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Electron irradiation at room temperature in p-type vapor-phase-epitaxy-grown GaAs produces a
series of traps labeled H0, H1, H2, H3, H4, and H5 situated at, respectively, 0.06, 0.25, 0.42, 0.54,
0.79„and 0.85 eV above the valence-band maximum E„. Their introduction rates as a function of
the energy of irradiation and their annealing behavior have been studied using deep-level transient

spectroscopy. From a comparison of the introduction rate and the annealing kinetics of H1 with
electron traps produced by irradiation in n-type material, we deduced that this trap is associated
with the arsenic vacancy-interstitial pair. The other traps {H2, H3, H4, and H5) are complexes of
impurities with the arsenic interstitial, IAs, due to the fact that IA, is mobile under irradiation.
From the annealing kinetics of these defects we deduce the activation energy associated with the IA,
mobility {0.5+0. 15 eV) in p-type GaAs, Finally, we also demonstrate that the E traps situated at
0.045, 0.140, 0.30 eV below the conduction-band minimum {labeled E1, E2, E3, respectively) present
in electron-irradiated n-type GaAs are also present in p-type material and we have verified that
these defects have the thermal stability expected from studies in n-type GaAs, i.e., associated with

the charge-state effect.

I. INTRODUCTION

The defects introduced by electron irradiations in GaAs
have been the subject of a large number of works. '

However, most of the studies have concentrated on the de-

fects produced in n-type material. It has been demon-
strated that these defects, labeled El, E2, E3, E4, and E5
and situated at E,—0.045 eV, E, —0.140 eV, E, —0.30
eV, E, —0.76 eV, and E, —0.96 eV, respectively, are in-

trinsic defects (i.e., related to vacancy and interstitial} for
the following reasons. First, their introduction rate does
not depend on the temperature between 4 and 300 K (Ref.
4) and is the same whatever the concentration and nature
of the impurities contained in the materials, i.e., is in-
dependent on the nature of the material [Czochralski
(CZ), vapor-phase-epitaxy (VPE), liquid-phase-epitaxy
(LPE) grown] and on the doping concentration and na-
ture. This strongly suggests that the defects do not in-
teract with the various impurities contained in the materi-
al, i.e., remain unchanged after their creation. Second, the
observed introduction rate is of the order of the calculated
number of displacements produced by the irradiation,
which can be performed after the threshold energy rd for
displacement, i.e., the minimum energy transmitted to a
lattice atom ( —10 eV) to produce a defect, has been deter-
mined. Third, annealing kinetics which is first order,
and the amount of annealing of these defects (~90%)
which occurs around 200'C is consistent with only a situ-
ation: the recombination of vacancy-interstitial (VI)-
pair. The sublattice As or Ga, at which these V-I pairs
belong to has been determined. A study of the orientation

dependence of the introduction rate of all the E defects
has shown a strong anisotropy due to the interaction of
the primary defect knockon atom with its nearest neigh-
bors of different nature. The result of this study is that
the E defects are associated with defects in the arsenic
(As) sublattice. '0" This conclusion has been confirmed
by a study of the variation of their introduction rate in
Ga& „Al„As alloy' since the introduction rate of the E
defects is found to be independent of x. Consequently,
because there are several E levels (El and E2 are two lev-
els of the same defect} associated with different defects
(since they have different introduction rates or different
thermal behavior), the E defects are thought to be related
to a distribution of V&,-I~,. As to Vo, -Io, pairs which
are undoubtedly created by the irradiation„ it is thought
that they recombine directly after their creation, due to
Coulomb attraction.

The electronic properties of the E defects are reasonable
known from do:p-level transient spectroscopy (DLTS)
studies. Their electrical energy levels have been deter-
mined and some of the associated electronic capture cross
section for majority carriers has been measured [for E3
(Refs. 13—15), E2 (Ref. 4), and El (Ref. 16)]. As to the
optical capture cross sections, they have been studied for
the defects E1, E2, ' and E3,' allowing one to estimate
the Franck-Gordon shift dF, for these three defects. Fi-
nally the annealing behavior of these defects has been ex-
tensively studied, illustrating the effect of defect charge
state on the annealing of E2 and E3 (Ref. 19) (the defects
do not anneal when they are empty) or the annealing of
E2, E3, and E5 by injection of minority carriers.
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The conclusion that the defects created are VA, I~-,
pairs is apparently in contradiction with the fact that
complex defects such as 8 IA-, (Ref. 23) and C I~-, (Ref.
24) have also been observed, as well as the creation of the

As&, antisite with an introduction rate which cannot
be explained by a direct displacement of impurities of
direct exchanges. The formation of these complexes in-
volve the mobility of IA, . This contradiction is only ap-
parent. Indeed, the conditions where the E defects are ob-
served by DLTS are the following: the dose is sufficient
to obtain a concentration of defects -O. 1 n (n is the con-
centration of free carriers} i.e., the material remains n-

type and a low dose is used ( —10' and 10' cm ). On
the contrary, the complexes are observed by ir absorption
on localized vibrational modes and the antisites by EPR:
Both techniques imply larger doses ( —10' and 10'
cm } and a material which is compensated, i.e., no more
n type. The observations at low dose and high dose can
be reconciled by assuming a low mobility of the IA, under
irradiation: For low doses (DLTS) the diffusion length of
Iz, is short and the irradiation results in a distribution of
V&,-I&, pairs; large doses (EPR, ir) imply a larger dif-

fusion length and consequently the possibility of Iz, to be
trapped on impurities forming complexes or making a re-
action which creates Aso, antisites.

Finally, some complexes, associated with IA, have been
created by electron irradiation at high temperatures,
i.e., temperatures greater than 200'C, a temperature at
which IA, is thermally mobile, allowing it to escape and
migrate in the material.

In p-type material, the situation is apparently more
complex and few studies have been performed. The de-
fects are labeled HO, Hl, H2, H3, H4, and H5, situated
at E„+0.06 eV, E„+0.25 eV, E„+0.42 eV, E,+0.54 eV,
E„+0.79 eV, and E„+0.85 eV, respectively. Some of
these defects have been detected in n-type GaAs under in-

jection of minority carriers. ' The introduction rates have
been studied versus the orientation and the energy of irra-
diation for only the defects HO and Hl, showing that
these defects originate from the As sublattice, and only
Lang has said that Hl anneals in a similar fashion than
E3 and E5, i.e., around 200'C. The other defects, con-
trary to the n-type case (i.e., even upon low doses of irra-
diation), have a nature and a concentration which depend
strongly on the type and doping of the material, ii suggest-
ing they are complex defects, formed by the association of
primary defects with the impurities contained in the ma-
terial. It therefore seems natural to think that Ij„is more
mobile under irradiation in p- than n-type GaAs. In or-
der to confirm this picture, several questions have to be
answered: What are the complex defects formed in p-type
material'? Are the E defects ( V„s-IA, pair) present in p
materials'

The aim of this paper is to describe some of the main
missing information in order to answer these questions.
For this, using the DLTS technique, we have studied (1)
the introduction rate of the defects versus the energy of ir-
radiation, (2) the kinetics of annealing of the H defects,
and a comparative study with the annealing kinetics of
the E defects, (3) the existence of the E defects in p-type
GaAs (using injection of minority carriers), (4) the

thermal stability of the E defects, in p-type material, i.e.,
the charge-state effect on their anneahng behavior. We
have obtained the following results.

(1) The E defect, i.e., arsenic V Ip-air are present in @-

type material.
(2) The traps HO and Hl are also related with the ar-

senic V-I pair.
(3) The H2, H3, H4, and H5 defects are complexes, in-

volving Ih„and impurities contained in the material.
(4) The thermal annealing of the complex defects occurs

through the mobility of the IA, in p-type GaAS (the asso-
ciated activation energy being 0.5 eV).

(5) The charge-state dependence of the thermal stability
of the E defects is in agreement with an extrapolation of
their behavior found in n typ-e material.

II. EXPERIMENTAL TECHNIQUES

The samples used in this work are p-type VPE GaAs,
doped typically with 2.5X10' Zn cm . Before irradia-
tion, only one main trap is detected by DLTS measure-
ment. Its associated energy level is E„+0.5 eV, its cap-
ture cross section oi „,deduced from the extrapolation of
the signature (variation of the emission rate versus the
temperature) to T '=0 is 1.4X10 ' cm, and its con-
centration is —10' cm . This defect is the well-known
HL3 trap, ' said to be associated with iron. An anneal-

ing at 220'C during 30 min shows this defect is stable at
this temperature.

The samples were irradiated by electrons at room tem-
perature, in the energy range 0.5—1.25 MeV and fluence
range 2 X 10' —10' cm, with a flux of 2 X 10'
e cm 2s '. The thermal annealings were performed
from 190'C to 220'C+2'C under helium atmosphere.
The temperature rise and decay time of the sample were
minimized by introducing the sample in the oven, regulat-
ed at the desired temperature, and pulling it out of the
oven under a flux of cold nitrogen.

III. EXPERIMENTAL RESULTS

A. Irradiation

The irradiation introduces five hole traps, labeled
H1 —H5. Figures 1 and 2 show, respectively, a typical
DLTS spectrum and the signatures of the traps. The HO
is not observed in these figures, because it gives rise to a
DLTS peak at 50 K. The activation energy and the cap-
ture cross section of each defect are reported in Table I.
A comparison is made with the previous works of Miton-
neau et al. , Loualiche et al. , and Pons et al. %e
have not especially studied HO, which has been extensive-
ly studied by Pons. The 02 peak is apparently composed
either after irradiation or during annealing of two peaks,
labeled H2' and H2", as shown in Fig. 3. The activation
energies and capture cross sections of the two peaks are
given in Table I.

This 02 peak usually associated with a complex defect
involving copper (E„+0.40 eV, 5.6X 10 ' cm ) ap-
pears to be made of two components (this will be con-
firmed by annealing studies).
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B. Annealing

In order to obtain detailed information (activation ener-

gy and preexponential factor) on the annealing kinetics,
and to determine the order of the reaction, isothermal an-
nealings have been performed at different temperatures.
The results are given in Figs. 6, 7, and 8 for Hl, H3, and
H4. As shown in Fig. 7 the defect H3 does not anneal
completely; this is simply due to the presence of the trap
HL3 which is superimposed to H3. The defect H3 an-
neals and the concentration of the remains is associated
with HL3, which we verified, is stable at the temperatures
used for these annealings ( -200'C). Analysis of the peak
shows clearly that H3 is replaced by HL3 at the end of
annealing. The defect H2 has not been studied because,
during the annealing, its two components H2' and H2",
which appear as shown on Fig. 3, have relative concentra-
tions which vary in a manner we are not able to under-
stand.

The defect H5 which appears as a shoulder of another
peak was not studied because its concentration is difficult
to measure quantitatively. For the same reason the results
concerning the trap H4, which appears on a shoulder on

v= voexp( ddf lkT) . —

We have determined vo and bH for each part of the kinet-
ics. The values are given in Table II for each trap and
compared with previously published results for the F.
traps. As already mentioned, the kinetics of annealing of
the trap HO has not been studied. We have only measured
its concentration after annealing and verified that it an-
neals quite completely around 200'C. Table III gives the
concentration of HO (normalized after irradiation) versus
time and temperature of annealing.

The important fact is that the annealing kinetics allow
one to distinguish two groups of defects: the first one, re-
lated to H1, whose annealing rate corresponds to an ac-
tivation energy of —1.3 eV, with a preexponential factor
vo-10' s ', and the second one, related to H3 and 04,
whose annealing rate has an activation energy of 0.5 eV
and a preexponential factor of a few 10 s

C. Observation of minority carriers traps

Since HO and H1 present the same annealing behavior
(identical order of kinetics and ~ and vo values) as that
of the E traps, which are known to be related to the arsen-
ic AA, -IA, pair, this strongly suggests they are also relat-
ed to the same primary defects, i.e., that the V~, IA, pair-
is also present in p-type material. It is then reasonable to
think that the E defects are also created in p-type GaAs.
As we have recalled in Sec. I, some of the H traps are
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indeed observed (HO, Hl) in n-type material, detected by
DLTS using injection of minority carriers. We therefore
attempted the detection of E traps in p-type materials.

Figure 9 shows a typical DLTS spectrum observed in

p-type material under injection. One can see the two prin-
cipal defects El and E2 (at 25 and 60 K). The peaks ob-
served exhibit a large width: this is due to the effect of
the electric field (phonon-assisted tunneling emission)'
on the emission rate, an effect which cannot be reduced in

case of injection. We also detected a peak where E3 (180
K) should be. We verified this peak is associated to E3 by
measuring the signature of this trap (Fig. 10): We found
values E,—ET ——0.34 eV and o„=1X10 ' cm; values
in good agreement with the electrical characteristics of the
defect E3 determined in n-type material. Two other
peaks appear, at a temperature where E4 and E5 should
be present. Unfortunately, the DLTS measurements did
not provide accurate values for the energy level and the
capture cross section of these peaks because of the pres-
ence of the majority trap HI.3, in the same temperature
range which has a large concentration that is very impor-
tant in comparison with the one from the E4 and E5
traps.

%'e have also studied the thermal stability of the E de-
fects in p-type materials. As it is difficult to measure ab-
solute value of concentrations under injection, we have
performed only relative measurements, i.e., a comparison
between the concentration of the defect HO and of the E
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TABLELE III. Normahzcd concentration of HO after various
thermal annealing treatments.

Temperature
of annealing
(C) 210 220

Time of
annealing
(min)

Concentration
of HO

0 25

0.075 0.1 0.1

30

0.9

5. 8

5.64.9
I i I c I i I i I a I

5 5. 1
I ~ I i I i I

5.3 5.4

1 GQG/T

defects during annealings. Table IV gives the concentra-
tion o E2 following two annealing steps at 200'C and
220'C, after 25 min (the concentration is normalized t
one after irradiation). We observe that the defect E2 does
not anneal. In the same way, just by observing the rela-
tive amplitudes of the DLTS peaks, we can say that El
and E3 do not anneal. As to the E4 and E5 traps, their
concentration is too difficult to measure (due to the res-
ence of HL3) to beo to sure that the same conclusion applies.

easure ue to t e pres-

Thus, on the contrary to the case of n-type GaAs the d-
fects El , E2, and E3 do not anneal in p-type materials.

IV. DISCUSSION

A. Introduction rate

From the study of the introduction rate, we learn th t
ollows exactly the same behavior as that of E5

a

(see Pons ) i.e. h, the same introduction rate versus the en-

ergy of irradiation. This suggests that Hl is related to a
primary defect hke E5 Since as s.hown b Po Hl h

~ ~

the same ormntation dependence of the i t od
us crystallographic orientation, we can conclude

t at H1 is associated with the V -I air B
their c

A.- A. pair. Because
eir concentrations are identical they could be both asso-

8

FIG. 10. S&gnature of the defect E3 detected in p-t G A
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ciated with the same defect i.e. be t d'ff
th dt e same de ect.

e wo i erent levels of

(2) H2, H3, H4, and H5 do not exhibit at all th
behavior i.e.

x ii ata t esame

cross
, do not follow the theoretical variat' f haria ion o t e

ation as
s section for displacement versus the ene energy o irradi-

a ion as would be the case for primary defects or for com-
p ex defects in case their time of formation is short com-
pared to the time of irradiation.

This behavior suggests that (i) H2, H3, H4, an are
complex de ects and (ii) their formation depends on the
conditions of irradiation.

sume
By analogy with the case of n-type material wria, we can as-

of I with s
e that these complexes are formed b thy e association

o z, wit some impurity and that the mobilit f I,
'

n. is mo ility isp s on the conditions of irradiation. Th'
rather low since the existence of HO and Hl sh
after irra

'
diation there still exist primary V -I

an s ows that

However they are more mobil th
ary A, - A, pairs.

e an in n-type material
i.e., the mobility depends on Ferm' 1 lrmi eve position) since,

m t is case, after a low dose of irradiation, there are onl

uc a situation is not particular to GaAs b
genera case. In germanium, the recovery of the V-I pair,

e interstitial, ' isassociated with the mobility of the int
greater in p type than in n type. But, ionizing radiation
(due to electron irradiation or light illi umination can in-
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duce the recovery of the V-I pair, stable up to 65 K in n-
type, at low temperature (4 K). In silicon the interstitial

is mobile at 4 K, so that the V-I pair cannot be observed

even after irradiation at low temperatures.
Such low-temperature mobility is interpreted by an

athermal migration via an ionization enhanced migra-
tion. ' The existence of such a mechanism for migra-

tion cannot be verified for the self-interstitial since it has

never been observed. However it is directly verified in the
case of boron interstitial in silicon which is observed by
EPR and whose lattice configuration changes from a
bond-centered interstitial configuration to a split (100)
interstitial configuration when its charge state changes
from Bi+ to Bi

Such athermal mobility is a function of the rates for
trapping electrons and holes and therefore, depends on

their relative concentrations, i.e., on the level of injection
of the minority carriers by the irradiation. Since the con-

centration of injected carriers bIi = (hn) is

bp =Erg (RW, (3)

where E and p are the irradiation energy and fiux, 8 the

range ( —1 mm for 1 MeV in GaAs), W the average ener-

gy required to form an electron-hole pair [ W=4.5 eV in

GaAs (Ref. 48)], and r the lifetime (-10 s), the mobili-

ty of I~, is proportional to the energy of irradiation E
When the mobility is low enough, then the number of

complexes formed is also proportional to E. Indeed, let
us consider the number N(t) of I~, which diffuse to
sinks, X impurities (i.e., acting as spherical traps of radius

ro) to create complexes X-I&,. Both the interstitials and

the sinks are randomly distributed and the sink concentra-
tion is large compared to the interstitial concentration.
The number of defects which disappear in the sinks per
unit time is proportional to the number of interstitials
N(t) present at time r:

the coefficient P depending on the geometrical shape of
the sinks.

As shown in Ref. 49 the number of complexes formed
(6) at a time t is proportional to Dt. Since D is propor-
tional to bp, then X(t) is proportional to E according to
(3).

In conclusion, the experimental behavior of the intro-
duction rate of the defects H2, H3, H4, and H5 (linear
with the energy of irradiation) can be understoixi as a
consequence of the formation of complexes IA, -X,
through the diffusion of the I~, driven by the ionization
produced by the electron beam.

The validity of this picture will now be verified by the
analysis of the kinetics of thermal annealing.

that is,

N(t) =Npe

where the rate constant E is proportional to the diffusion
coefficient D of the interstitials,

8. Thermal behavior

The results described in this section concerning the
thermal behavior of the traps Hl, H2, H3, H4 and H5
show also that these defects have to be classified in two
groups, with regard to the activation enthalpy energy hH
and to the preexponential factor vo/XJ associated with
these thermal annealing rates

v= (vo/Xz )exp exp
kt

L

where M' is the entropy changes associated with the rni-

gration process, vo is a lattice frequency (v0=6g 10' s
for GaAs), and N~ is the average number of jumps before
annealing.

The kinetics of Hl is the sum of two first-order kinet-
ics which have the same activation energy, —1.3 eV. This
value is equal, within experimental accuracy, to the ac-
tivation energy found for the E defects. The preexponen-
tial factor, —10' s ', is also in the same range as that of
the E defect. As demonstrated by Pons et al. , these
values are characteristics of the recombination of close
V-I pairs. The trap Hl having identical kinetics is there-
fore also related to such a pair. The fact that the kinetics
is the sum of two first-order kinetics, with the same ac-
tivation energy is explained by an effect of the charge
state of the defect. As described by Pons, this is also the
case for the E2 defect. ' It is therefore possible that Hl
and H2 are two levels of the same defects. The difference
between their introduction rate (1.5 cm ' for E2, 0.1—0.2
cm ' for Hl) can be explained by the fact that they are
measured in different types of materials (n and p, respec-
tively), where the behavior of the interstitial is different.
Iz, being more mobile in p type, the concentration of
pairs which remain after irradiation is smaller in p type
than in n type.

As to the other defects, H3 and H4, they anneal also
with first-order kinetics, but with an activation energy of
0.5 eV and a preexponential factor of a few 10~ s ', i.e.,
E~ —10' assuming ES/k —1. Such a value is charac-
teristic of long-range diffusion. In addition, the annealing
of these complexes have the same characteristics for all
the traps, so that their annealing is associated with the mi-
gration of the same entity, i.e., IA, . In this picture, we
can conclude that the activation energy associated with
the As interstitial mobility is 0.5 eV. For these defects,
we observe again two first-order kinetics, with the same
activation energy (0.5 eV); this may be attributed to a
variation of the Fermi level position during annealing, i.e.,
of the state of the I&, during annealing.

%e note also that these observations are in agreement
with a recent work on EL2, ' identified as a complex
Aso, -I&, and whose activation energy of formation, relat-
ed to the mobility of I&„is -0.6 eV.

C. Existence of the E defects

We have also detected the E defects in p-type material,
in agreement with the previous conclusions that V-I pairs
in the As sublattice are present, like in n type. %e have
noted that, on the contrary that what happens in n-type
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material, the defects El, E2, and E3 do not anneal
around 200'C (no definitive conclusion could be obtained
for E4 and E5). This is actually in full agreement with
the model of thermal annealing in n type. Pons' has
demonstrated that the defects E2 and E3 do not anneal
when they are empty (for this, he used a reverse polariza-
tion during annealing and compared the concentration of
the defects which were either in the space-charge region,
i.e., empty, or, in the bulk, i.e., filled). In addition, using
variable doping concentration, he demonstrated that the
variation of the annealing rate can be quantitatively ac-
counted for using the so-called "normal ionization
enhanced" mechanism. In our case, in p-type material,
doped -2.5X10' cm, it is clear that the defects asso-
ciated with E1, E2, and F3 are always empty and should
not anneal, as shown in Fig. 11, where we have plotted the
annealing rate data for p type as an extrapolation of the
n-type case. The annealing rate of E2 in the empty case,
at 220'C, is —10 s ', in agreement with the previous
work of Pons. '

V. CONCLUSION

Our study has demonstrated that the defects produced
by electron irradiation in p-type GaAs are of both types:

FIG, 11. Rates of annealing of the E2 trap as a function of
the doping concentration in n-type GaAs according to Ref. 19.
Comparison with our result on p-type GaAs.

primary, i.e., VA, -IA, pairs, and complexes involving im-
purities and I„,. The reason is that IA, is slightly mobile
during irradiation, inducing a broad distribution of
V~, I~-, pairs. After irradiation some of the pairs and

isolated VA, are still present with complexes formed by
the interaction of IA, with impurities contained in materi-
al. We have shown also that this picture is fully con-
sistent with the one deduced for defects in n-type GaAs.
Indeed we have detected the E defects known to be associ-
ated with a distribution of VA, -Iz, pairs; in n type, I~, is
less mobile and interaction of I~, with impurities is only
observed for high doses which render the material semi-
insulating.

Several properties of the H and E traps have been es-
tablished during the study: (i) The trap HO anneals
around 200'C. (ii) The trap Hl is a primary defect asso-
ciated with the arsenic-vacancy-interstitial pair. It an-
neals also at 200'C with an activation energy of 1.3 eV.
(iii) The other traps (H3, H4, H5) are related to IA, im-
purity complexes. They anneal at 200'C with an activa-
tion energy of 0.5 eV. (iv) The defects El, E2, E3, E4,
and E5 are also created in p-type GaAs. (v) El, E2, and
E3 do not anneal in p-type GaAs, at 200'C as in n type
because of a charge-state effect. (vi) The trap HL3 is not
created by the irradiation but is a native defect. Another
defect, a complex involving I„„having similar charac-
teristics, is created during irradiation. (vii) The so-called
H2 trap is actually due to the superposition of two dif-
ferent traps, H2 and H2", whose characteristics are
respectively, E„+0.36 eV, O.p

——2.5 g 10 ' cm and
E„+0.44 eV, ez ——6.9~10 ' cm . These two traps may
involve copper, i.e., be IA, -Cu complexes. (viii) The ac-
tivation energy associated with the interstitial mobility in
p type is 0.5+0.15 eV.
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