaAs:Zn 1
annealing processes in doped and undoped GaAs after com-£& =510 “cm
. . L ~ E,=(86.3:5.6) meV
pensating electron irradiation. In the common model of de- g 250
fect annealing, the number of defe®swhich disappear per é
unit time is proportional tof (N), wheref(N) can be any = 245y 1
kind of monotonically increasing function independent of & ® GaAs undoped
temperature: Z 240F o=1:10" cm® -
2 | ®GaAsTe E,=(37.9:11.0) meV
@ @ =1x10" cm
dN S 5[ EBs(424:74)meV i
e Kf(N). 3 Z
2301 .
If f(N)=N¢, the parametew is called the order of reaction. 100 200 300 200 500
The rate constari has the form annealing temperature (K)

E, FIG. 10. The comparison between the annealing behavior of
K=Koexr{—ﬁ), (4) Te-, Zn-, and undoped GaAs after compensating irradiation is
B shown. The lines correspond to the fit applied to the trapping rate in
whereK, is a constant containing the vibrational frequencythe vacancy defect according to annealing kinetics.
associated with the annealing process Bgdhe correspond-
ing activation energy.
The measurement procedure was realized in the followindfradiation. The lines correspond to the fit applied to the trap-
way: The defect concentratidd was determined at the ref- Ping rate in the vacancy defect according to Ex).

erence temperaturg,, (in our investigations: 90 K After- The annealing temperature of about 300 K is the same for
wards, the sample was heated at the temperaturdll electron-irradiated GaAs samples and therefore it seems
T,=T,+AT for a given timet, (AT=30 K, t,=900 §, likely to assume the annealing of the same defect which is

then cooled down td , for the determination oi. It is then ~ not connected with a dopant but with an intrinsic defect. The

heated aff,=T,,+2AT for the same time and again cooled fits result in the activation energy of abokt,=(40+12)

to the reference temperature for the measurement and so di€eV for n-type GaAs andE,=(86.3=5.6) meV for p-type
The mathematical Specification is GaAs. A pOSSibIe eXplanation of this difference between the

determined activation energies is a different charge state of
the same vacancylike defect. For compensateégaAs the
_ A_N —K exp( _ Ea Fermi level is located about 0.85 eV above the valence-band
Ne 0 kgT, edge and for compensat@dGaAs about 0.5 eV abovE, .
Besides the estimated+/O ionization level E4—E, =

The only difficulty of the isochronal annealing is the re- (0.355:0.020 eV (see Sec. IV € a second level0/—)
quirement that the time of the temperature increase is shogould occur between 0.5 eVEy4—E,<0.85 eV.
enough in order to minimize the amount of annealing which
occurs du_nng cooling and hegtmg, as compared to the effect V. CONCLUSIONS
at annealing temperature durihg.

The fits were applied to the positron trapping rate A systematic study of electron-irradiation-induced defects
(k~N=C,) in the vacancy defect as a function of annealingin GaAs was carried out. The defect formation and annealing
temperature. The trapping rates were determined accordirgghavior were studied as a function of the flue(i@°-10"
to the two-defect trapping model. Since shallow positroncm ) in undopedn-, andp-doped GaAs.
traps were also induced by electron irradiation and act at the It was shown that a vacancylike irradiation-induced defect
measurement temperature of 90 K, they must be considerednneals in the temperature range between 200 and 500 K in
Their concentration and therefore their trapping rate are difall conductivity types of GaAs. We doubt the annealing of
ficult to determine(see discussion in Sec. IV)CWe as- the isolated Ga monovacancy and favor the annealing of an
sumed different trapping rates in shallow trai$'°-~10'?2 irradiation-induced complex containing a vacartitythe Ga
s 1) and calculated the trapping rate in the vacancy defecor As sublatticg and an intrinsic defect with an ionization
according to the two-defect trapping model. The fits showedevel (+/0) of E4+E,=(0.355£0.020 eV. The activation
no distinct influence of the trapping rate in shallow traps onenergy of the isochronal annealing of abdty=(40*+12)
the determination of the activation energy and therefore weneV for n-type GaAs andE,=(86.3+5.6) meV for p-type
used for all annealing fits the average valuagf=10''s™'.  GaAs was determined. This difference between the energies

There are three fit parameters in E§): the activation may be explained by a different charge state of the same
energyE,, the constanK,, and the order of reaction. The  vacancylike defect with an ionization levéd/—) of about
first fit attempts yield an order ak~1 and then this value 0.5 eV <Ey+E <0.85 eV.
was fixed. An additional defect was detected farGaAs samples

Figure 10 shows the comparison between the annealinggtaining theirn-type conductivity after irradiation and an-
behavior of Te-, Zn-, and undoped GaAs after compensatingealing at a temperature of 500 K. No Fermi-level shift in

At. (5)
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this annealing range was observed by Hall-effect measurgemperature-dependent average positron lifetime according
ments. Therefore we conclude that the increase of the posie the positron trapping model shows the effectiveness of
tron lifetime is due to a structural change of defect com-shallow traps up to 550 K if their concentration is suffi-
plexes connected with a charge change of an involvediently high.

vacancy in the As sublattice.

Temperature-dependent measurements after different an-

nealing steps show the presence of shallow positron traps.

is difficult to derive quantitative information from these mea-
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