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Point defects and their reactions ine™ -irradiated GaAs investigated by x-ray-diffraction methods
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Semi-insulating as well aa-type andp-type GaAs wafers have been irradiated at 4.5 K with 3-MeV
electrons up to doses between 0.6 and<dL6'° e~ /cn?. Without intermediate warming the irradiated samples
were investigated by measurements of the change of the lattice parameter and of the diffuse scattering intensity
close to different Bragg reflections. These measurements give direct access to the structure of interstitial atoms
in GaAs. Two types of Frenkel defects can be distinguished due to their different annealing at room tempera-
ture and around 500 K, respectively. The details of the distribution of the scattering intensity indicate the
dominating role of close Frenkel pairs with a typical distance~df0 A between vacancies and interstitial
atoms for the structure of the low-temperature defects. The unusually large strain field or the relaxation volume
of =~2.0 atomic volumes indicates in addition that these defects arise from double displacements. The Frenkel
pairs that anneal around 500 K are characterized by a much smaller relaxation volemieatdmic volume.

Defect introduction rates o1 cm ! have been determined and show that total defect densitiesxdD%

cm 3 can be achieved without indication of saturation or defect clustering. The defect reactions during irra-
diation as well as during thermal annealing up to 800 K are discussed with special emphasis on the trapping
and detrapping of mobile interstitials at other intrinsic defects and the suppression of the formation of dislo-
cation loops. There is no relevant difference observed between the differently doped samples after these high
dose irradiations.

[. INTRODUCTION energyEq4~10 eV and are attributed to FP’s on the As sub-
lattice, due to the anisotropy of their introduction ratdss
Point defects and their complexes determine the electricdhere were no other significant DLTS levels, FP’s on the Ga
properties of semiconductors and have been investigated Bublattice were assumed to be unstable. In contrast to DLTS,
detail for many years. Nevertheless, there is not yet a corthe investigation of the electrical conductivity of-type
sistent picture of the properties of even the simplest intrinsiéGaAs revealed major defect annealing below room tempera-
defects(i.e., vacancies, interstitial atoms, and antigites  ture: the annealing stages | and® IMajor annealing below
[1I-V compounds and there is a long standing discussion omoom temperatur¢RT) was also observed for the radiation
the structure of theL2 defect in GaAs;* that yields the induced changes of the thermal conductiVignd of the
electrical compensation of undoped semi-insulating GaAslength change¥ Positron annihilation spectroscogiPAS)
Detailed arguments have been presented for the attribution showed that Ga vacancies anneal within these low tempera-
EL2 to the isolated As antisite, As,*® as well as to a com- ture annealing stagés*®and, therefore, it seems that FP’s
plex of Ass,, With an arsenic interstitial atofn’ For a better on the two sublattices might react quite independently. A
understanding of such complexes, the properties of interstbasic problem arises, however, for this simple picture, due to
tial atoms would be very helpful. However, there is atthe observation that the “Ga-FP’s” need about twice the
present no direct information as, in contrast to some theoretithreshold energylp~ 20 eV as arsenic FP’s. This high
cal expectations, no energy level due to interstitial atomghreshold energy would allow also for double displacements
could be identified within the band gap. Therefore, interstitialand suggests more complex defect patterns. Hence, further
atoms are not accessible for most experimental method#vestigations of the detailed defect structures seem neces-
Hence, we decided to use x-ray-diffractigXRD) tech-  sary.
nigues, i.e., measurements of the change of the lattice param- In order to arrive at the most simple defect pattern, our
eter in combination with measurements of the Huang diffusérradiations were performed at 4.5 K. As GaAs becomes
scattering(HDS). These techniques detect all defects, inde-semi-insulating(s.i.) after high dose irradiations, we started
pendent of their electronic properties, as long as they inducwith s.i. GaAs in order to avoid larger shifts of the Fermi
atomic displacement fields. The rather high defect concentrdevel during irradiation and annealing. In spite of possible
tions that are necessary for these techniques can be produdedization induced defect migrations that are generally dis-
by electron irradiation in the form of Frenkel paiiBP), i.e., cussed for semiconductof$® preliminary experiments
pairs of interstitial atoms and vacancies. showed that high concentrations of FP’s could be frozen in
The electrical properties of these irradiation defects havéRefs. 16—18 by these irradiations. Hence, more detailed
been investigated in detail by deep level transient spectrosavestigations were performed with s.i., as well mdype
copy (DLTS) and these results have been reviewed(2x 10" Te cmi3) and p-type (3x 10" Zn cm3) GaAs
recently’? The DLTS spectra are dominated by levels thatwafers. As we used rather high irradiation doses
are stable up to an annealing stage around 5Q6t&ge 1ll, (pt=6Xx10—3x10'° 3-MeV electrons/ cf), all these
(Ref. 8]. These DLTS levels are produced with a thresholdsamples were “semi-insulating” after irradiation, too. Nev-
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ertheless, we would expect larger differences in the defedtial case.(ii) At larger values ofq we observe a higher
arrangement if these doping atoms would act as nucleatioimtensity than for a random distribution of the defects. This
centers for larger defect agglomerates. increase is due to the large displacements between the FP

In the following section, we offer comments on the theorythat approach the value of the sum of the two fields. Hence,
of the diffuse scattering and Sec. Ill summarizes the experiwe expect for values af that reflect these small distances,
mental details. The results of the XRD investigations are

presented in Sec. IV and discussed in Sec. V. SH(g=gpm) ~C(V{®=Vieh2, (2
whereq,,~ 1/Rgp. Averaging the experimental results over a
Il. THEORETICAL BACKGROUND limited region ofq aroundq,, yields an average of Eqgl)
OF THE DIFFUSE SCATTERING TECHNIQUE and (2) and hence also a reasonable approximation of

Eq. (8@ of Ref. 20. We can therefore combine E®) of
Ref. 20 and Eq(1) and can determine the three unknown

| | )
the scattering from Frenkel defects in fR\Ve repeat here parameters,m\/{e V7, as Io_ng as ther € are only close FP's
only some definitions and refer to Ref. 20 for details. TheOf one typeJiii) The calculations for this simple model show

Huang diffuse scattering is observed at small distages that the intensity distribution around a special reflection de-

the scattering vectdt from the corresponding reciprocal lat- pends on the angle betweqrandRFP and yields, thgref_ore,
tice vectorG. The scattering cross secti@ can be sepa- the symmetry of the defect pair and not that of the individual

rated into a symmetric pa&™ which is determined by the defects that were assumed to be isotropii¢) The exact
Y pag y i positions of the defects additionally influence the asymmetry
long range displacement field of the defegtand an anti-

- : _ " of S. Especially changes of the sign 8 can be observed
sy
symmetric second order ter§f;”, which yields additional if the center of the defects is different from highly symmetric

information on the closer vicinity. For a random distribution lattice sites. because under these conditions. there is an ad-

ym i . .
of defects,$| is determined by the product of the defect yjtional phase factor between the center of the fields and the
concentrationc and a quadratic expressions in the compo-|atiice sites.

nents of the dipole force tens®. For cubic crystals, three
independent quantities can be defined?=1/3TP? and
w2, 7) which characterize the defect symmettBgs. (6),
(7) of Ref. 20. In combination with measurements of the A. Samples and irradiations

lattice parameterAa/a, the concentratiorc and TP or Samples with a typical size of 8 15 mn? were pre-
V'el= TrP/38 (B=bulk modulu$ can be separate&q. (8), pared from semi-insulating)-type (2x 107 Te cm %), and
Ref. 20. These interpretations are straightforward if there isp-type (3x 10 Zn cm %) LEC-GaAs wafers, with(100
only one type of defect; if there are, however, several defecty, taces and thicknessds-0.5 mm. Irradiations were per-
present, the experiments yield “average values.” As we Will gy 64 4t 5 Van de Graaff accelerator with 3 MeV electrons,
consider Frenkel pairs, different contributions of interstitial using a current density of 8A/cm?, while the samples were
atoms and vacancieg[®, V,” must be considered in the girectly cooled by a stream of liquid H&.The irradiation
following. , o _ . dose and temperature weire situ monitored by measuring
This approach will be modified if the basic assumption ofihe electrical resistivity of a copper wire that was irradiated
a random distribution of defects is no longer valid and de'simultaneously. The samples were irradiated with dases
viations from the characteristicd? behavior ofS, [Eq. 6 of between 0.6 and 3:6101° e~ /c?, respectively(see Table
Ref. 20 are expected' For the simple model of the forma- |
tion of dense.clyst_ers by the agglomeration of point Qefgcts, During the high dose irradiation of the x-ray samples,
the characteristic increase of the HDS can be quantitativelgome instabilities of the accelerator lead to a spontaneous
understood. A close FP presents a special defect correlatiqfpating of the samples, therefore an annealing stage around
(or defect agglomerales it combines defects with displace- 19 K found with two samples could not be reproduced with
ment fields of opposite signs that are separated by a certaginers, Therefore, we start the comparison of the samples at
distanceRep. The scattering of such displacement fields hasr =20 K. After irradiation, the samples were transferred to
first been considered in order to simulate the scattering frong,e measuring cryostat without intermediate warming. Iso-
defect agglomerates in-irradiated GaAgRef. 22 and We " chronal annealing t=15 mir) at each temperature was
have recently performed detailed calculations for FP’s iNberformed within the He atmosphere of the cryostat below
InP??% using a linear superposition of elastically isotropic oom temperature and under vacuupi(10"® P3 at higher
displacement fields around the vacancy and the interStitiatlemperatures. Before irradiation, the samples had been an-

atom. Some characteristic changes, as compared to a randoaled under the same conditions at the expected highest
distribution of defects, are observed) We observe a de- annealing temperature of 800 K.

crease of the HDS at small valuesgmfwhich corresponds to
the cancellation of the displacement fields at large distances
from the FP:

The theory of the diffuse scattering from point defects in
crystals is well documentédand we have recently discussed

Ill. EXPERIMENTAL METHODS

B. X-ray diffraction

The experimental methods used for the measurements of

Su(g—0)~c(VIe+ V)2, (1)  the diffuse scattering have been described e&riféand for

the present investigation, we used Ku; radiation from a

wherec=c;=c,=cgp. Due to the exact cancellation in the 12 kW rotating anode tube and a germani@l) mono-
case of InP, the intensity even approaches zero for this spehromator. The lattice parameter was determined with a
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TABLE |. Samples and irradiations.

ot Aala (Aal/a)/ ¢t SY™2/k? (1073 a.u) cIT®/ ¢t
No. Type (10° e /cn?) (107%) (1072 cnP) (400 (511) (422 (444 (1002eVZcm?) 11Q/m® nemw
1 S.i. 0.60 65 10.8 19 18 2.1 0.027 0.084
2 S.i. 1.28 179 13.7 36 42 2.0 0.032 0.080
3 S.i. 1.76 202 11.5 6.2 6.4 6.4 25 0.030 0.100
4 S.i. 2.32 317 13.6 67 7.9 2.2 0.035 0.085
5 n 0.61 81 13.3 32 37 (3.9 0.040 0.100
6 n 1.72 213 12.4 6.6 6.9 6.5 2.6 0.035 0.102
7 n 3.63 376 10.4 13.0 13.0 145 2.5 0.038 0.095
8 p 0.61 64 10.5 29 24 2.9 0.025 0.105
9 p 1.27 127 10.0 41 46 2.3
10 p 1.72 180 10.4 58 5.8 2.3 0.030 0.108
Average 11.6:0.5 2.38-0.1 0.032-0.002 0.095 0.003

#Dose has been recalibrated as compared to Ref. 16, using the damage rate for copper from Ref. 27.
bThe irradiation was performed with 2.5-MeV electrons and the given dose is the expected value for 3-MeV electrons.

modified Bond techniqu# using the asymmetri¢711) re-  flections considering the crystal anisotropy, all valueSgf
flection. Diffuse scattering was measured close to(#®)  have been normalized by‘® [Eq. (6) of Ref. 20
and (511) reflections and for some samples additionally at

(422 and (444 reflections; an angular region of6° was y1(100)
scanned in thed — 29 mode, with a typical step width of S=Si—z— 3)
0.25°. By the use of a linear position sensitive detector, the Y

two dimensional intensity distribution around the reflection _ . . .
was obtained in this way. Absolute intensities were obtainedi€nce, the scattering function has its original values for
by calibration with a polystyrene standatbr details see (h00) type reflections and includes a correction for other
Ref. 23. The defect induced scattering intensity was sepat€flection types. _ _
rated from the total scattering intensity observed after irra- Figure 2 showss, close to a511) reflection as a function
diation by subtraction of the background that was measureff the distanceg from a re(2:|procal lattice vector. Due to the
before irradiation and after total annealing of the samplesMultiplication of S, with q°, we expect a horizontal line if
This background is mainly determined by the thermal diffusen€ scattering lafEq. (6) of Ref. 2 is exactly valid. Such
scattering, the Compton scattering and some tails of thé behavior seems to be valid after %nneallng of GaAs above
Bragg-Peak and can be assumed to be unaffected by t90 K, but there is a decrease §fq” for small values of
present concentrations of point defetts. g after irradiation. In addition, we observe a large asymmetry
of S, for negative and positive deviations from the Bragg

IV. EXPERIMENTAL RESULTS

G:(511)

irradiated
q:[511]

(7]

In this section, we first show the most characteristic fea-
tures of the diffuse scattering intensity in some examples.
After that, we show the changes of the HDS and of the lattice
parameter as a function of the irradiation dose and the an-
nealing temperature. The quantitative results are summarized
in Table | which is discussed in the following Sec. V.

-—
Q
LRI

Lo taegl

T (arb. units )

A. Distribution of the HDS intensity o

Figure 1 shows the irradiation induced increase of the -0.05 0 0.05
diffuse scattering intensity close to(&11) reflection. The q/G
intensity is shown for a radial scan in reciprocal spaee, q

parallel G) and is therefore essentially determined b" FIG. 1. Diffuse scattering intensity close tq%l1) reflection in

[Eq. (6) of Ref. 20. After subtraction of the background the a [511] direction of q. The intensity observed after irradiation
HDS scattering cross sectio, can be determined from (¢4t=3.6x10"° e /cn? at 4.5 K, sample ¥7is compared to the
these intensities. In order to allow for a direct comparison ofvackground measured before irradiation and after annealing at 770
the scattering cross section determined at different Bragg rex.
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FIG. 2. Variation of the diffuse scattering cross sectBrclose FIG. 4. Antisymmetric part of the HDS for the same sample as

to the (511) reflection of irradiated GaAs &t=3.6 Fig. 3.

X 10*° e~ /cn?, sample 7. The direction ofq is parallel to the

reciprocal lattice vectoG. S, is given in units of the average Within a range ofg (0.09 < 0.18 A); the resulting averages

atomic scattering factor and is shown as observed after irradiatioare plotted in Fig. 5, as a function of the angfebetweeng

(8 K) and after annealing at 265 K and 358 K. andG. In contrast to the expectation for a cubic or tetragonal
defect displacement field, we observe intensity close to
¢ = 90°, which meansII®® #0. The numerical fit of Eq.

peaks. For thé511) reflection, this asymmetry is not obvious (6) of Ref. 20 to the data is shown in Fig. 5 for different

in Fig. 1, as it is modified by the variation of the structure assumed symmetries. The improvement of the fit for

factor F. The symmetric part of the Huang scattering can 1@ +0 shows that this deviation is significant, too, i.e., the

directly be separated from this total scatteriigy. (4) of  average defect has orthorhombic symmetry. The quantitative

Ref. 20 and is shown in Fig. 3. The separation of the anti-Parameters are given in Table | and are independent of the

symmetric scattering does not remove the deviations fronffradiation dose. The values of these parameters that quantity

the g2 behavior. The figure shows in addition that thesethe deviation from cubic symmetry are rather large, as can be

deviations seem to scale with the value wfat different ~SS€N by @ comparison to the values expected for strongly
nisotropic defects like dislocation loops, e.g., a loop with

Bragg reflections; such a behavior generally indicates defe@ . ;
: - ; : urgers vectorsh=(110 and a (110 habit plane yields
correlations. The remaining antisymmetric scattefigg. (5) 1'[(2%]/1'[(1) — 0.015 eind%“)/l'[(l):(o.lz)l. TheseplargeX/aIues

of Ref. 20 is shown in Fig. 4 after multiplication with as indicate again the presence of close FP’s and, in this case, the

71 - . . . . .
we expect & law if this contribution is due to the inter- symmetry parameters reflect the spatial orientation of the

. : . . [)air rather than the symmetry of the individual point defect.
terms. In contrast to the expectation for highly distorting

defects we observe, however, a change of the sigB;of
comparing different Bragg reflections. Hence, we observe all
characteristic features of the diffuse scattering intensity from

s ]

close FP’s, as discussed in Sec. Il. — TF
From the intensity distribution around the Bragg peak, we 3 g
can determine the symmetry parametef§? and I1C. w5
Again, we have multiplied the intensity by’ and averaged R
o~ N
b
2
n
Z
~
0 | ] 1 1 1 1= 4 e
m 0O 10 20 30 40 50 60 70 80 90

i ¢ (degree)

% (107 3a.u)

_ FIG. 5. Distribution of the scattering intensity around490)
reflection. The intensities are averaged over a rangg loétween
0.09 and 0.18 A! and are plotted as a function of the angle
0 0.2 0.4 betweenq and G. The data points present the average of the four
g qguadrants shown in the inset. As 00 direction presents a
a( ) symmetry line of the crystal, the data from quadrant | and Ill as
well as Il and 1V are equivalent; the additional averaging of I, Il and
FIG. 3. Symmetric part of the HDS as observed at differentlll, IV selects the symmetric part of the scattering. Data taken after
Bragg reflections for sample #t=23.6x10'® e~/ cn?; annealing  irradiation (T,= 10 K) of sample 4: s.i. GaAs, irradiation dose
temperaturdl ,= 10 K). The different lines present a polynomial fit 2.3X 10*° e~/ c?. The different lines show fits assuming different
to the data that is intended as a guide to the eye and shows, #efect symmetries(1) cubic (1 =T11® = 0), (2) tetragonal
addition, that a rather consistent value is obtained for the extrapo(-H(3):0), (3) trigonal ([1®=0), and (4) orthorhombic
lation to g=0. (112, 11® = 0).
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FIG. 7. Increase of the symmetrical part of the HDS cross sec-
tion and of the lattice parameter as a function of the irradiation dose
(T,=10 K). The different symbols present different types of
samples.

In contrast, we observe fdr,= 330 K a small increase of
the intensity at smaltj. Such a behavior indicates the for-
mation of defect agglomeratg&q. (9) of Ref. 2(; however,
the effect is small, i.e., only few or very small clusters or
0 ) i ! ! complexes may be present and the formation of larger ag-
0.01 002 0035 004 005 006 glomerates like dislocation loops during the defect migration

q/G at T=330 K can be excluded. As the total scattering is al-
ways decreasing, we cannot decide at present whether the
small clusters are already formed during irradiation or along
with the defect reactions in the annealing stages | and Il.

Figure 9a) summarizes the annealing behavior 8
(again for g|G) and Fig. 9b) shows the annealing of
Aa/a. HDS andAa/a show the dominant stage around RT

*
*
*
NN
' R TR A S TN TN DU, M A O B |

Sym g2 7 =3
S, -31(10 a.u.)
o
|||||*| 1 1 1 | L
*
*

FIG. 6. Radial distributions of the symmetric part of the scatter-
ing intensity at(a) (400 reflections and(b) at (511) reflections
observed after irradiation Tg=10 K), of s.i. samples: 1:
ot=0.6x10"° e jen?; 2 $t=1.28<10"° e /cn?; and 4
Pt=2.3x10'° e/ cn?. The data are presented by the different
lines and the lowest dose datsample 1 are multiplied by the
factor corresponding to the difference in dose as compared to
sample 4 and plotted as additional points in order to demonstrate
the independence of the distribution from the dose.

10

a)

[ £400) 20K .
B. Dose dependence

Figure 6 shows for the example of tt{é00 and (511)

[ //—/m :
5 300K -1
reflections of the s.i. samples that the typical structure of the

scattering distribution, i.e., the deviation frorga? behav- - .

Gy

ior of S, is independent of the irradiation dose. Therefore, @ 0'02 ' 0'04 : 0'06 : 0'08
we can discuss the evolution of the average values over a ) ) q/C
larger region ofg with the irradiation dose. The values of
S, are plotted in Fig. 7 and show a linear increase with the 10 F =
irradiation dose within an error limit ot~ 10%. We observe — r ég)1 " 20K .
no significant difference between doped and undoped 3 I N ]
sampledqsee also Table)l The linear increase @&, , as well ” L /_/\’\"\/\ ]
as ofAa/a, shows that stable defects must be produced con- < s} 300K <
tinuously and that there are no doping atoms necessary to o i ' 338K 1
immobilize and stabilize the defects. %(A: i 443K ]
. Q i 1 1 1 1 i
C. Thermal annealing 0.01 002 0.03 0.04 0.05 0.06

Figure 8 shows the changes of thedependence 0§, a/6
upon annealing, for & direction parallel tok that mainly
reflects the parametdi® or (V'®)2. The decrease at small  FiG, 8. Change of the radial distribution of the symmetric part

q is no longer observed after annealing at 330 K. Hencegf the HDS during annealinga) Close to the(400) reflection and
these deviations from the ideal HDS behavior seem to bgb) close to the (511) reflecton of sample 4 (s.i.,

characteristic for the FP’s that anneal below RT. $t=2.3x10"° e /cnP).
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FIG. 9. Annealing behavior of
the HDS intensity(a) and of the
change of the lattice parameiéw
for s.i.,, n-type and p-type
GaAs irradiated at 4.7 K. The ir-
radiation doses are characterized
by different symbols: X:
0.6x10° e /e O:
(1.3-1.7)x10'° e~/cn?; and [0:
(2.3-3.6x10'° e~ /cn?. In addi-
tion to the specified samples, the
same average annealing curve ob-
tained by neglecting the lowest
dose irradiation is always shown
5 o for comparison. Data are normal-
700 ized atT,=20 K.

(S (Te) / S, (20K)) (%)
(Aa (Tq)/8a (20K)) (%)

o 100 300 800 700 ° % 700 360 500
Ta (K) Ta (K)

that is larger forS, than for Aa/a; in contrast, the 500 K 200 K; i.e., there are only small rearrangements and possibly
stage is larger foAa/a than forS,, . Considering the larger only a part of the defects are involved.
error bars for the low dose irradiations, there is no systematic The two major annealing stages around RT and 500 K are
dose dependence observed. A possible dependence of the aharacterized by the different quantitative annealingSgf
nealing on the doping should be revealed most clearly for thend Aa/a. The estimate of Eq4) yields that the low tem-
low irradiation doses, bus, shows again no relevant differ- perature defects are characterized by about twice as large
ence; only the annealing dfa/a seems to be faster for the relaxation volumesy'™ (or displacement fieldsas the de-
p-doped sample that has also the highest doping level. Confects remaining at 400 K. A major fraction of these smaller
bining the values 0§, andAa/a at the end of the RT stage defects anneal around 500 K. At 600 K, the ratioSpf and
[Eq. (14)] shows that the decrease of the relaxation volume\a/a approaches its original value, and there is complete
of the average defectas compared to the total average at 20annealing in a final stage between 600 K and 800 K.
K) is about 20% smaller for this low dose irradiation of the  The distribution of the diffuse scattering intensity around
Zn-doped sample than for the s.i. andype GaAs. Above the different Bragg reflections does not change significantly
the 500 K stage, there is within the errors no difference leftduring annealing: i.e., the “apparent symmetry” averaged
Except for these small differences at low irradiation dosespver all defects remains orthorhombic, as shown by the
there is no major dose dependence or doping dependencevariation of the symmetry parametef$® and II® in Fig.
the annealing 06, andAa/a, and we may consider only the 10, that never approach a zero value. As indicated in the
average annealing behavior that is always shown as a refefigure, the error bars of these normalized values increase at
ence line in Fig. 9. high temperatures along with the decrease of the total inten-
With these average annealing curves, we can determingty, as shown in Fig. 9.
the relaxation volume of the defects remaining after anneal-

ing atT,: V. DISCUSSION
V'e(T,) _ Sy(Ta)Aa(20K) @ A. Changes of the lattice parameter
V(20K S4(20K)Aa(T,) The quantitative results of the changes in lattice parameter

. . - and HDS are summarized in Table I. We observe a linear
The corresponding defect concentrations remaining after an-

nealing atT, are

o(Ta)  (Aaja(T,)? Su(20K)
c(20K) (Aa/a(20K))®> Sy(T,)

©)

Although there is only minor annealing within the region

below 250 K, there is a reproducible decreasesgfof ~ [

10% already between 20 K and 100 K, which correlates with MW

changes in the optical absorptiGhSimilar to the annealing ol

in the main stage around RT, the lattice parameter changes ] 200 400 600

less at these temperatures ti#n. Between 110 K and 250 T (K)

K, we observe a minor increase 8f and combined with the

slow and steady decrease &f/a, we deducdEq. (4)] a FIG. 10. Variation of the symmetry parameteFE? and 119,

small increase of the average defect size that yields an induring isochronal annealing after low temperature electron irradia-
crease of V'®) by about 20% at the maximum &, around tion. X, * s.i. sample No. 4 andJ, O n-type sample No. 7.
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TABLE II. Relaxation volumes and introduction rates. Valuesv and 3, for the averages over all
defects observed after irradiation and annealing at 20 K, 40€nK of stage ), and 600 K(end of stage I
In addition, the values for the defects annealing between 20 K and 46tale¢l,I1) defectg and 400 K and
600 K (stage-Ill defectsare included.

Annealing temperature Difference between annealing temperatures
20K 400 K 600 K (20 K-400 K (400 K-600 K
stage¢l,Il) defects stage-lll defects
(Ve 2.0+0.2 1.0:0.2 1.9-0.6 2.9-0.4 0.8-0.25
(2) 0.8+0.1 0.75:0.1 0.09:0.03 0.270.06 0.67:0.25

increase of the lattice parameter with the electron dose witlalue is independent of the irradiation dose or the doping.
no indication of a saturation behavior even afteBx 10"  The symmetry parameterH® and I1® are normalized by

e~ /cm’. This yields an average increase of the lattice param-1(" and show also no significant dependence on the irradia-
eter of Aa/a/¢t=(1.16+0.1)10?° per (e /en?). This tion dose or the doping. The errors of-10% for
value can be compared with the results of length measurgsx 111/ ¢t arise from uncertainties in the irradiation dose
ments onn-ype GaAs that yield 41/1)/ $t=1.0x10 (these might contribute differently t8, and Aa/a, due to
(e”/en?) 1.1 As these results have been obtained forinhomogeneities of the beam profile and corresponding
2-MeV electrons, we expect a 10%-25% increase of thigyins in the samplechanges of the sample surface during
value for 3-MeV eIectrons. The exact value of this Increaseadiation that might affect special tails of the Bragg péak,
depends on the assumptions on the role of double displaceyy from the counting statistics that affects especially the
ments and Ofo the value of the threshold energy for thqq,, ose. Within these errors, the results obtained close to
displacements? Hence, there is very good agreement be-gfferent Bragg reflections agree quite well and, therefore,

tween the two experiments and we observe a linear increa%nﬁrm the expected dependenceSyf~G?2 and the appli-
over more than two orders of magnitude of the irradiationcabi”ty of the HDS theory.

dose if we combine the datd¢t=2x10"7—2x10%
e /cn? (Ref. 10 and 6x10®¥—-3x10Y° e /cn? for the
present work The positive values of\a/a show that the C. Structure and concentration of the defects
absolute value of the relaxation volumes of the interstitial o )
atoms(that is expected to be positivés larger than that of Combining the average values fam/a andcx 11 e
the (presumably negati\)evrel of vacancies. GaAs behaves, obtain, from Eq.(8) of Ref. 20, average values f&® and

therefore, much different than InP or Ge, where the vanishth€ concentratiorc. In order to obtain a quantity that is
ing change of\a/a indicates a nearly complete cancellation independent of the actual irradiation dose, this concentration
of the displacement field€. is expressed in terms of the introduction rébe production

rate X =c/(Q ¢t). These values are summarized in Table II,
together with the values obtained from Edd,5 for the
defects left after annealing at the end of stageTlj<£ 400
Before we can apply the HDS theory for a quantitativeK) and stage Ill T,~ 600 K). The value of(V'®) (20 K)
evaluation ofS,, the origin of the deviation from thg=?  indicates rather large displacements and each defect in-
behavior must be discussed. A first assumption would be thatreases the volume of the crystal by more than one atomic
the defects have a tendency for ordering. This ordering yieldgsolume. For the highest irradiation dose, the observed intro-
a decrease 08, at smallq as it is frequently observed in duction rate yields defect densities as high as 18'°
small angle scattering experiments at systems of higheem 3. The defects remaining after RT annealing have a re-
concentratiorf>3! For this model we would, however, expect markably smallerV'™®). The defects remaining at 600 K
an increase of the effect with increasing irradiation doseshow again similar values as the original ones; hence, there
Although the dose range investigated is too small to excludés no indication for the formation of larger defect clusters
this effect definitely, there is no indication for a dose dependuring annealing.
dence in Fig. 7 or Table I. Thus, the correlation between the The data of Table Il are a nonlinear weighted average over
vacancy and the interstitial atom within the individual Fren-all defects present in the sample and we need additional in-
kel pair and the corresponding modification of the displaceformation for a separation. In a first step, we use the different
ment field seem to be the most appropriate explanation foannealing behaviotFig. 9 of the defects to separate their
the observatiofSec. 1). This model explains simultaneously contributions toAa/a and Sy ; i.e., the defect annealing in
also the observed asymmetries 8f and shows that the stages | and Il are characterized Bya/a=[Aa/a(20 K)
average intensity over the accessible regiog @gn be rea- —Aa/a(400 K)] and S,;=[Sy(20 K)—S4(400 K)]. These
sonably approximated by the HDS of the underlying indi-data yield:V'®'=(2.9+0.4) Q and 3 =(0.27+0.06) cn1 ™.
vidual defects. By the numerical fit of the three parameterdhis procedure of separation is only valid as long as the
M — 11 to the distribution of this averaged intensity annealing ofAa/a and HDS is achieved by defect recombi-
around different Bragg peak&q. (6) of Ref. 20, we deter- nation and not by rearrangements; in order to check this, we
mined the value ot XTI} that is given in Table I. This have subdivided the annealing stage into smaller steps and

B. Evaluation of the diffuse scattering intensity
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have obtained always similar results. Hence, the assumptions 20.0
for these evaluations seem reasonably fulfilled.

These “low temperature defects” are characterized by 100 — .
much larger lattice distortions and smaller introduction rates - ]
than the remaining defects. The quantitative results of Table S5.0F __ ]
Il can, however, not be simply deduced from a linear average i ]
of the individual defects, due to the quadratic dependence of 2.0k 4

Sy on V™. As PAS shows the dominant annealing \&,
related defects within this temperature rantjé? these de-
fects are commonly attributed to the Ga sublattice. This at-
tribution does not exclude that these FP’s are part of a larger
defect agglomerate and also include antisite defearsd we :
will call them more generally stagé:- 1) defects. As de- 0.2 |
duced from DLTS investigatior's,the remaining defects :
|
|

1.0

0.5

|- AN

rel rel
Vit oW

T (em™h

should be dominated by FP’s on the As sublattice, which : T
anneal around 500 K or within stage Ill. In spite of the larger
errors, which are connected with this smaller annealing 3 vrel
stage, the results for the stage-Ill defects are characterized by
a much smalleN™'. Within the errors, the results for these
stage-lll defects are the same as those for the total number of —
defects surviving at 400 K. There is no complete annealing at
600 K and the values of Table Il indicate that a small fraction 0 —
of all types of defects and small complexes might be surviv-
ing. This observation is in agreement with the observation of -1 ! ) L \
stable Vs by PASE333% a5 well asVg, by EPR (Refs. -2 -1 0 1 2 3
35,36 up to this temperature. vrel /g

For a quantitative discussion of the values given above, v
we must separate the contribution of the vacancies and inter-
stitial atoms in addition and as long as there is no theoretical FIG. 11. Plot of the possible values ¥f* and. for the stage

guide for the relative sizes of these defects, we discuss @l!) defects, using the relaxation volume of the vacait as a
range of parameters. parameter. The most probable region for the solution is indicated as

a shaded area; for details see the text.

y.rel /0
N

The stage-(l, 1l) defects . . . . .
(i) There is a band of solution along the dotted line that is

As we have only the two equatioiigs. (8) of Ref. 20 connected with the diverging branch f& and is not com-
for the determination o€, Vi*, andV;” we may start the patible with the threshold energy @f= 20 eV observed for
discussion of the values af or 3 and V{* by considering the staged, I1) defects?®*3 this threshold energy allows a
V' as a free parameter. For the simple assumptionmaximum value ofS ~ 4.4cmi ! for 3-MeV electrons. This
VLe'= 0, the values given in Table Il for the stagdl) de-  calculation assumes that every recoil with an energy above
fects represent the interstitital atom and these values are sp€;y yields just one stable defect and allows for defect produc-
cially marked in Fig. 11 which summarizes the possible sotion on both sublattices; if defect production can start only
lutions if we varyvfje'_ Due to the quadratic equation, there from one sublattice, the expected maximum production rate
are generally two solutions for every given value\jf'. In ~ would be lower by a factor of 2. _
the chosen presentation, all values #f' are lying on a (iii ) The FP model that is necessary for the explanation of
circle and the shift of the center of the circle to positive the deviation from the B/ law allowsl further discrimina-
values ofV"® reflects the experimental observation of a posi-UoNs- As we need opposite signs ¢, due to |_nt(|arst|t|als
tive net change oA a/a; the corresponding limiting value of and va?arr:qes, this _aHOWfS ﬁ”'y for solutions Y‘MEIF<O- "?ﬁ
v for nonimaginary solutions is WZQI*—O-G_Q- In the Spite of t |srer|estr|ct|on of the parameter, quite large differ
upper part of Fig. 11, the corresponding solutions oare ~ €NCES forVi® and % are possible, considering that, for
shown in a logarithmic scale. From these mathematicallyVy <—0.4 , both solutions are allowed: e.g., for

compatible solutions, we can exclude a larger part by simpl¢/;, = —0.5Q we obtain

arguments. rel i _
(i) Equations(8) of Ref. 20 are symmetric itv/® and Vi#=2.00; 3=05 cm*

VLe' and all solutions lying below the diameter starting at theas a first solution and

zero point of the coordinate system simply present an inter- rel _ 1

change of VI® and V'® we expect quite generally that Vii=0.8 Q; =25 cm

Vi®=V'® and will therefore concentrate the discussion onas a second solution.

these solutions that are marked in Fig. 11 by the thicker Remarkably, the result fdv’{e' of this second solution is

semicircle. In order to facilitate the correct attribution of the very similar to the values estimated above for the second

corresponding solutions fcv{e' and3,, an additional dotted type of defects. For a final distinction, we use the more spe-

line is drawn along a part of the semicircle. cific details of the FP model. Hence, we combine the average
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The errors of 10—20 % consider the variation of the experi-

4 -(51'1) ] mental resultgTable ) and allow for the additional uncer-
T sl \% | tainty due to the separation of the stagél-) defects from
.0 (400) ‘@ (511) the total scattering. Although there is no indication for a
'g/ 2 Fh g j /,4 . deviation from the underlying assumption of a dominating
e | W' contribution of_ S|_m|Iar.cIose FP’s, it should be kgpt in m_|nd
o (444) (400) that such deviationgeither due to defect clustering during
0 S annealing that yields a value too large for the subtra8ed
—-0.10 -0.05 0 0.05 0.10 (400 K), or due to a simultaneous annealing of uncorrelated
a/6 FP’s that yields a too high value f@&~° (20 K)] would

mean that the given results represent minimum values for
FIG. 12. Comparison of model calculatiofi;ies) of the HDS > and upper limits for\/ife'_
from FP’s in GaAs with the experimental resu(tata points for The observed production rate seems to be in good agree-
i _— n . . . .
the defects annealing around R¥(20 K)-S(400 K). The model ment with an estimate based on the combination of PAS

assumes/[=2.7 Q, V= ~0.70, and a distance of the pair of result$? with earlier results of measurements of the Hall
1.9 close to a[111] direction (the scattering of the equivalent

defect orientations is averagedhe dashed horizontal line corre- effect’” that yield a value of% %_ 0.46 Cm ! for 1.5 MeV
sponds to the symmetric part of the scattering for randomly distrib€lectrons. The deduced production rate is, however, well be-
uted vacancies and interstitial atoms and an introduction rate dow the maximum value expected fdry~20 eV. As the
3=0.54 cm'! was assumed in order to obtain a similar absolutethreshold energy is investigated in GaAs only for two special
value of the cross sections as for the experimental data. The expeiirystallographic directions, the spacial average that is rel-
mental data represent sample No.q#t € 3.6xX 10° e~ /cn¥). evant for our irradiations with energies far above the thresh-
old energy is not known. Considering the detailed investiga-
values for(Sy)4 with the value deduced from the extrapola- tions for metalg’ this average displacement energy might be
tion of Sy to q—0, and obtain from Eq(8) of Ref. 20  higher by a factor of 2 to 3 yielding correspondingly lower
combined with Eq.(1) a direct value for the introduction values of 3. In addition, we might expect that during pro-
rate: X ~ 0.6 cm *. Although this extrapolation includes longed irradiation, a certain percentage of the close FP’s re-
larger uncertainties and depends on the assumption that albmbines possibly supported by ionization induced
defects show a similar scattering, this value should be precisemps3° Hence, we cannot draw conclusions, e.g., on the
enough to exclude the second branch of solutions with thénvolvement of only one sublattice, from this difference.
small values folV™® and the large values o¥.. The value ofV/® ~ 2 Q is still rather large for a single
In addition, we performed detailed numerical simulationsinterstitial atom in a rather open lattice. With our present
of the scattering from close FP’s within the simple isotropicknowledge about defects in semiconductors such a value
model, in order to reproduce the experimental defa@iévia-  cannot, however, be excluded considering, in addition, that
tion from the 162 law, asymmetry, values of1®®, I1®).  rather large relaxation volumes have occasionally been ob-
The result for FP’s with a separation between vacancy angerved for close packed crystdis.g., Zn Ref. 26 or some
interstitial atom of Rep=1.9 a and Vire'=2.7 Q and alkali halide4%. Nevertheless, it seems more reasonable to
V;e': —0.7 Q is shown in Fig. 12 and compared to the ex- attribute this set of data to a larger complex, i.e., to the result
perimental results for the stage-I, -1l defects, i%,(20 K)—  of a double displacement that is consistent with the high
S™(400 K). The distribution ofS,, is quite well reproduced. threshold energy observed so far for the defects that anneal
In addition, the model reproduces the large valuesiBf)  below RT*** Such a complex of two vacancies and two
and I1® (Table ) if the direction ofRgp is close to[111].  interstitial atoms would not change the evaluation of the
The fit of the absolute intensity yields an introduction rateHDS, however, the interpretation is modified as the values
S, = 0.54 cni* for these pairs and the figure shows, in ad-given above refer to the complexes and the total introduction
dition, that the symmetric part of the scattering of the correJate of FP’s would be twice as large, whereas the contribu-
sponding uncorrelated defects agrees quite well with the avion of the single defects to the observed relaxation volumes
erage intensity over the experimentally accessible range ofould be half as largéi.e., V{®~1Q; Vi'~~0.3 Q, and
q values as it was assumed above. Hence, these simulatiosinge=1.2 cm % this value ofSgewill, however, not be
also support the values deduced for branch 1, and considepbserved by most experiments, as they monitor only one
ing larger uncertainties, the possible results should be withigignal of the total complex The characteristic cancellation
the rangeV'®=—0.3 O and —0.6 Q, that is indicated in ©Of the long range displacements can be achieved for such
Fig. 11. AsS(g—0) indicates values OY/Le' close to the complexes in a S|m|[§r way as for single FP’s, however, the
limiting value, the most probable results are large number_ of additional free parameters does not allow us
to prove or disprove one of these models by humerical simi-
lations based on the present data. There is a very recent

Vi¥=—(0.55£0.1) Q, indication for the production of FP’s on the Ga sublattice,
with the low threshold energy af;=10 eV;* which will be
Virelz(l_gi 0.3 0, 6) discussed in more detail in a forthcoming paffe®n the one

hand, the observed room temperature annealing of some de-
fects produced withT4~10 eV indicates that the average
3 =(0.6+0.15 cm *. parameters observed here contain also contributions of such
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V' values for these defects. But a certain range of solutions

100 =f i\ Tg=10eV . can be excluded again as it is connected with values of
. ] larger than 9.5 cm, i.e., the expected maximum value for
50 ¢ & - T4q=10 eV. Although we are left with a large range of pos-
B ;; ] sible solutions, the most plausible solutions should be on the
_2o0r ’: virel v, e . side of negative/™ and larger values fov!®, i.e.,
§E e 3 v —(~0.08:0.08 0,
N E : ! : rel +0.1:
0.2 o { | 7] ViT=(0.853) Q, (7)
: % f +1.1 —1
0.1 4 : | } 1 3=(097;3) cm "
10 - I l : i Again, the production rate is much below the maximum
L v'rel>v rel ] value expected folf =10 eV and it is also lower than the
|| : v . - DLTS resulté that were obtained at very low irradiation
- . doses E=15cm?! at 1 MeV corresponding to
\ - - S ~2 cm ! at 3 MeV). As these DLTS levels were attrib-
s 05 [F lr - _ T uted to close FP’s on the As sublattice, this value is a mini-
By i ] mum value for the total damage and the difference to our
i i results must be explained by irradiation induced recombina-
o1 | v,rele v, el ] tion (as discussed for the stage-l, Il defeécwsuch that less
0.0 than 50% of the directly produced defects form stable de-
—0.1 J fects.
B . It seems remarkable, in addition, that the x-ray investiga-
-0.3 11— e T e S B tions showed the presence of a large number of close FP’s
—-0.3 0 . 05 1.0 for the stage(l,ll) defects and did not show the characteris-
vy /a tics of close FP’s for the As sublattice, where these close

pairs have been postulated since the early DLTS
investigations:” Within the given data set, this difference
could be easily explained by the small displacements for
vacancies that have no observable effect on the displacement
field of the interstitial atom. There might also be some small

smaller defects. On the other hand, the observation of thes%efeCt agglomerates that compensate for a decreaSq%aft

defects gives strong support to the attribution of the “20—evsm‘."1II q; th.'s s_uperposmon Seems, ho_vvever, nqt to be_ th_e
defects.” which seem to dominate the HDS. as well as tha"&in contribution, as we observe no difference in the distri-

- : ; - ution of S¢f for the total intensity aff,=400 K and the
PAS (Ref. 13 to double displacements. With this attribution, differential annealing S(400 K)—S(600 K)].

we obtain quite similar characteristics for the FP’s on both Wi ¢ definitel lude th i f th d
sublattices and these values are also of the same order of /¢ Cannot aennitely exclude the solutions ot the secon

magnitude as those for InF/ff'= —V'®=0.5 0-1.00).2° braplch lying ar.ound\/;e'f ~015 &, Vi©=0.25 0, 2=5
cm - This solution drastically increases the production rate
The stage-Ill defects up to values not far from the theoret_ical limit. In this_ case,
we have a very small displacement field around the intersti-
After annealing at RT, we observe a nearly perfgcf  tial atom, and we might speculate about the correlation of
behavior of the scattering intensitffigs. 2,8; there isonly a  this small size to the presence of this defect within the EL2
small increase ofSxq® at the smallesiy values, which complex. For this case, the compensation of the displace-
might indicate the contribution of some smaller agglomer-ment field of close FP’s should, however, be very pro-
ates. These deviations change the average val&%ti”)  nounced and the missing observation of this effect could
by less the 10% and can be neglected in a first approximasnly be due to a too large FP separation or to the superposi-
tion. The average values ¢¥™) and(3) obtained for all  tjon of clusters.
defects remaining after annealing at 400 K and for the de- Hence, besides the much smaller average size of the
fects annealing between 400 K and 600 K are very Simi|al’stage-||| defectdEq. (7)], as compared to the stagiel)
(Table 1l). Therefore, we start with an average value ofdefects[Eq. (6)], there remain open questions about the de-
V®~0.9 and 3 ~ 0.7 for these stage-Ill defects. Figure 13 tajls. Theoretical calculations of displacements around va-
shows the dependence of the results on the assumption @ancies and interstitial atoms might be of great help in the
V'®in a similar way as Fig. 11 did for the stagld ) defects.  final selection between the different solutions, which are
For this smaller starting value, we obtain a much smallecompatible with the experiment. In addition, the displace-
negative limiting value for\/[f'w—O.l? Q. As there is no ment fields around antisites might be important, as recent
additional information from the deviation of the “ideal simulations indicate that antisites are produced very effec-
HDS” behavior, we cannot priori exclude small positive tively by low energy replacement collisiofis.

FIG. 13. Plot of the possible values ¥f* and 3 for the stage
Il defects using the relaxation volume of the vacandyf’, as a
parameter.
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D. Defect reactions of arsenic FP’s. Both annealing stages seem to be initiated by
the detrapping and migration of the interstitial atoms; Ga
and As, respectively, as there are indications for the stability
We observed a linear increase d&, as well asSy (Fig.  of the single vacancieBV s (Refs. 2,13,33,34 Vg, (Refs.
7 and Table )} up to an irradiation dose of 3536] up to the final stage between 600 K and 800 K. In
3x10" e /enm?. Taking a total introduction rate of further agreement with the observation of vacancy
S~1cm !, this dose corresponds to defect densities ofclustering® and with the independently determined migra-
3x 10" cnm?® or concentrations of 05710 3. There is nei- tion energy olVg,, this final annealing can be attributed to
ther an indication of a saturation behavior within the inves-the mobility of vacancies.
tigated dose range, nor an indication of defect clustering; in  The most remarkable result of the HDS is the observation
addition, there is no indication of a major influence of thethat this interstitial mobility leadgessentially only to the
doping. These observations can be directly understood itecombination of FP’s and not to the formation of larger
independent of the production by single or double displacecomplexes. Hence, the defect reactions below 600 K are very
ments, the FP’'s are immediately frozen in at the irradiatiorsimilar to those observed during irradiation: the annealing
temperature of 4 K. As the FP[sit least the stag@sll) de-  reactions seem to be dominated by local FP recombination
fects| seem to be stable within a rather small separation disand, especially for the RT stage, by subsequent rearrange-
tance ofRg~9 A, high concentrations can be achieved, andments of the defect arrangement of the double displace-
it seems plausible that no saturation is observed, since th@ents; the effects of long range migration are much sup-
highest defect concentration approached here correspondsigessed by the saturation of the possible traps due to
an average defect separatior:65 A (d~—~1/3\/N—d). Coulomb repulsion. As the defect concentrations are much
This static picture seems to be at variance to the possibleigher than the concentration of the doping atoms, there is no
ionization induced mobility of the interstitial atoms. Recom- major influence of the doping. Hence, as a general observa-
bination enhanced defect mobility has first been observed ition, that is very similar also to IS there is no tendency
GaAs by DLTS measuremenfsand the dependence of the towards the formation of larger agglomerates of like atoms
efficiency of these processes on the doping have beeneither during low temperature irradiation nor during subse-
discussed® Direct evidence for the interstitial mobility was quent annealing. In contrast to that, perfect interstitial loops
obtained from the observation of the interaction of Agth have been observed to grow during irradiation at higher tem-
B atoms, during 130 K irradiatiorfé.In order to combine all peratures in the high voltage electron microscd#.This
these observations, we have to assume that mobileatss different behavior can be understood as loops are growing
trapped at low doses at some impurities and as soon as tlaly at temperaturesTe>250 °Q where both types of inter-
impurities are occupied, these traps are saturated and do nstitials are mobile: Under these conditions, electrically neu-
attract further As, probably due to Coulomb repulsion. The tral agglomerates can grow by absorbing, in turn, defects
only remaining possible traps are other vacancies, antisitewyith different charge.
or vacancy antisite complexes that are continously produced
along with the interstitial atom¥ hence, we form again
many close FP’s during prolonged irradiation. The possible

mobility of the Ga has, for a long time, been assum7ed 0 X-ray-diffraction methods were used for a systematic in-
lead to the immediate recombination of the “Ga FP'S"; \estigation of the defects produced during low temperature
however, we have evidence for surviving Ga FP’s from op-gjectron irradiations of GaAs and of the defect reactions oc-
tical absorption spectroscofly*? and we might, therefore, curing during thermal annealing up to 800 K.
assume similar reactions on both sublattices. In addition t0 \ye observed a linear increase of the lattice parameter and
the double displacements, this mobility might contribute tonf the intensity of the Huang diffuse scattering for irradiation
the formation of the “large” stagékll) defect discussed (gges ranging from 0.6 to 3:6L0*® e~/ cn?. These results
above. Very similar mechanisms for the evolution of the dep o\ that densities of FP’s of at leask20%m 23 can be
fect pattern seem to operate in P frozen in at low temperatures without indication of satura-
tion. Specifically, the HDS excludes a continuous agglomera-
tion and cluster growth of interstitial atoms during irradia-

The annealing ofAa/a and S, has been summarized in tion. Hence, the long lasting problem of the invisibility of the
Fig. 9 and shows a steady background annealing and dominterstitial atom$ cannot be explained by the precipitation
nant annealing stages around RI¥orresponding to Thom- and/or loop formation at special traps. We rather present a
mens stages | and)|laround 500 K(stage Il), and final = model that explains the continous production of FP’s by trap-
annealing within a broad stage between 600 K and 800 Kping and detrapping reactions of mobile interstitial atoms at
The dominance of the RT stage is in agreement with thevacancies and/or antisite atoms. These complexes cannot
results of other macroscopic methods, i.e., measurements gfow further, due to the Coulomb repulsion of additional
the length chand® and of the thermal conductivifyThe interstitials. Consistent with this intrinsic defect stabilization,
difference compared to DLTS results reveals that spectrowe did not observe a significant difference in the defect pro-
scopic methods might miss a large fraction of defects. duction between s.i. GaA)-type GaAs(Te), and p-type

The interpretation of the annealing reactions can followGaAs(Zn).
the established linés’ the RT stage is dominated by the  Due to the different annealing behavior, we were able to
recombination of Ga FP’s as PAS shows the disappearing dflentify two different types of Frenkel defects. The first type
Ga vacancie$!~3and stage Il is attributed to the annealing anneals within the dominating annealing stage around room

Defect reactions during irradiation

VI. SUMMARY AND CONCLUSION

Defect reactions during thermal annealing
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temperature. It is characterized by large lattice relaxationg complex, we obtain very similar relaxation volumes for all
and the superposition of positive displacements of interstiobserved FP’s in GaAs.

tials with the negative displacements of vacancies. These Final annealing is observed within a broad stage between
pairs have a typical separation distance-ef2 lattice con- 600 K and 800 K and can be explained by thermally acti-
stants in a direction close t11). A quantitative descrip- vated vacancy migration. There is no indication for the
tion in terms of the relaxation volumes yieldg[®~2 Q,  growth of larger defect clusters during annealing and no sig-
Ve~ —0.55 Q; the production rate isS = 0.6 cmi* for  nificant influence of the doping. These observations can be
these defects. The second type of Frenkel defects anneadsplained in analogy to the defect reactions observed during
within the 500 K annealing stage and is characterized byrradiation.

much smaller displacements or relaxation volumes: Although there are some differences in the relaxation vol-
Vi¥~0.8 O, Vi'=-0.1 O, and an introduction rate of umes, the defect production as well as the annealing behav-
3 ~ 0.9 cm L. The XRD results do not allow an attribution jor in GaAs is very similar to InB® Hence, we may conclude

of the different Frenkel defects to different sublattices, andhat some general trends are emerging for Frenkel defects in

the recent observation of the simultaneous production ofjj.y compounds and possibly also in other semiconductors.
antisite§’~*3 excludes such a strict separation, in principle.

Nevertheless, the correlation of the results with PAS and
DLTS investigations yields thatg,is a major constituent of
the first type of defect and the FP’s of the arsenic sublattice
might dominate the second type. The large difference of the The authors would like to thank Professor W. Schilling for
relaxation volumes leadén combination with the different his continuous support of this work and for many stimulating
threshold energies for defect productidnto the conclusion  discussions. They are very grateful to Dr. Dworschak and the
that the larger defects represent complexes that result fromperating team of the Van de Graaff and to H.-J. Koslowski
double displacements. Assuming two FP’s to be within sucHor technical assistance.
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