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Point defects and their reactions in electron-irradiated GaAs
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Differently doped GaAs crystals were irradiatetddaK with 0.4- and 2.2-MeV electrons and were investi-
gated by optical absorption spectroscopy with special emphasis on the magnetic circular dichroism of the
optical absorptiofMCDA). The MCDA yields very characteristic fingerprints of tWg,-related defects and
of the different arsenic antisites AsX;, AsgsX,, andEL2. Using these fingerprints the production and the
thermally activated reactions of these defects were systematically investigated up to the final annealing at
T,~850 K. We show that both sublattices are involved in the defect production even at the lowest electron
energies and discuss the importance of replacement collisions. Many antisite defects survive the well-known
annealing staged to Ill) of Frenkel pairsEL2 defects seem to be the most stable antisite configuration and
are also observed in-type GaAs that contained nBL2 defects before irradiation. A comparison of the
spectra obtained after low-temperature irradiations and annealing with spectra obtained after corresponding
high-temperature irradiations shows remarkable similarities. All kinds @f-felated complexes are usually
present simultaneously and we deduce a consistent picture of the visibility of their paramagnetic charge states
as a function of doping, irradiation dose, and annealing temperg&04&63-18206)05628-7

I. INTRODUCTION tected electron paramagnetic resonaf@BEPR or electron
nuclear double resonan¢®@DENDOR). Especially different
Intrinsic point defects in GaAs have been investigated inAsgrelated complexes have been identified in this way in
tensively during the last few decadesand electron irradia- GaAs?® By following these fingerprints after different irradia-
tions were widely used to produce defects in the form oftions we hoped to arrive at a more systematic understanding
Frenkel pairdFP’s) in a reproducible manner. Nevertheless, of the different complexes and of their reactions with other
many basic properties are not yet fully understood. This situ*invisible” defects.
ation is partly due to the great complexity of the defect pat- Of special interest was a contribution to the long-standing
tern in 11I-V compounds, consisting of different vacancies, discussion about damage production. By deep level transient
interstitial atoms, and antisites, and partly to the fact that thepectroscopyDLTS) a lowest threshold energy for defect
powerful spectroscopic methods are often limited to low deproduction of T4~ 10 eV (corresponding to a threshold en-
fect concentrations and can only detect defects in appropriatergy for the electron oE.=0.25 Me\) was determined for
charge states; e.g., interstitial atoms seem to be “invisible’GaAs?! All the related DLTS signals anneal at a temperature
in many semiconductors. In a preceding pabere showed of T,~500 K and were attributed to Frenkel defects on the
by x-ray diffraction(XRD) methods that many of the inter- As sublattice due to the observed dependence of the intro-
stitial atoms are stable in the configuration of close FP’s andiuction rate of the defects from the direction of the incident
that rather high concentrations of these FP’s can be frozen islectrons: In spite of the similar atomic masses of As and
at low temperatures. As these methods yield average valu&sa no defects were observed for these low electron energies
for the relaxation volumes over all defects present in theon the Ga sublattice and this missing evidence was attributed
sample we wanted to supplement the results by detailetb the instability(or spontaneous recombinatioof the Ga
spectroscopic data on some special defects. These resufi®’s even at the lowest temperatuteBor higher electron
should be obtained for comparable conditions, i.e., ratheenergiesE,=0.5 MeV (corresponding tdl 4=20 eV) addi-
high irradiation doses where intrinsic defects are dominanttional defects can be produced that anneal between 200 and
Optical absorption spectroscopy was chosen as it does n880 K; supported by positron annihilation spectroscopy
require specially doped samples and it can be applied starting®AS) these defects are related to vacancies on the Ga sub-
from the irradiation temperature of 4 K. Hence, similar to thelattice V,.° This attribution seems to contradict the instabil-
XRD investigation, the defect reactions can be investigatedty discussed above, however, the high valud gindicates
from 4 K up to thefinal annealing af ,~ 850 K. The spec- that the observe® s, might be parts of larger defect com-
tral dependence of the magnetic circular dichroism of theplexes that are necessary in order to stabilize the Ga FP;
optical absorptiofMCDA) yields very sensitive fingerprints double displacements or larger replacement collision chains
for defects in charge states characterized by unpaired “paraould yield such stable complexes. In contrast to these earlier
magnetic” electrons. Generally, MCDA spectra involve tran-conclusions we have recently shown thgf;related defects
sitions to several excited states and can at present not lae already produced with 0.4-MeV electrbasid in combi-
predicted or identified from first-principle calculations. How- nation with the observation of arsenic antisftethis shows
ever, this identification may be achieved by optically de-that both sublattices are involved in the low-energy damage.
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As antisites directly demonstrate the involvement of bothcharacterize these spectra by the ingeXMCDA,). The
sublattices in the damage production we investigated the fofanergy of the pumping light was selected by different band-

mation of the different antisite-related complexes in morey,ss filters and the intensity of this light at the position of the
detail with special emphasis on the comparison of 0.4 MeVsample was= 15-20 mwi/cn?.

and higher energy electron irradiations that permit double Using the same light source with a long-pass filtee(
displacements. L _ 850 nm; power at the sampte 200 mWi/cn?) we tested the

In Sec. Il we give a short description of the experimentalsensitivity of the defect spectra to optical quenching by illu-
methods that are very similar to those of a recent Investigaminating the sample for 10 min at 2 K. This procedure
tion of irradiated InRRef. 9 and summarize current knowl- g enches th&L2 defects within seconds. In the following
edge on the fingerprints used below. In Sec. Il we presenfye wij| compare the total MCD spectra as obtained before
evidence for the different fingerprints as obtained for differ-j;,mination. MCDA. and spectra obtained after quenching
ent irradiation conditions and after different annealing tem-, iIIumination MCI’DA}. The spectrum of a defect that dis-

peratures. In Sec. IV we summarize and discuss the defeg] pears by quenching as, e§L2" can be separated from
prod_uction and defect reactions observed during thermal angq total background as a"‘quenchable” spectryMCDA-
nealing. MCDA,) =MCDA,;. In considering this characteristic fea-
ture of a special defect to be quenchad bleached by
Il. EXPERIMENTAL METHODS illumination at low temperature it should be kept in mind
that this behavior is not unique for defects having a meta-
) . ] ] ) stable state such &2, as similar observations may also be
The MCDA is defined as the differential absorption of the .g,sed by mere changes of the charge states. In addition
sample for right(+) and left () circularly polarized light  there may be defects that are quenchable under specialized
that propagates along the direction of the applied magnetiéonditions(e.g., high power, single wavelength excitation

A. Magnetic circular dichroism of the absorption

field (see Ref. 10 for review but are "unquenchable” under our conditions. Hence, a de-
fect such as As-X; may be termed “unquenchable” under
d nditions similar to our&but is termed “guenchable” un-
MCDA= —(a_—a.) (1)  conditions similar to ours,but is termed “quenchable” un
4 der different conditions by the same authtfr#n the follow-

d’ng changes by quenching always refer to the conditions

with @« = being the respective absorption coefficients an
given above.

d the thickness of the sample. Within good approximation
this quantity can be experimentally determined from the in-
tensities of the transmitted light of polarizatian: B. Fingerprints of different defects

. b - In this investigation we use the MCDA fingerprints of
MCDA=conse<¢ (17 =17)/(17+17). @ four different Ag;related complexes that are well docu-
The constant factor is essentially determined by the exadhented in the literature, tw¥ g related spectra that have
degree of polarization and will be set at 1.0 in the spectrd&€en observed more recently, and a,G@lated signal. In
presented below. addition, there is the absorption band of the neuEaR°
Our MCDA spectra were generally takenK with an ~ defect and of a band around 1 eV related to an irradiation-
applied magnetic field of 5.73 T. The light from a 100-W induced defect complex.
halogen lamp passed through a 1/4-m double monochro- (i) The EL2" charge state has a very characteristic
mator and was polarized by a combination of a Glan ThomMCDA spectruni and this signal can be completely
son prism and a photoelastic modulator working at 50 kHzguenched by illumination at low temperatures. In addition
Without calibration the sign of the MCDAEQ. (2)] may there is a diamagnetic MCDA band around 1.19 eV that
depend on a phase shift between the modulator and the debaracterizes thEL2° charge staté?
tection system. Our spectra all have the same absolute signs (i) A spectrum that is very similar to that &L2" but
of the MCDA amplitudes and correspond, e.g., to a positivedoes, however, not show the characteristic optical quenching
sign of the maximum at 0.95 eV of tHeL2" in GaAs. A has been observed after plastic deformdfieemd we will
cooled Ge detector was used for photon energies between 0call it EL2,4 for short. The missing quenching has been ex-
eV and the absorption edge. Using a PbS detector we algglained by the presence of additional strain fidlgisd is also
monitored the energy range 0.5—0.7 eV for special ciees observed in “low-temperature grown” GaAs layers.
details see Ref. 31For a direct comparison of the different (i) The Ag;X; defects have only been observed after
samples all spectra were normalized to correspond to Hradiation. Although the EPR spectrum is not different from
sample thickness of 10@m. the EL2 defect, the MCDA is very different. The complex
During measurements the sample could be illuminated vi@artnerX, is probably a Ga atofi'® and the most recent
a mirror from a side entry by a second light source in ordetODENDOR result$ suggest a As:Ga, antisite pair on
to change the population of the defect levels by optical trantheir respective third-neighbor shells.
sitions. In this way it is sometimes possible to observe defect (iv) The AszX, spectrum is also observed only after
states that are not populated in thermal equilibrium for arradiation. This MCDA spectrum is obseved only in
given position of the Fermi level. As the absolute magnituden-type samples and in spite of some similarities it is easily
of the effects of this “optical pumping” is small we will distinguishable from the Ag:X; spectrunt. The EPR spec-
discuss only the changes of the spectra, i.e., the difference tfum is characterized by a reduced hyperfine interaction as
the spectra with and without additional illumination and compared to the other Agcomplexes and has been attrib-
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TABLE |. Samples and irradiations.

Irradiations Defects characterized BYI*{K)? and3 (cm~%)%f (T/2)
Ee ¢t T irr !Tg @

(MeV) (10 cm™2) (K) Xca VX AsgsX;  AsggXs EL2P EL2}, 1-eV band
sil 0.4 60 4/80 80/0.001 - 150/0.002 -
si2 0.4 13% 4/80 80/0.001 - 80/0.001 -
si3 0.45 36 4/4 80/0.007 - 80/g -
sig® 2.2 2 4/80 - 80/0.6  330/0.07 - 650/0.02 650/0.02
si5s® 2.2 35 4/4 - 80/0.2  330/0.04 - 600.0.04 300/0.12 80/0.30
si6 2.0 52 370/370 - - 370/0.005 - 370.0.001 370/0.005
si7 2.0 72 470/470 - - 470/0.004 - 470/g 470/0.001 470/0.05
si8 2.0 138 670/670 - - 670%410°° 670/3x10°4 -
ni 0.4 131 4/80 - - 330/0.008
n2 2.2 2 4/80 - h 150/g 330/0.1.0
n3 2.2 2.5 4/80 - 80/0.08 360/0.36  500/0.15
n4¢ 2.2 35 4/80 - 80/0.2  500/0.11 - 600/0.05 - 80/0.30
p1' 0.4 36 4/80
p2' 2.2 2 4/80
p3¢ 22 35 4/4 330/0.06 80/0.23 - 300/g 330/0.3

aTMax s the annealing temperature where the corresponding signal reaches its maximum amplitifiésahe starting temperature of the
measurements.

®The irradiation induced part of tHEL2" concentration is given for the s.i. sampl&d;2° is given for then-type sample.
°For the 0.4-MeV irradiation the dose is only an estimate that yields an upper limit.

dA blank entry indicates that it was not investigated in detail or was not visible due to a low concentration.
€Average values for several similar samples.

A hyphen in the entry indicates that the defect is not expected to be visible for these conditions.

9Signal identified but no quantitative results due to overlap with other spectra.

"Defect visible only with optical pumping.

iNo visible changes due to the high background signal of the Zn acceptors.

IThis signal is present also at low&g but cannot be determined quantitatively due to overlap WiggX.

uted to a AggVas complex? Other Asgs, configurations served in room-temperatur€RT) irradiated p-type GaAs
were proposed later olﬁ;however' recent Opt|ca||y detected (REf 22 and which was attributed to the Ga vacancy In the

magnetic resonanc€DMR) investigation$’ strongly sup- V(()Sa charge state.
port the original model. (vii) Very close to the band edge Byoor~ 1.45 €V a

(v) After high dose irradiations at low temperatures thesharp MCDA line was observed and attributed to,Ganti-
MCDA spectrum is dominated by a spectrum with a domi-Site complexe$>™** As the transparency of the irradiated
nant peak at 0.8 eV This spectrum has been attributed to asamples is very low close to the band edge this line is visible
Vggrelated defect?!81° The asymmetric structure of the only after annealing at high temperatures in the present ex-
MCDA spectrum indicates a low symmetry of the defect thatPeriments and no quantitative results can be deduced.
might be attributed to the influence of the interstitial partner (Vi) Finally, there are two well-characterized absorption
of the Vg, within a close Frenkel pdif and we will call this  bands superimposed on the absorption background. Firstly,
defect Vo X. ODMR investigation¥ showed that this the absorption band at 1.1 eV of tfi# 2° charge state of
MCDA correlates with the EPR spectfahat were attributed EL2 (Refs. 3 and 2band secondly, a band at 1.0 eV with
to Vg, . However, details on possible complex partners andt shoulder at lower energfésthat is only observed after
their distances are not yet known. electron irradiation. This band is remarkably stable up to its

(vi) A spectrum of similar shape tds<X, but which is ~ annealing temperature of 600 K;* however, the micro-
shifted by ~ 0.1 eV to lower energies and which we call SCOPIC structure of the underlying defect is speculative at
Xga has been observed recently after 0.4-MeV irradiations. Present.
From the dependence of this MCDA spectrum on the mea-
suring temperature and on the strength of the magnetic field,
we determined a Brillouin functidh that is compatible with Samples of sizes 12 6 mn? were cut from [100]-
a spin of 1/2 andy~2 for the “defect electron.*** With  oriented  wafers  of s.. (undoped, n-type
these values we can correlate this MCDA with an EPR spec{2 X 10'7 Te cm %) andp-type (2Xx 10*® Zn cm 3) liquid-
trum for a defect withg=1.99, S=1/2 that has been ob- encapsulated Czochralski GaAs and polished to obtain a final

C. Samples and irradiations
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FIG. 1. MCDA spectra as observed after 4-K irradiatiofis 2.2 MeV, ¢t=3x10% /cm?) for s.i. (sample si} n-type (sample
n4) andp-type (samplep3) GaAs. The spectra at some characteristic annealing temperatures are shown in addition. Within the errors there
is complete annealing at 850 K; i.e., the spectra for unirradiated and annealed samples cannot be distinguished.

thickness of 30Qum. These samples were irradiated at 4.5 KEPR?® In order to obtain directly comparable values for dif-
with 2.2-MeV electrons in a similar way to the samples forferent samples we included the introduction rate
the x-ray investigation$ The samples for the 0.4-MeV irra- 3, =c/Q ¢t instead ofc in the table () is the atomic vol-
diation had a typical thickness of 13@m. These samples ume. For the other defects no calibration is available and we
were rotated by 180° after half of the irradiation dose inassumed similar cross sections in order to obtain at least an
order to obtain homogeneous damage. The 0.4-MeV eleGyrder of magnitude for the concentrations of these defects.
trons were obtained from a 1-MeV beam that was slowedsych a procedure is certainly better for the other
down by calibrated Cu foils. Therefore there is a broad stragas. related defects than for thérelated defects. Similar
gling to lower energies and the electron doses are only app earlier investigation’ we also use the same procedure
proximate and represent an upper limit. The irradiation dat3or the optical absorption by comparing the 1-eV absorption
are summarized together with the quantitative results ithand to theEL2° absorption band. Although the deduced
Table I, which is discussed in Sec. IIl. introduction rates should therefore mainly be considered as a
After irradiation the samples were transferred into the op-elp for the comparison of different irradiations, the values
tical cryostat in liquid helium. The annealing of the samplespf 5, seem reasonable in the sense that they add up to total
was performed within an isochronal program with holdingyajyes belowS~1 cm™2, which is below the total defect

times of 15 min. Anneals at temperatufBs<RT were per-  concentration determined by the XRD investigatiéns.
formed within the He atmosphere of the cryostat and at

higher temperatures within an external furnace under
vacuum p=<10"* Pa. A. MCDA after high dose 2.2-MeV irradiations at 4 K

Figure 1 shows examples of the spectra observed directly
after low-temperature irradiation with a dose of

In this section we show examples of the spectra observedt~3x10%~/cm®. For the s.i. samplgFig. 1(a)] the
after the different irradiations and of the changes observeICDA is dominated by the/¢X spectrum with its peak at
after the major annealing stages and discuss the productidrpn~0.8 €V. In addition to the standard measurements with
of the underlying defects. An overview of the different irra- the Ge detector that start Bf,,~0.7 eV the low-energy tail
diations and of the spectra observed is given in Table I. Th@f the spectrum is shown as obtained with a PbS detector.
table contains the annealing temperature at which a certaiRue to the high defect density the absorption increases very
fingerprint reaches its maximum amplitude in the spectrdast close to the band edge and the range of the spectra is
shown below. As not all measurements were started dimited to E,,<1.2 eV at higher energies. After annealing to
T,=4 K the changes of maximum 15% observed for someRT theVg;X spectrum disappears and a peak at 1.2 eV that
spectra at low temperatures are neglected and the values Ghtaracterizes the Ag-X; defect becomes visible. At
80 K are given for a direct comparison. These amplitudes aré,~600 K theEL2 spectrum dominates and final annealing
proportional to the concentrations of the corresponding deis observed forT,~850 K. The spectra observed for
fects; however, the absolute values of the optical cross sed-,<RT are almost unchanged by optical quenching under
tions are not known. For thEL2* andEL2° defects abso- conditions that eliminate the as-growBL2 defects com-
lute concentrations could be deduced from the comparison gfletely. The spectra observed fdr,=RT contain larger
the spectra with those of a sample that had been calibrated lgjuenchable contributions and are discussed below.

IIl. IRRADIATION-INDUCED FINGERPRINTS
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15 t;) rrr FIG. 3. Example of the fit of the low-temperature MCDA by the
4 superposition oV X and EL24 defects.(a) At T,=105 K and
RUISRL (b) at T,=220 K. The shift of the total spectra is due to the decrease
:3 of the Vg X concentratior{sample si5.
N
f’ : quenching; i.e., there must HeL2 defects that cannot be
§ 0 optically quenched and we refer to these defect& b2,

as discussed above. This signal seems to be already present
at lower temperatured=ig. 1); however, it cannot be identi-
07 09 " 13 15 fied as clearly due to the limited range of the measurements
and to the superposition with the signal of thie ;X or
Asc X, defects. Such a superposition of the spectra can also
FIG. 2. Quenching behavior of the MCDA after high- €xplain the apparent energy shift of the spectra during low-
temperature annealing of s.i. andype GaAs(a) Quenchable part temperature annealingig. 1) in a more consistent way than
of the spectra of sample si5. The initEL2 concentration is re- OUr initial suggestion of different FP'S.Figure 3 shows the
stored after annealing at 850 K and is lower by a factor of 70 tharmodeling of these MCDA spectra by a superposition of the
that observed at 600 Kb) Quenchable part of the MCDA for the Vg X defect with its maximim at 0.8 eV and theL2py
n-type samplen4. There is total annealing of the diamagnetic defect with its main peak at 0.95 eV if we assume that
MCDA of the EL2° defects at 800 K. Vs X anneals slowly at low temperatures a2, is es-
sentially constant. As only the peak at 0.95 eV is visible at
; P ; low T, this defect might also be attributed to a spectrum that
; The n-type sample§Hg. 1ib)] show s_,lmllar cha_ractqns_- as b?aen related to ?he isolated As'? however, gs the lat-
tics; such behavior is expected for high dose |rrad|at|on%1 defect has b b d onl ;
(Cep™>Cgop Where the Fermi level is expected close to mid- er defect has been observed only up to a maximum concen-

gap. During annealing at highd, the Fermi level moves tration determined by the initidEL2 defects the higher de-

LoD " . - fect concentrations observed here are more reasonably
back to its initial position and there are corresponding differ explained by the disturbeBL2 defectEL2,,. Irespective

ences of the MCDA spectra from those of the s.i. samples. . A .
. ) . . of a possible contribution of the isolated As these results
The highly dopedp-type samples dep~Czn assuming o o\ "o fhere  are appreciable concentrations of

3 ~1 cm™ 1) show a similar spectral dependeri&éy. 1(c)]. . .
However, there is an obvious shift of the main peak by 0.1AsGa—reIated defects present after irradiation and the quench-

eV to lower energies. This shift is attributed to the superpo—able’ .e., undisturbe& 2 defects, become dominant only

sition of the Xg, defect that contributes only if the Fermi along with the annealing of other defects connected with

, ) . . strong distortion field$.
level is lower than in the s.i. and-type samples shown in . .
Figs. a and 1ib). This Xg, sgepctrum %ominates at Figure 2b) shows the annealing af-type GaAs, and we

T,~330 K where most of th&/gX defects have annealed 250 ObServe a quenchable spectrum at higierwhich by

and disappears at slightly higher temperatures. This spectruﬁ?t?on?”;]arllt '?éflz(oat_rlﬁz erV ca: be;ﬁgg?tid to trr:ebtljlamag—
is visible in more detail for the low-energy irradiations dis- elic signat o - M€ presence S reasonable as

cussed below. Fof ;=400 K the spectra are dominated by al these temperatura_a: starts 1o move back to the po;mon
the Zn acceptors. close to the conduction band. The defect concentrations de-

Figure 2 shows some examples of the MCDA observec}ermined from this M.C.DA agree quite well With those de-
after annealing at high temperatures in more detail. For th uced from the additionally observed absorption band of

s.i. sample the quenchable part of the MCDA becomes ap: L2°. Hence, these results give evidence for the irradiation-
preciable aff,~RT and the typical spectrum &L2" be- |ndqced formation oELZ defects inn-type GaAs not con-
comes evident at highdr, [Fig. 2(a)]. The deduced concen- taining EL2 defects in the as-grown state.

tration of EL2* reaches a maximum &af,=600 K; as
demonstrated by the signal of the annealed sar{§36 K),
this concentration is higher by a factor &f 70 than in the A completely different spectrum is observed for irradia-
as-grown state. A very similar signal also remains aftettions with electron energies,<0.5 MeV and Fig. 4 shows

photon energy (eV)

B. MCDA after low-energy irradiations at 4 K
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spectra: (@) MCDA observed after optical quenching of the s.i.
FIG. 4. MCDA spectra of s.i(lsample si2 andn-type (sample  GaAs sample from Fig. (4 (0.4-MeV e™ irradiation. (b) Com-
nl) GaAs after irradiation with 0.4-MeV electrons parison of the spectrum @) after subtraction of the Ag-X; con-
(¢t=13x10"%"/cn?) at 4 K, and after subsequent annealing attribution to the spectra observed farGaAs (pt=3x10%® 2.2
different temperatures. The s.i. GaAs is characterized by the supeMeV e /cn¥) after annealing at 330 K.

position of theEL2" spectrum that is almost unchanged by the . . .
irradiation and the As;X, spectrum with its peak at 1.25 eV. For SP€ctrum is shown in Fig.(6). The MCDA spectrum of

the n-type sample only the As:X, peak is visible, however, with XcaWas obtained from Fig.(&) by subtracting the contribu-

a much higher amplitudéscalg. tion of the Ag:X, defect. . .
The defectXg, reaches its MCDA-active paramagnetic

. . charge state only after quenchinglBE2. ASEL2 quenches
the examples of an s.i. and artype sample. The s.i. sample from its neutral charge stateL2° this quenching yields a

is characterized by a superposition of tB&27-spectrum  jacrease of the number of donors and a lowering of the
that is nearly identical to the preirradiated state and thggrmi level and the unirradiated samples becgmeype.
Asgg Xy complex with its dominating peak at 1.25 eV. This Assuming a similar lowering of the Fermi level in the irra-
EL2 spectrum is completely optically quenchable with whitedjated samples we can conclude that Xg level is located
light at 4 K as it wasbefore irradiation; this behavior is in the lower half of the band gap. This conclusion is sup-
different from higher-energy irradiations whet&.2 was ob-  ported by the observation that this defect yields a major con-
served to be destroyed or transformed into another nontribution to the spectra of highly dopeuitype GaAs; due to
quenchable defect, possibly the isolated;A$Ref. 5 or  the high MCDA background of the Zn acceptors no signifi-
EL2,4. Forn-type GaAs that did not contaiBL2 defects cant change could be observed after a low-energy irradiation,
before irradiation we observe again the formation o As  but for the higher defect densities of the 2.2-MeV irradiation
X1, however, with a much higher concentration. the Xg4 Spectrum is present after irradiation and seems to be
Whereas the spectra observed at low annealing tempergie dominant defect after annealing at 330 K and this spec-
tures for the high dose irradiations were almost unchangettum is included in Fig. &).
by optical quenching we observe large changes for the low- With this assumption of an acceptor level g, in the
energy irradiatior{Fig. 5a)]. As expected th&L2 defects lower part of the band gap the simultaneous observation of
have disappeared and the &s{;, which quenches much Xg, and As;;X; in the quenched samp|é&ig. 5a)] needs
more slowly*? has decreased; but most prominently we ob-some comment as the latter defect should be in the paramag-
serve a large increase of the amplitude at small photon enenetic charge state only fd&->E,z+0.67 eV? As we have
gies. This increase is markedly different from thg X  a nonequilibrium population of the carriers after optical
spectrum(Fig. 1) and represents theg§defect! The related quenching 84 K this level might be partly populated after
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FIG. 6. MCDA spectra observed after low dose irradiation of  FIG. 7. MCDA spectra observed after irradiations at higher tem-
n-type GaAs and subsequent isochronal annealing,asample  peraturesia) 370 K, (b) 470 K, and(c) 670 K. The spectra for
n2). (a) Total MCDA; (b) MCDA, measured under side illumina- irradiation below 500 K contain Ag-X; defects in addition to
tion with a band-pass filtei850 nm). EL2 and EL2,4; at higher irradiation temperatures only the

EL2-related structures can be identified. In addition there is a
illumination although the quasi-Fermi level is much lower. changing background due to different unidentified defects. The shift
This is especially true for the AgX; defect, which seems to of the position of the peak around 1.2 eV between 370 and 470 K is
be a strong electron trap as it shows a similar, although mucfue to a larger contribution of the diamagneit2°® at 370 K. This
slower, quenching behavior #L2; hence, the paramagnetic _conc_lusion is supported_ by electri_cal measurements: aIthc_)ugh all
state is a transition state between the equilibrium state for §radiated samples are highly Ohmie-(0° Qcm) at RT there is a
Fermi level close to the valence band and the “quencheghange from-type top-type conduction between these two irra-
state” which might correspond taE(.2°) yuenchea In accor- diations.
dance with these observations, kg, defect is not observed
in n-type GaAs. Nor is it visible under side illumination; this ible; however, as Fig. ®) shows it is produced and clearly
invisibility under optical pumping does, however, not ex- Visible under optical side excitation; however, the concentra-
clude the presence of the defectrirtype material. tion cannot be determined quantitatively under these condi-
tions.

Figure 8a) shows in addition a change of the MCDA
spectrum during annealing around RT: a shift of the positive

These low dose irradiations were performed in order topeak from 1.25 to 1.28 eV, and a change of the negative
obtain a defect concentration of the &sX; defect that is amplitude at low photon energies; i.e., we observe the
comparable to the 0.4-MeV irradiations. For the s.i. sampleg\s; X, defect instead of the AgX; defect for T,>RT.
the observed results are very similar to the high dose irradiaAdditional electrical measurements show that the disappear-
tion [Fig. 1(a)]. In contrast to this we observe large changesance of Ag-X; and the appearance of AsX, is correlated
for the n-type sampleqFig. 6(@] where the irradiation- with the movement of the Fermi level back to a position
induced changes of the Fermi level are important. Similar talose to the conduction band along with the defect annealing
the 0.4-MeV irradiation, the Ag;X; concentration is about at RT.
a factor of 10 higher than for the s.i. sampl(@sble ). This
initially fast increase of the concentration of antisite defects
has been observed earfiéand seems only to last as long as
the samples remain type; nevertheless it seems to have no Figure 7 shows MCDA spectra observed after irradiations
relevance for the further defect evolution as there was nat high temperatures of s.i. samples. These spectra can be
relevant difference for the high dose irradiations. Due to thiscompared to the spectra obtained a#eK irradiation and
high concentration of As;X; the Vg,— X is nearly invis- annealingFigs. Xa) and Za),(b)]. Although there are some

C. MCDA after low dose 2.2-MeV irradiations at 4 K

D. MCDA after high-temperature irradiations
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FIG. 9. Annealing behavior of the absorption background at
FIG. 8. Annealing behavior of the “1-eV band” in s.n-type 1.15 eV for high dose irradiations.
and p-type GaAs after high dose irradiation at 4 (Kamples si5,

n4, p3). both types of antisite defects Asand Gag are present up
to the final annealing af,=800 K.

differences due to a different background of unidentified de-

fects the dominant defects seem to be very similar. For E. Optical absorption

Tix=370 and 470 K we observe AsX; as well asEL2y

and smaller amounts &L2 defects. FofT,, or T,>550 K

the Ag+ X4 has disappeared and tB¢.2 complexes are the

dominating defect species. As can be seen from Table | th

introduction rates of these defects decrease with increasi . : 28

irradiation temperaturénowever, there are larger uncertain- C.:.'ﬂgQ?ll_:\esgg?]%?ncgﬁgggolf S‘Z{)‘an d centered at 0.97 eV

ties in the irradiation doses as the irradiations were per- y

o . . Lo ) and a shoulder at lower energies and has been discussed
formed in different irradiation chambermdicating a higher reviously for the s.i. samplé&28 The band has a similar

recombinatiqn rate at high t(_amperatqres. Thg spectra remai tensity for then-type andp-type samples. However, Fig. 8
ing after optical quenching indicate in addition the possibleghoyys that the annealing occurs at lower temperatures than
presence of som&g-X related complexes, in agreement o the s.i. samples.
with the incomplete annealing@rig. 3. The similarity of the The increase of the background close to the band edge can
defect populations after irradiation and annealing and aftebe understood by the Superposition of many different ioniza-
high-temperature irradiation indicates that the temporary staion transitions>28 This background increases with the irra-
bilization of the low-temperature defects is not necessary fotdiation dose and although this near-band-edge absorption
the formation of the more stable defects. shows no specific features it yields a measure of the total
Finally, Figs. 7 and 2 show that at temperatures where theefect concentration. The annealing of the absorption is
accessible range of the spectra excelgge=1.4 eV there is shown in Fig. 9 for a photon energy of 1.15 eV, where the
a large negative MCDA close to the band edge. This signatamples remain sufficiently transparent even after high dose
remains after optical quenching and reaches its maximurirradiation. For the s.i. ant-type samples we observe a
around T,=700 K. The temperature dependence of thesteady decrease with larger stages around RT and between
MCDA amplitude shows in addition that there is a large500 and 600 K. For the heavily dopgutype sample we
paramagnetic MCDA superimposed on a background of diaebserve a more complex annealing: a fast decrease for
magnetic origin® The paramagnetic signal indicates the T<400 K and an increase af between 400 and 600 K.
presence of Gg complexe$>~?° and the diamagnetic part This annealing behavior is in contrast to the MCDA, which
indicates additional accepto?$?® Although we cannot de- seems to be nearly annealedTgt=500 K as it is dominated
duce gquantitative results these spectra clearly indicate thdtty the signal of the Zn acceptors. Hence, the absorption

The absorption coefficientt is always measured along
with the MCDA [Eq. (2)]. For the high dose irradiated
gamples we observe an irradiation-induced absorption back-

round that increases strongly close to the band edge and the
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FIG. 10. Schematic view of the production of the, de- FIG. 11. Annealing behavior of th¥g, defect and the/g;X
fect (AsssGays antistructure pair on third-neighbor shellsy re-  gefect as deduced from the MCDA amplitudes at 0.8 eV. Due to the
placement collisions and mobile interstitials) Replacement col-  |o\er concentrations the amplitudes g, have larger error bars.
lision starting, e.g., at an arsenic atomV s+ ASgat Ga . (D) The  Eor the p-type sample quantitative results are given only for
mqblllty of th.e Ga may lead to the formatlor_1 of _the antistructure T,>300 K due to the initial overlap with thégX spectrum.
pair; alternatively(not shown the Ass, may first jump back and
complete annealing would arisg) The arrival of additional uncor- As the atomic structure of these defects, which is essen-
related interstitial atoms may lead to thegy, for arriving Gaor  tially based on ENDOR results, is a matter of some contro-
(not shown to Asg, that are possibly correlated with Giar the  versy especially for th&L2 defect?® we have so far pre-
case of arriving additional As If the interstitial already escapes at sented conclusions that are independent of the details of the
stage(a) an As;sVas complex may arise. The reactions should models. However, if we consider, e.g., the recent attribution
similarly occur by exchanging the primary knock-on atom with Ga.of the Ag;;X; defect to a Ag,Gans complex® very de-

tailed models of the damage process can be deduced. As

spectra are the only evidence for remaining damage up to iadicated in Fig. 10, the combination of replacement colli-
temperature of 850 K where complete annealing is observesions and at least a short-range interstitial mobility is neces-
for all types of samples. The unique behavior of théype  sary to produce this defect by 0.4-MeV electrons at 4 K. In
samples must be explained by the formation of rather stablgddition, it is conceivable that one of these steps leading to

Zn-dopand-defect complexes. Asg X4 or Asg X, might be strongly favored as long as the
GaAs isn type and hence explains the large initial introduc-
IV. DISCUSSION AND CONCLUSION tion rate discussed above and the final decrease iffthe
Fermi level is lowered. Irrespective of the model, our data
A. Defect production show that Ag.X; cannot be considered as a product of re-

The new MCDA spectrunXe, (Fig. 5), is observed most actions _of pr_ec_urs%r defects at RT as suggested by the high-
clearly after irradiations with 0.4-MeV electrons at 4 K. The €N€rgy irradiations: o
spectrum can only be observed if the Fermi level is well Finally, the very similar defect spectra observed after
below midgap; however, it is shown that the underlying de_lqw-temperature |rrad|§1t|pn and annealing as compared' to
fect is produced and also stable in s.i. samples. Consideriydh-temperature irradiations show that the defect production
all its properties, this defecKg,, must be attributed to va- mechanisms are very similar for both cases. However, the
cancies on the Ga sublattiéén addition, there might be a Number of S“DQY;‘{'”Q defects decreases with temperature. As
correlation to the HN[hole trap inn GaAs after irradiation ~ S€€n by XRD,™" this decreasing nu,mber of point defects
acceptor levels discovered by OMCT®ptical-excitation must be due to recombination of FP s.and not to the forma-
minority-carrier transient spectroscopynvestigationS334 tion of large defect clusters such as dislocation loops.
As these investigations were performed after proton irradia-
tions additional low-energy electron irradiations would be
helpful to establish a detailed correlation. Together with the In this section we discuss the different defect types,
Xga defect we observe the antisite AsX; and these com- V g related defects, As, defects, and the “1-eV band,”
bined observations clearly demonstrate that defects are preeparately and finally compare the annealing of the spectro-
duced on both sublattices with a threshold energy ofscopic fingerprints with the annealing of the total defect
T4~10 eV. The threshold energy ef 20 eV must be attrib- population. For ease of comparison some annealing curves
uted to complexes resulting from double displacementsare normalized and we refer to Table | for a comparison of
Hence, theVg-X defect, which shows remarkable similari- the concentrations.
ties toXg,, Should be part of such complexes. The formation
of complexes also directly explains the large relaxation vol-
umes ofV™®~2 Q or the corresponding large displacement The annealing of th&/related defects is shown in Fig.
fields connected with these defeétd(ith this attribution the  11. Most of theXg, defects anneal around RT; i.e., these
atomic relaxations around single intersititials and vacanciespectra are the first indication of a defect produced with
in GaAs are very similar to those of other semiconductor€,<0.5 MeV that anneals below 500 K. The annealing in
such InP®36Ge3¥"and Si¥’ p-type material seems to be delayed4y100 K and due to

B. Thermally activated defect reactions

1. Vggrelated defects
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this delayed annealing it seems plausible that the same defect In order to check for a simple Fermi levébr charge
was observed by EPR after RT irradiationThe annealing stat¢ dependence of the visibility of the two different
of Xg, is very similar to the annealing of ;- X; however, Asg;X defects measurements were repeated under optical
the Vg X defects anneal around 300 K independent of theside excitation and indeed the two defects were observed
doping. In spite of the uncertainties due to superpositionsimultaneously under these conditions. However, this simul-
with other defect spectra, we observe a survival of 10%-taneous visibility is limited to annealing temperatures close
20% of theV g, defects at 330 K. Such a residue is expectedo the change of the visibility, i.e., 250-350 K for sample
if the Vg, defects anneal by recombination with mobile in- n2 and 400-550 K for sample3. The failure of the opti-
terstitial atoms as some interstitials find other deep traps anchlly induced recharging far off this region may be due to
do not find a vacancy; this conclusion is supported by EPRlifferent reasons and does not exclude the presence of the
results® that yield evidence foig, defects up to much defect in a “wrong” charge state. Combining all observa-
higher temperatures. tions we conclude that both defects are simultaneously
We conclude that the annealing 6§, defects is a domi- present and that the changes of the visibility of the two de-
nant defect reaction within the range of Thommens annealfects must be understood as a function of the shift of the
ing stages | and 1(200—350 K. This conclusion is in  Fermi level as summarized in Fig. 13.
agreement with PAS resuftsithough a defect has not yet  Figure 12d) summarizes the reactions of tBd.2 defect
been found which corresponds Xy,. The reactions ob- as they are deduced for s.i. samples from the amplitude of
served for the Agyrelated defects discussed below show, inthe main peak at 0.95 eV. After irradiation there hardly any
addition, that the defect reactions are not simply restricted tdquenchable” EL2 defects are observable. However, a non-
the Ga sublattice. quenchablé L2,y spectrum can be observeeéig. J) in spite
of the superimposeW X spectrum; along with the RT an-
nealing the number of these defects decreases and quench-
Figure 12 summarizes the annealing of thg;Aantisite  able defects can be detected. This behavior can be under-
defects observed after different irradiations. Figurega)l2 stood within the modél developed for the defects in
and 12b) show the different behavior of AgX, in s.i. and  plastically deformed GaAs if thedeL2 defects are located
n-type GaAs as observed after 0.4- and 2.2-MeV irradiationclose to the strongly distorting Frenkel defect compléxes
AsgsX; is the dominating defect after 0.4-MeV irradiation; that anneal around RT. During further annealing these
however, for the higher energy irradiations the;AX, de-  quenchableEL2 defects increase in number and reach
fect is no longer observed at low temperatures; it remain@round 60 K a maximum concentration that is much higher
undetectable even under side illumination during the meathan in the unirradiated samples. irtype GaAs the Fermi
surement. In agreement with earlier investigatidiSthe level rose during annealing and at 600 K there is the first
defect appears, however, after annealing through the RTclear evidence for the presencem 2° defects in irradiated
annealing stage. Irrespective of these differences, final am-type GaAs from the diamagnetic MCDA bardbserved
nealing of Ag;-X, is observed around 600 K. The annealingfirst in s.i. GaAs. Remarkably, the final increase of the
is even more complex im-type GaAs, as shown in Fig. EL2 concentration coincides with the disappearance of the
12(b). We observe Ag;-X, immediately after 0.4 MeV and Asgy,X defects and in this case indicates a transformation of
also after low dose 2.2-MeV irradiation. However, in this the configuration of the Ag complexes. In addition it is
case the defect already disappears at RT. With increasinggmarkable thaEL2 is formed here im-type GaAs, where
dose we observe the same behavior as in s.i. GaAs. noEL2 is formed by thermal treatmefiThe final annealing
The Ag; X, defect[Fig. 12c)] shows a remarkable anti- of these most stable complexes is observed between 800 and
correlation to As-X;: if AsgsX; already disappears at 850 K and, independent of the presenceedf2 in the start-
T,=550 K the Ag X, appears and finally also anneals ing wafers, the initial concentration is obtained agéie.,
around 550 K. A corresponding change of the visibility hasEL2" +EL2%~2x 10" cm~2 for s.i. and~0 for n-type
been observed by EPR after RT irradiations as a function o6aAs. As the nativeEL2 defects are stable up to much
the irradiation dosé&:at very low doses the signal now attrib- higher temperaturés this annealing cannot be attributed to a
uted to Ag; X, was observed and another Agelated de- thermal decay of afEL2 complex; it rather means that the
fect appeared along with the shift of the Fermi level at dosesadiation-inducedeL2 defects anneal by reactions with other
corresponding to our lowest dose. Starting from this obsermobile defects and this must be the vacancies that can be
vation a transformation of the two defects by defect reactionsssumed to be mobile in this temperature rediGue to the
during prolonged irradiation has been speculatgée., similarity of the EPR spectra of AgX; andEL2 on the one
AsgsVastAs—Asg,) .2 However, the present observation hand and the different optical quenching behavior of these
of a back-transformation during annealing at different tem-defects EL2 fast, AgX; very slow,EL2,4 unquenchable
peratures excludes such processes. As suggested by theorditiere has been some controversy about the behavior of the
cal calculationé? the disappearance of the AsX, defects  Asgrelated defecf€ and only by the additional use of the
has also been correlated with a Fermi-level-dependent instddCDA could we obtain a clear discrimination.
bility of the Ga vacancyVg,=AsgsVas.* This correlation Figure 13 finally summarizes the visibility ranges of the
seems, however, very problematic as the experimental obsedifferent Ag;, complexes an®/ s, complexes along with the
vations would yield a dependence of the stable configuratioshift of the Fermi level during irradiation and its moving
on the position of the Fermi level that is opposite to theback during thermal annealing, as has been discussed with
calculation. In addition, the anticorrelation with AsX; is  the data from Fig. 12. There is only limited information for
not explained. our heavily dopeg-type GaAs as the Zn acceptors dominate

2. Asg related defects
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FIG. 12. Build-up and decay of different As-related MCDA spectra during irradiation and subsequent isochronal thermal annealing at
temperatures,. (@) AsggsX; in s.i. GaAs: after 0.4-MeV irradiatiofisil, si? the spectrum is directly observed after 4-K irradiation
whereas after 2.2-MeV irradiation the spectrum is only observed after annealing around RT; the details of the annealing depend on the
irradiation dosgsi4, si9. (b) Asg;X4 in n-type GaAs: after 0.4-MeV irradiatiofnl) the spectrum is observed 4 K and anneals around
550 K; after 2.2-MeV irradiationsn2, n3, n4) there is a dose dependence of the visibiliy. Asg X, in n-type GaAs: the figure shows
the anticorrelation to Fig.(b), i.e., if X; disappears af ,<550 K X, becomes visible(d) EL2" andEngd in s.i. GaAs after high dose
irradiations(si5); data below 550 K have larger uncertainties because of the overlap with other spectra; the aE{g2dwroncentration
(=5 % 10" cm™3) is reached at 800 K and is nearly invisible on this scale. In addition the annealfig28fin n-type GaAs(n4) is shown
as determined from the diamagnetic MCDA line and from the optical absorption band at 1.18 eV.

the MCDA after low-energy and low dose irradiations. Only stability might be explained by a Coulomb repulsion of these
after higher dose irradiations are thegMsignals observed. mobile defects and the faster annealingpistype material
After annealing to RT there is some indicationBE2,4; at  can therefore be explained by a different charge state of a
higher annealing temperatures the Zn acceptors again domiefect mobile around 400 K ip-type GaAs. We might
nate the MCDA although the optical absorption again indi-speculate about mobile Zformed by a kick-out mechanism
cates the presence of radiation defects up to 800 K. which react with these defects and also cause the increased
absorption at higher photon energigsg. 9).
3. The 1-eV absorption band

The annealing of the 1-eV band is summarized in Fig. 8; 4. Comparison to averaging signals

this band is thermally very stable in s.i. GaAs as discussed Figure 14 summarizes the annealing of the optical absorp-
earlier?® For then-type GaAs there is small and steady an-tion background close to the band edge, i.e., at 1.15 eV for
nealing up to 450 K and faster annealing up to 600 K. Forthe high dose irradiations and compares this signal to the
p-type GaAs there are larger errors due to the larger variaannealing of the change of the lattice parameter and of the
tions of the background and final annealing is observed atliffuse scattering intensityAlthough the highest dose of the
450 K. Independent of the doping, there is no indication thapresent investigation is at the lowest end of the XRD inves-
the signal is dependent on the position of the Fermi level asigations, these data can be directly compared as both results
it cannot be changed by quenching or optical pumpingare essentially linear in dose. All these quantities represent—
Hence, this band is correlated with a very stable defect that idifferently weighted—average signals over all defects, and
not correlated with any of the MCDA fingerprints and doesthese curves might therefore be used as an indication of the
not react with the defects mobile in stages | and Il. Thisbehavior of the total defect concentration. In addition to the
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W sorption in s.i. andh-type GaAs. The area of the hatched annealing
\r. curve includes the variations between the different samples. There
. is remarkable similarity to the annealing behavior of the Huang
diffuse scattering and of the change of the lattice param¢ieet
high dose limit 4) and all these data reflect the total defect concentration. The an-
nealing behavior of some optically detected fingerprints and of the
FIG. 13. Schematics of the dependence of the visibility of themost prominent DLTS levelsH, — Eg) (Ref. 43 is shown for com-
paramagnetic MCDA spectra of different Agrelated complexes parison.
and of theVgrelated defecty/ ;X and X, as a function of the
position of the Fermi level. The valence band is indicated at theclude that the x-ray results are dominated by closely corre-
left-hand side and the conduction band at the right-hand side. Thiated defects resulting from double displacements and that
ranges of the paramagnetic charge states of the defects, whighese defects can be related to Yhe-X spectrum due to the
partly overlap, are indicated by different hatching of the back-high threshold energy. Stage Ill was originally assigned to
ground. Starting from the Fermi level of the differently doped e sharp stage of the DLTS levels at 500 K; however, the
sampleds.i,, n-, p-type) the arrow "dose” indicates the movement oqit5 of Fig. 14 indicate that a larger number of defects
of the Fermi level to the limiting position after high dose irradiation anneal within a range up ,~600 K, i.e., this annealing

(=~Eyg+0.5 eV). The numbers indicate the starting point of differ- stage starts with the annealing of close As FiRsfs. 1 and
ent annealing programs after increasing irradiation doses and thf?’) and ends with the final disappearance of t'he special

temperatures indicate the annealing temperature at which this leve
migﬁt be reached. Regions that rgay bF()a crossed at temperaturé§SGa complexes(-X; and X;) and the 1-eV band only ob-
where the corresponding defects have already annealed are in garyed_ after irradiation. 'I_'hes_e latter rgactlons indicate the
cated by thinner arrows. The annealing point 1 forrtkiype GaAs eginning of vacancy migration at th|_s' temperature. The
is deduced from Ref. 6. Asg, complexesEL2 andEL2,4 are additionally produced

in large numbers by the irradiation and can be transformed
dominant annealing stagésand 1l) around room tempera- into their special structure due to interaction with other de-
ture and the annealing stage Ill 84~500 K (Ref. 1) we  fects. These€EL2 defects are the most stable complexes as
observe more or less steady annealing starting at the lowesteir final annealing is observed within the region between
temperatures. The annealing of the fingerprints discusse6l00 and 850 K along with the increasing mobility of vacan-
above is included schematically together with the mosties on both sublattices and the possible dissolution of small
prominent DLTS levelsE2—E5)* vacancy complexes. After this stage the original defect equi-

Together with the introduction rates summarized in Tabldibrium is reached again as we obtain the preexistiig?

| the relative importance of the different fingerprints to the concentration in s.i. samples and haveEid®? defects left in
total defect spectrum can be seen from the comparison of the-type samples that originally contained BE@2 defects. As
defect annealing. We conclude that most fingerprints musa final comment we would like to recall the remarkable simi-
represent minority defects out of the broad defect spectrurtarities to the defect reactions observed with fhP.
present after high dose irradiations, which add up to the in-
troduction rate o, >2 cm™* deduced from XRI}.Consid-
ering the high annealing background the different rather in-
dependent defect reactions of some fingerprints indicate We would like to thank Professor W. Schilling for his
rather local defect rearrangements and the influence of Cowontinuous support for this work and many helpful discus-
lomb repulsion of charged mobile defects at low temperasions. We gratefully acknowledge the technical assistance of
tures. Nevertheless, we now have fingerprint reactions over W. Bergs and the support from Dr. F. Dworschak and J. Fink
wide range ofT, and the broad distribution of the different in the course of the electron irradiations and we thank M.
defect types reveals some trends. The low-temperature aidoke for high-temperature irradiations. Last but not least we
nealing stages |,Il are characterized by the annealing of thare grateful for the support from Professor J.-M. Spaeth and
Vgrelated defecty X andXg,. From the large value for his co-workers Dr. Lohse and Dr. Krambrock at the begin-
the average displacement field around these défectson-  ning of these investigations.
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