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We have studied the production and annealing of det'ects produced by 1-MeV electron irradia-

tion of »-type GaAs. Two ot these defects lie at 0.15 and 0.31 eV from the conduction band,

respectively; in addition, there is at least one acceptor much closer to the valence band. The
carrier-removal rate depends upon sample purity but is independent of the irradiation flux. The
removal rate is also highly dependent upon the position of' the the Fermi level, an effect which

is considered in some detail. At about 200'C, the detects recover in two stages, with the

respective recovery rates given by A, t
=3 X10 exp{—1.2/kT) and A2 =1 X10' exp{—1.6jkT)

where the energies are in eV; A2 is somewhat dependent upon sample purity. In the highest-

purity samples a reverse recovery phenomenon sometimes occurs, on about the same scale as

We present models t'or the production and recovery which are consistent with most of these

results, as well as with other data found in the literature. It is suggested that the activation en-

ergies found in A. t and X2 may well be dissociation energies, rather than motional energies.

Although the observed defects cannot be specifically identified, it appears that the level at 0.31

eV is a donor, and that at 0.15 eV is an acceptor; however, these conclusions are not firm.

I. INTRODUCTION

Even though electron damage in GaAs has been
investigated for nearly two decades, there still is a

lack of consensus on its two most fundamental as-

pects: defect production rate and defect annealing.
The defect production rate is generally determined
from the free-carrier removal rate (dn/dg) The.
wide variation in the values of dn/dqh reported in the

literature leaves open the question of whether the de-

fect production rate itself varies or whether the pro-

portionality between defect production rate and

dn/d$ varies. In the area of defect annealing, no de-

tailed study of defect annealing kinetics has been
made since Aukerrnan's original study. ' Since high-

purity GaAs epitaxial layers are now available, a

more detailed investigation of annealing in this ma-

terial is now possible.
This paper reports the investigation of defect pro-

duction in 1-MeV electron-irradiated»-type GaAs.
In particular, the dependence of the defect produc-
tion rate on fluence and the relationship between de-

fect production rate and free-carrier removal rate are
addressed. In addition, the annealing kinetics of the
200'C annealing stage (evidently associated with the
Ga sublattice') are studied in doped and high-purity

GaAs.

II. PROCEDURE

Most of the samples used in this work were high-
purity, vapor-phase epitaxial (VPE) layers grown in

our laboratory. In addition, several other VPE,
liquid-phase epitaxial (LPE), and bulk GaAs samples

were obtained from a variety of manufacturers. All

expitaxial layers were grown on Cr-doped GaAs sub-
strates. Electrical measurements were carried out us-

ing a standard, five-contact, Hall-bar configuration
with indium contacts. The I-MeV electron irradia-
tions were made at room temperature.

When electrical measurements are used to monitor
defect production in semiconductors, it is generally
assumed that the free-carrier removal rate (dn/d$)
is proportional to the defect introduction rate. It can
be shown that this assumption is valid as long as the
Fermi level is not significantly changed by the intro-
duction of the defects. A general rule of thumb has
been that dn/dQ is proportional to the defect intro-
duction rate if the initial free-carrier concentration is

changed by less than 10'/0. This convention has been
observed in this work.

III. RESULTS

A. Production

Figure 1 shows the free-carrier removal (4n) as a
function of fluence for a large number of GaAs sam-
ples surveyed in this work. As stated earlier, the sam-
ples (bulk, VPE and LPE) were obtained from
several sources and contained different dopants. Two
features of these data are of particular interest. First,
almost without exception defect production is less
than linear with fluence. (For the few samples which
did exhibit linear production, it was found that subse-
quent annealing and then further irradiation gave not
only sublinear production but also a higher production
rate. ) The average of all the data in Fig. 1 yields
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FIG. 1. Free-carrier removal vs fluence for a portion of the samples surveyed in this work. The solid lines represent the
range of values reported in the literature.
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. . While the data shown in Fig. 1 pertain to

doped samples, the production is also found to be
sublinear in high-purity epitaxial layers. The second
point of interest derived from Fig. 1 is the scatter in
the free-carrier removal rate (dn/dP) Although.
there are significiant variations in our dn/d$, still

they are quite small compared to the range of values
reported in the literature (represented by the solid
lines). Also, it appears that the free-carrier removal
rate is uncorrelated with dopant species, manufactur-
er, or method of growth. (Kol'chenko and Lomako4
also report no dependence on dopant species. )

We must consider the possibility that the variation
in dn/dQ may be due to a flux dependence, such as
has been reported for ion implantation. Electron
flux is rarely reported and thus a determination of a
dependence of dn/dQ on flux from the data in the
literature is not feasible. To investigate this problem
we have measured the free-carrier removal rate as a
function of fluence, for two widely different fluxes,
and the results are shown in Fig. 2. Most other sam-
ples showed similar behavior. One sample appeared
to have a small flux dependence (i.e., higher flux,
larger free-carrier removal rate); however, even in
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FIG. 2. Free-carrier removal rate vs fluence for two wide-

ly different fluxes.
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FIG. 3. Free-carrier removal rate vs no. The curved line is the calculated removal rate for a constant (i.e., independent of
no) production rate of two defects. The defects are assumed to be acceptors at 0.16 and 0.31 eV (with respect to the C.B.) with
production rates of 2.2 and 0.8 cm ', respectively.
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this case the result was not statistically significant be-
cause of large scatter in the data.

While no clear correlations between d»/d&t& and
material parameters were obtained for doped sam-
ples, a strong correlation between d»/d&t& and initial
carrier concentration no, can be found in undoped
samples. Figure 3 shows d»/d&/& as a function of »t&

The solid line is obtained from a calculation based on
a model which will be discussed later.

In Fig. 4 we show Arrhenius plots of data from one
of our samples. The calculated energy levels of 0.15
and 0.31 eV, respectively, agree quite well with those
of other samples studied here and in other labora-
tories. It should be noted that a third level has also
been reported and a revie~ by Lang' lists the "best"
values for the three levels as, E1 =0.13 eV,
E2 =0.20 eV, and E3 =0.31 eV. It is not clear
whether our 0.15-eV level is, in fact, E1 or an un-

resolved combination of E1 and E2 ~

IO B. Annealing
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FIG. 4. Free-carrier concentration vs inverse temperature
for two fluences. Defect levels of 0.15 and 0.31 eV are ob-
served following irradiation fluences of 1.0 and 2.0 & 10'
e/crn, respectively. The pre-irradiation free-carrier concen-2

tration was 2.0 && 10 e/cm .

Figure 5 shows the data for a 200'C isothermal an-
neal of a doped sample. The Hall-effect data were
collected in situ at 200'C. The data can be resolved
into two substages which will be referred to as A,

&
and

A2, in Aukerman's notation. ' Each substage is first-
order (see insert), i.e., the recovery process can be
described by

Atl (t) = All ] exp( —X~t) + b, n2 exp( —A2t), -(1)

where t is time, diat (t) —n ( t) —i~ ( ~) (n is the free
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= »& 10' exp( —1 2/k. T) and Xq = 1 x 10"
x exp( —1.6/k T).

Annealing was also studied in undoped samples.
However, interpretation of the results is not as
straightforward as in the case of doped samples. In
high-purity samples the Fermi level may be below
some of the defects and the occupation of a substan-
tial fraction of the defects is very strongly dependent
on temperature. The annealing rate for the A2 defect
substage was measured and the results are shown in

Fig. 6. Data from our study indicate that X2 is ap-
proximately constant at moderate to high doping lev-
els and is decreasing as the purity increases for the
undoped samples. Additional data from the literature
are included for comparison. The totality of points
can be roughly fitted by a line of slope —, , i.e.,
A2 ~ no, this relationship will be discussed in more
detail later.
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FIG. 5. Isothermal anneal at 200'C. The insert is ob-
tained by subtracting the linear portion of the curve (extra-
polated back to zero time) from the rest of' the data. The
axis scales in the insert are the same as in the main figure.

carrier concentration), Ai~t and hn2 are the portions
of free carriers initially removed by the defect (or de-
fects) associated with each respective annealing sub-
stage, and A, I and A2 are the annealing rates of the
respective substages. The temperature dependences
of the annealing rates were found to be

A. Production

The form of the defect production (linear or non-
linear) can often help determine the kinds of defects
and their production mechansims. In the majority of
the samples surveyed in this work it is clear that the
defect production is not linear with fluence. Defect
production in GaAs has often been reported to be
linear; however, a careful review of the reported
data' " shows that in fact mos] of the data are actu-
ally only nearly linear (in agreement with the findings
reported here).

In general, defect production will be linear with
fluence if the defects do not interact with each other
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FIG. 6. Annealing rate vs no for the A, 2 substage. The solid lines represent possible functional dependences of A2 on no', i.e.,
X2 ~ nfl and X2 ~ np See text fo.r details.
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or with imperfections already existing in the sample.
In the case of GaAs, and indeed most semiconduc-
tors, it it generally assumed that interstitials are
mobile below room temperature; therefore any stable
defect which can interact with interstitials could be
expected to have a nonlinear production rate. The
fact that both the functional dependence and the ab-
solute value of the production rate vary so widely

from sample to sample makes quantitative calcula-
tions of defect production from the appropriate rate
equations of questionable value. However, a brief
qualitative discussion of a simple model of vacancy
production in the presence of free interstitials is
probably useful ~ The two relevant rate equations are

dn; dye= K ( hr&Nz + 0'h

hler)

hl;Vh
dt dt

dnv d4= K a ynynhv&
dt dt

(2)

(3)

where n; is the free-interstitial concentration, n y is
the vacancy concentration, K is the proportionality
constant that gives the rate of vacancy-interstitial pair
production, a, is the capture cross section of sinks
for free interstitials, cry is the capture cross section of
vacancies for free interstitials, v; is the velocity of the
free interstitials, and N, is the concentration of inter-
stitial sinks (excluding vacancies). The interstitial
sinks in this model include traps, but re-emission
from these traps is ignored. If it is assumed that free
interstitial equilibrium is reached in a time which is
short compared to the other relevant experimental
times, then we can let dn;/dh =0, and from Eq. (2),

K d hlh/Chn;=
( erg N~ + Cry hhv) vh

In this approximation Eq. {3)yields

(4)

v d@ ~N=K
dt dt a'sNs+ a vny

(5)

In the derivation of Eq. (5) one might justifiably ob-
ject to the use of velocity (i.e., v;), which is an ill-

defined concept if the process is random walk in na-
ture. However, Eq. (5) can be derived immediately

by assuming that the created interstitials are "instan-
taneously" (on the time scale of Kdh/h/dh) either an-

nihilated at the ny or trapped at the N, . Then the
bracketed team in Eq. (5) is obviously the surviving
fraction of the ny.

In this simple model the production of ny will be
linear with fluence only if a yny (( a' & . Such a sit-
uation cannot, of course, obtain for too long a time,
because eventually the vacancy concentration will be
high enough to compete with the sinks and traps for
the mobile interstitials. Thus, if vacancies are im-
portant in the free-carrier removal process, and if in-

terstitials are mobile at room temperature, the model

described here can account for some of the wide vari-
ation in carrier removal rates reported in the litera-
ture. It is, of course, not surprising that interstitial
sinks and traps would vary in type and concentration
with sample growth conditions. %'e also reiterate that
flux dependences evidently do not account for the
variation in the removal rates.

Another potentially important source of variation
in the reported free-carrier removal rates is the posi-
tion of the Fermi level, which will affect the propor-
tionality between the defect introduction rate and the
free-carrier removal rate. This effect is especially
prominent in our purer samples (hho ~ 10"cm '). At
least seven defects are known to be introduced by
electron irradiation' ", however, because the Fermi
level always lies within about 0.4 eV of the conduc-
tion band (at 200'C or lower) in our samples, we

need explicitly consider only those defects which lie

above this value. Given a constant defect introduc-
tion rate, the free-carrier removal rate as a function
of no can be calculated directly from the probability
of occupation for each defect level. The curve in Fig.
3 is obtained by assuming that acceptors are intro-
duced at 0.16 and 0.31 eV with introduction rates 2.2
and 0.8 cm ', respectively. (Electrical measurements
in this work revealed levels at 0.15 and 0.31 eV;
however, slightly better agreement is obtained assum-
ing 0.16 instead of 0.15 eV.) The deviation of the
data from the calculated curve at high doping levels is
consistent with the observation of a shallow defect
level at -0.03 eV. ' However, the agreement of this
curve with the data is by no means unique. Similar
results can be obtained by assuming that one or both
of the levels are donors if a deep acceptor is also in-

troduced at a constant rate. It should be noted that
while electrical measurements generally uncover only
two defect levels in this r'egion (-0.15 and -0.30
eV), DLTS measurements routinely yield three levels
(0.13, 0.20, and 0.31 eV). The data in Fig. 3 are not
precise enough to preclude the presence of three lev-
els in this region.

By using data from both production and annealing
studies, it is possible to extract information concern-
ing the production rate of defects in each substage
{A,~ and A2). The data in Tables I and II, for the A, ~

and A.2 substages, respectively, were obtained in the
following manner. The column labeled dnr/dhfh in

each table is simply the total free-carrier removal
rate as determined from production data. The
columns dnt/d$ (Table I) and dhht/d$ (Table II) are
obtained from the fraction of free carriers which re-
cover in each of the two an»ealing substages; i.e.,
Ally = An) + AI72. By using the known energy levels
of the defects near the conduction band (i.e. , within
0.31 eV), the probability of electron occupation for
each of them can be determined from the position of
the Fermi level; thus, the introduction rates of the
separate defects can be calculated.
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TABLE I. A& substage defect production rates as a function of »p.

Sample »p

(cm 3)
chtT/d @

(cm ')'
d»)/d $
(cm-~)b

dE34/d @

(cm ')'
dE3D/d $
(cm ')d

TI-76B1-41A
—26
—89

H P-C-7-3-5
-6-1-39B
—6-1-24
-4-2-1

2.4 x 10"
1.3 x 10'7

6.0»0"
20 x lots

S.O x1O'4
2.0 x 10'4

1.5 x lot4

5.6
3.6
2.6
1.4'
0.83'
0.16
0.35

2.5
1.8
1.2
0.32'
0 39e

0.03
0.05

2.5
1.8
1.2
0.32
0.40
0.22
0.56

2.5
1.8
1.2
0.32
0.39
0.05
0.11

'Total free-carrier removal rate.
Free carriers removed by A, t defects.

'Calculated introduction rate assuming that E3 are acceptors.
Calculated introduction rate assuming that E3 are donors.

'Measurements were carried out at room temperature after successive 200'C isothermal annealing

steps; all other measurements were made i» situ at 200'C.

Capacitance studies in the literature give an
indentification of E1 and E2 with the Aq substage,
and E3 with the A. t substage. ' In addition, for the
case of ) t, at least one other deeper level has also
been identified as having the same annealing kinetics
as E3; i.e., the A. t substage evidently involves mare
than just E3. In particular a hole trap, Hl, near the
valence band is sometimes introduced at a similar

rate to E3.' For this reason, two cases are con-
sidered for the analysis of the introduction rate of E3
from the production and annealing data. First, E3 is

assumed to be an acceptor, and second E3 is as-

sumed to be a donor while H1 is an acceptor which is

introduced at the same rate. The last two columns in

Table I give the total introduction rate of E3 under

these two assumptions. In both cases, the production
rate of E3 is seen to decrease significantly in the
more pure samples. A third possibility is that E3 is a
donor introduced at a nearly constant rate, and that
H1 is produced at a decreasing rate in the purer sarn-

ples. This point will be discussed later in more detail ~

In Table II two cases are considered. First, it is as-
sumed the Xq arises solely from the 0.15-eV level,

W~, observed in this work; second, it is assumed that
E1 and E2 are separate defects associated with A, ~.

In this second case the relative introduction rates of
E1 and E2 are taken from capacitance studies. " In
both cases the introduction rate of the defects is

nearly constant except for the purest samples. If no
other defects are involved with the A, q substage, then

TABLE II. A& substage defect production rates as a function of np.

Sample »p

(crn 3)
d»T/dy
(cm ')'

il»~/d $
(cm t)b

dN~4 /d$
(cm ')c

d'{E1 + E2)4/d4
(cm ')'

TI-76B1-41A
—26
—89

H P-C-7-3-5
—6-1-39B
—6-1-24
—4-2-1

2,4 x 101

1.3 x 10"
6.0 x lot6

2.0 x lot5

S.O x IOt4

2.0 x 10'4

1.S x1O'4

5.6
3.6
2.6
1 4e

0.83e

0.16
0.35

3.1

1.8
1.4
1.1'
O.61"
0.13
0.30

4. 1

3.0
3.4
4.0
7. 1

57
170

3.7
2.5
2.5
2.1

2.4
22
75

'Total free-carrier removal rate.
Free-carriers removed by A~ defects as determined from annealing data (see text).

'Calculated introduction rate, assuming a single acceptor at 0.15 eV.
Calculated introduction rate assuming two acceptors (El and E2) at 0.13 and 0.2 eV, respectively.

'Measurements were carried out at room temperature after successive 200'C isothermal annealing

steps; all other measurements were made i» situ at 200'C,
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the production of defects (both cases) grows very

rapidly in the purest samples. Alternatively, it is pos-
sible that another deeper defect is annealing with
similar kinetics. The latter explanation seems more
likely. That is, a small concentration of a deep accep-
tor which varies randomly from sample to sample
(accounting for -0.3 cm ' removal rate in HP-C-4-2-1,
for example) could account for the apparent large in-

crease in N2 (or F. l and E2). The so call-ed HO level
could be a candidate for this effect.

B. Annealing

The electrical activity after a room-temperature ir-
radiation is thought to result mainly from Ga-
sublattice damage, ' evidently because As-sublattice
damage anneals at lower temperatures. In many
semiconductors interstitials move quite freely at room
temperature, but there is some evidence that the Ga
vacancy ( VG, ) is stable, at least at temperatures
below the 200'C annealing stage. ' In this case we
would identify ny with VG„and n; with Ga;, in terms
of the model presented earlier [Eqs. (2) and (3)].
Since it has been suggested that E3 = V~„and since
F3 anneals with A, ~ kinetics, '" the mechanism of va-
cancy motion must be considered in more detail.
Also, the results discussed below, with trivial
changes, can be applied to almost any thermally ac-
tivated defect motion.

Vacancy motion is generally described in terms of
the diffusion equation, which contains a single

parameter D, the diffusion constant. The GaAs zinc-
blende lattice is composed of Ga and As fcc sublat-
tices, respectively, and for diffusion on such a sublat-
tice D is given by

D =ao v=ao vaexp(ES /k)exp( —4H~/kT), (6)

where ao/J2 and v are the elemental jump distance
and frequency, respectively, vo is an "attempt-to-
escape" frequency, and hS and hH are thc entropy
and enthalpy of motion, respectively. For GaAs,

0ao= 5.64 A, and we may estimate vo from the De-
bye temperature; i.e., vo= kga/it =7 x10" sec '.
Studies of b,S in the III—V compounds are scarce,
but in the alkali halides' ES /k = I —3, and in Si
and Ge, '9 hS /k =4. Thus, in order of magnitude,
it is not unreasonable to estimate exp(5$ /k) =10,
which then gives D = 10 ' exp( hH /kT). It is in-—
teresting to compare this result with that of Chiang
and Pearson who found D ( VG, ) = 2 x 10 3

xexp( —2.1/kT), over the range 700—1000'C. If
this latter value can be extrapolated to 200'C, then it
would suggest that v( VG, ) =6 x10"
x exp( —2.1/kT) in our annealing region. This
point will be discussed further later.

So far we have considered only elemental jumps,

for which the jump rate from Eq. (6) is
vaexp(AS /k) exp( —hH /kT). In an annealing
process, however, . the moving species may have to
make, say N, jumps, on the average, before the an-
nihilation event. Thus, the rate relevant to annealing
processes will be given by

h, =—exp(IS /k) exp( /t H —/kT)
J

As mentioned earlier, in relatively doped samples
(no & 10' cm ), we find two annealing stages near
200'C, with

X, = 3 x 10 exp( —1.2 /kT) (8a)

k& = I x10"exp( —1.6 /kT) (sb)

By carefully extracting data from plots given by Auk-
erman and Graft, ' and by Lang et al. ' wc find
quite similar results. Furthermore, all workers con-
clude that both annealing stages are first-order [as
defined by Eq. (1)1 to within experimental accuracies,
and that A, ~ is independent of no. The situation for A2

is somewhat different, as shown in Fig. 6. Auker-
man and Graft' find that A2 o no, with much scatter
in their data. When Lang' adds his point to those of
Aukerman and Graft he suggests that A2 ~ no
(Note that these authors are dealing with rather im-
pure samples, i.e. , no & 10' cm ') . Our points alone,
on the other hand, would be consistent with A2 in-
dependent of no, at least for no~10" cm . By in-
cluding everybody's points, the best fit is perhaps
A2 ~ no '. All of these relationships may be obtained
theoretically. For example, if R is the average dis-
tance between impurities, and if the annealing pro-
cess involves movement to an impurity, then a direct
movement would give Hq = R/ao, or h.2~ nJ '
whereas a diffusive (random-walk) movement would
give H~=R /ao, or X2~nor If, however, th. e an-
nealing process were independent of the impurity
concentration, then A2 would be independent of no,
of course. Finally, a charge-state dependent mechan-
ism' yields X2~ no. The scatter in the data would
seem to preclude a definite determination of the rela-
tionship between A.2 and no, although in our data it
does appear that ) 2 diminishes for no & 10"cm '.
Even this latter conclusion is subject to some uncer-
tainty because of the increased measurement difficul-
ties in these very pure samples. That is, the resistivi-
ties are stronger functions of temperature, making
more precise temperature control necessary. This
problem is compounded by the necessarily larger data
accumulation times caused by the smaller annealing
rates.

Two other observations concerning the annealing
should be pointed out. One is that the fraction of A2

defects, i.e., /I. n2/hnt as defined in Eq. (I), appears
to increase in the purer samples. The other observa-
tion is that in the very pure samples reverse annealing
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dna nacrd
V )lmr

dt
'

Nr ~r +»g~d
(9)

where nq is the concentration of the radiation-
induced defect, n r is the concentration of the mobile
species trapped at a given time, and v is the release

is sometimes seen in the A. ~ substage. These points
will be discussed later.

To explain first-order annealing we must consider
the following possible mechanisms: (i) Frenkel-pair
annihilation for which we would normally expect a

prefactor vr=voN, 'exp(AS /k) =10" sec ', (ii)
long-range migration to an "infinite" sink, for which
we would expect vp « 10' sec ', with vp dependent
upon the sink concentration; and (iii) the breakup of
a complex, for which the observed activation energy
is now a dissociation energy, rather than a motional
energy. Mechanism (iii) could itself involve two dif-
ferent processes: (a) the breakup of an irradiation-
induced defect; or (b) the breakup of a pre-existing
complex which then releases a species capable of
finding and annihilating the irradiation-induced de-
fect. For mechanism (b) the moving species must be
of semi-infinite concentration in order to give first-
order kinetics. For both mechamisms (a) and (b),
v, = 10"sec ', unless there is retrapping involved, in
which case we can have vp « 10"sec '.

We now compare the existing annealing data with

these possible mechanisms. It first must be noted
that according to the DLTS results there are at least
three defects (E3, ES, and Hl) associated with the
A. ~ annealing stage, and two defects (E1 and E2) as-
sociated with A.2." Each of these defects is seen only
in irradiated samples. Lang et al. have presented a

model in which E3 is an isolated Ga vacancy, and El
and E2 are also isolated native defects associated
with the Cja sublattice, such as Ga; or AsG, . The ES
and H1 production rates vary from sample to sample
and thus these defects are evidently complexes.

To account for three defects (E3, ES. and H1 ) an-

nealing with the same kinetics (A, ~) is very difficult
unless we invoke mechanism (b). For if only one of
them moves (say E3) how does it exactly annihilate
the other two, especially with first-order kinetics?
And it is certainly unlikely that all three either move
or break up equally well at a given temperature. It
seems more likely that a completely different species
moves and annihilates all three defects.

Let us consider a simple version of how this might
happen. Suppose that as a result of its growth pro-
cess a crystal contains a concentration N, of a particu-
lar center which is capable of trapping some relatively
mobile species, say Ga;. The N, may be impurities or
dislocations of some type. Further suppose that the
irradiation induces some defect, say VG„which can
be annihilated by the mobile species. Then, in analo-

gy with Eq. (5), the appropriate rate equation would
be

(detrapping) rate. Equation (9) is valid if a released
n is immediately either recaptured at an N, or annihi-
lated at an nq. That is, in this model, the rate of the
process must not be limited by the motion of the n

but only by their detrapping frequency. If
n&o-& « Nro-r, and if the irradiation process itself
adds at most only a small percentage to the n, (or,
roughly requiring nz «n &), then Eq. (9) describes a
first-order process with an effective frequency factor,
v ff given by

dnrj nd o.d
V)lmr

dt Nr ur

V )lmr CTd
)ld )lr) Veff

Nr ~r
(10)

where v«exp( —E,/kT) is the release rate of the»
The annihilation process described by Eq. (11) is first
order,

'

independent of trap concentration and has a
prefactor different from v«by the factor A &rq/o&.

These characteristics are all observed in the A, ~
an-

nealing process, for which we would then identify
E, = 1.2 eV and A &rq/o, = 10~. However, a further
complication arises in that the A. ~ substage involves
more than one defect, and thus more than one o-q.

That is, for E3, ES, and H1 all to anneal at just one
rate (h.&), their respective oq's must not be too dif-
ferent, according to Eq. (11). This situation could
obtain if E3, ES, and Hl were all VG, related, and if
the n were Ga;; however, if the VG, are immobile at
room temperature then how would the ES and H1
complexes ever be initially formed? Two possibilities
exist: (i) recombination-enhanced motion2' of the
VG„under the influence of the electron beam; and
(ii) recombination-enhanced motion of certain impur-
ities, which can then interact with the ~G,. These
ideas are quite speculative and will not be pursued
further.

One interesting feature of the above model is that
it does not require E3 to move during the 200'C an-
nealing process. If E3 is the Ga vacancy, then its
lack of motion would be consistent with the results of
Chiang and Pearson (CP)' who found that D( Vo, )
=2 &10 exp (—2.1/kT) in the range 700—1000 C.
That is, if the CP result can be extrapolated to
200'C, then elementary vacancy jumps should occur
at a rate v = D/a&2& —-3 x 10 "sec ', much too slow
to account for our observed annihilation rate,
A.~(200'C) =5 X10 'sec '.

To be able to use a constant N, in the denominator
of v, ff we are implicitly assuming either that
n, «N, , or that each 1V, can absorb more than one
of the n with equal probability.

If during the cooling phase of the growth process
the N, traps had competition from other traps and
sinks for capture of the n, then we might expect
that n r ~ N, , or n r =AN, , giving

vpA (Jy
veff- exp( —E,/kT)
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To conclude the A. ~ discussion it may be noted that
the model presented here is quite complex, at least
compared to the alternative that E3 moves at 200'C
and undergoes long-range migration to annihilate E5
and Hl. But this latter model seems to be incon-
sistent with the first-order kinetics and sample in-
dependence of A. ~. Furthermore, if E3 —= VG„ then
there is also an inconsistency with the CP result,
although this is a less serious problem because of the
necessary temperature extrapolation to compare
results.

Lang et ai. ' have also suggested that E1 and E2
(A.2 substage) are isolated native defects and may, in
fact be two charge states of the same defect. If
Frenkel pairs can be dismissed, then the two most
likely candidates for such a defect would be the an-
tisite defects, AsG, and GaA, . (Note that the Ga; are
expected to be mobile, and there is already some evi-
dence that VG, =—E3, as discussed earlier. ) The AsG,
and GaA, defects would naively be expected to be
double donors and acceptors, respectively. The latter
seems a much more probable candidate for E1 and
E2 since it would remove carriers during production
and return them during the anneal, as observed. The
As~, candidate on the other hand, would require a
"matching" acceptor to anneal at the same time, and
the existence of such an additional defect has not yet
been confirmed. The formation of antisite defects
could presumably occur either by knock-on events or
by migration of one of the partners, probably the in-
terstitial. (lf the migration were long range then the
production might be supralinear. )

The A2 annealing process has first-order kinetics
and a relatively high prefactor. These attributes again
suggest a breakup process, say GaA, Ga;+ VA„
where the observed activation energy (1.6 eV) would
be a dissociation energy. If both of the dissociation
products, i.e., Ga; and VA„had high mobility at
200'C, they would quickly find sinks or traps and
thus would not affect the A.2 annealing rate, even if
they or their subsequent complexes were electrically
active. (Any electrical activity, of course, could af-
fect An2. ) If, however, the trapping times of the free
Ga; and/or VA, were not totally negligible compared
to the average dissociation time of the GaA„ then the
effective A2 could be lower in the purer samples, as
observed. Any significant reassociation of the Ga;
and VA„ i.e., Ga;+ V«GaA„would again lower
the prefactor of X2, and this process would also be
more prevalent in the purer samples; however, it
could affect the order of the kinetics. Further discus-
sion of A.2 does not seem warranted since the actual
dependence of A2 upon no is ambiguous anyway.

The above models for the various defects permit a
natural interpretation of why the ratio hn~/Ant de-
creases with decreasing impurity concentration. That
is, if H1 is an acceptor lying well below midgap then
it will always contribute effectively to the hn~ carrier

removal in n-type samples. However, according to
the DLTS results, the production rate of H1 varies
with sample purity, ' and thus we see that the higher-
purity samples may contain a lower fraction of din~.
In fact, we often observe a reverse annealing effect in

very high-purity samples. That is, at the beginning of
the anneal the electron concentation actually de-
creases for a time (-I/h. ~} before the h. t process be-
gins to take over. This effect could be well explained
if E3 were a donor because then, in the absence of
H1, the A. ~ annealing process would remove instead of
add electrons. In the more impure samples E3, as a
donor, would lie well below the Fermi level and thus
not affect either the production or the annealing.
This discussion of the reverse annealing phenomenon
must be regarded as tentative, however, since mea-
surernent problems have not been eliminated as a
possible cause.

Thus, the model best fitting our data, we believe,
includes E3 as a donor, H1 as an acceptor, and E1
and E2 also as acceptors, or perhaps the two charge
states of a double acceptor. Two other defects seen by
DLTS, E4 and E5, are probably not important to the
above discussion since their production rates are evi-
dently quite low. ' Another defect, HO, has been
seen both by electrical measurements"' "and
DLTS, ' but little is known of its production rate.
However, the rate may well be high since it is possi-
ble, in some n-type samples, to drive the Fermi level
down nearly to the HO level. " If HO happens to an-
neal with either A. ~ and X2 kinetics, then the model
presented above would be materially affected.

One disturbing feature of this model is the assign-
ment of E3 as a donor, which seems to be in conflict
with the evidence that E3 is the Ga vacancy. That is,
we would naively expect the Ga vacancy to be an ac-
ceptor, not a donor. Another candidate for E3 might
be As~„but independent evidence for this assign-
ment is lacking. In short, there are still many ques-
tions to be resolved before a totally acceptable model
can be established.

V. SUMMARY

Our study of the production and annealing of
electron-irradiated GaAs has led to the following con-
clusions:

(i) Room-temperature defect production is nearly
always sublineal with fluence. This can be explained
by a simple model of stable (or nearly stable) Ga va-
cancies competing with traps and sinks for the mobile
Ga interstitials.

(ii) The wide variation is reported free-carrier re-
moval rates cannot be accounted for by a flux depen-
dence. Some of the variation is probably due to the
formation of defect-impurity complexes, which may
include E5 and H1. Another factor, quite important
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in high-purity samples, is the position of the Fermi
level, which can change the proportionality between
the defect-production rate and the carrier-removal rate,

(iii) The 200'C annealing stage includes two first-
order substages with annealing rates close to those
reported in the literature. Besides being first order,
the first substage (A.t) also is nearly independent of
sample growth conditions and doping levels and has a
relatively low prefactor. These attributes can be ex-
plained by a model in which the A. ~ substage involves
Ga-vacancy related defects annealing by interactions
with Ga interstitials which are themselves emitted by
interstitial traps. The A.2 substage is also best
described by a dissociation process, perhaps involving
GaA, . The rate A.2 appears to decrease with decreas-
ing no although the exact relationship is not clear.

(iv) The defect model most consistent with all of
the data includes E3 as a donor, H1 as an acceptor,
and E1 and E2 as the two charge states of a double
acceptor. The exact identifications of these defects
are, however, somewhat in doubt and must await fur-
ther experimentation.
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