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We have performed a systematic study of carrier injection annealing of the defects introduced by
electron irradiation in n-type GaAs in the temperature range 300—355 K and with injected current
densities ranging from 0.5 to 2 Acm~2. We first observed that the various defects do not anneal in
the same fashion as stated in a previous study. We show that, because the associated activation en-
ergies decrease continuously as the injected current increases, the model previously proposed for the
enhanced annealing in which the enhancement is induced by the energy which is released when a
minority carrier is trapped on the defect site cannot apply. However, this enhanced annealing can
be quantitatively understood if the annealing is induced by successive changes of the defect charge
state when it traps alternatively minority and majority carriers.

I. INTRODUCTION

The fact that changes of a defect charge state, and
correlatively carrier trapping on a defect level, can modify
the annealing rate has been recognized for a number of
years1 (for a review, see Ref. 2). In GaAs, this
phenomenon was first observed in y-ray-irradiated laser
diodes® in which the damage is recovered by current injec-
tion. Such behavior is apparently a general feature in III-
V materials, a result of the strong electron-lattice coupling
in such materials since it has later been observed in
GaAs,** GaP,%’ alloys,® and more recently in InP.>'° In
GaAs, Lang and Kimerling!! (LK) studied the annealing
rate of the so-called E 3 defect which is produced by elec-
tron irradiation in n-type material and showed that it is
proportional to the rate of recombination of electron-hole
pairs on the associated level. In their analysis, LK pro-
posed that the driving effect is the liberation of phonons
when the defect captures a hole, i.e., the so-called “energy
released” mechanism.> They argued that this mechanism
accounts quantitatively for the variation of the activation
energy associated with the annealing of E 3 since this en-
ergy drops from 1.4 eV for thermal annealing to 0.34 eV
under injection, i.e., from a quantity equal to the energy
liberated by hole trapping on the E 3 level (situated at 1.1
eV from the valence band). In the case of the defects E 1
and E2, they could not reach the saturation regime in
which the rate of trapping is limited by electron and they
could not verify quantitatively their model. Moreover,
they did not attempt to perform the same study on the
other traps (E4 and E 5) present at the same time in irra-
diated materials. In their discussion, LK also argued that
this enhanced annealing is not due to the accompanying
change in the average state, i.e., that the annealing is not
due to the so-called Bourgoin mechanism (BM). This last
mechanism occurs when the equilibrium configuration of
a defect in a given charge becomes the saddle point con-
figuration for its migration when its charge state changes,
and vice versa. Then, for a defect which migrates this
way, it should be possible to induce its mobility in the
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space-charge region of a junction by applying an alterna-
tive bias: Kimerling and Lang* attempted this experiment
by pulsing a diode at 1.7 MHz; as they did not observe
any change in the concentration of the E3 defect they
concluded that the BM could not be the origin of the an-
nealing. Unfortunately, this experiment proves nothing'?
because using such value of bias frequency, they did not
enhance the rate of charge state change as compared to
the rate at thermal equilibrium. Indeed, around 100°C,
the capture rate, which should be equal to the emission
rate since we are dealing with equilibrium conditions, is
~25 MHz. We have therefore performed a systematic
study of the annealing rates of E 3, E4, and E 5 for vary-
ing injection levels. As we shall see, the main interesting
features are (i) the activation energies associated with the
annealing rate are not constant as expected in the model
proposed by LK but decreases as the injected current den-
sity increases and (ii) the concentration of the E 4 defect is
not modified by the injection, as previously stated by LK.

II. EXPERIMENTAL DETAILS

We have studied the n-side (doped with 10'® S atoms
cm™3) of a p-n junction, developed by vapor phase epi-
taxy on a n*t substrate. The defects E3, E4, and ES
were created by 1-MeV electron irradiation, at room tem-
perature, with a flux of 1 A cm~2, to a total fluence of
~2x%10" cm™2, in such a way that the total defect con-
centration is ~10% of the free-carrier concentration.
The annealing sequences were performed in the following
ranges: 300—350 K and 0.5—2.0 Acm~2 In order to
avoid a possible thermal effect, i.e., an increase of the
temperature of the junction was controlled in situ'’ by a
measurement of the emission rate of one of the defects.
For this, the junction in which the injection takes place is
abruptly reverse biased for a few ms, time during which
the emission rate of a defect is measured; the temperature
is immediately deduced from this rate, since its variation
with temperature was previously determined. The uncer-
tainty on the temperature is lower than 2 K.
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In order to correlate the annealing rate with the injected
carrier density, it is necessary to estimate this density. It
is given by'*

Ap=(n}/Np)lexp(eV/kT—1)],

where n; and Np are, respectively, the intrinsic and the
dopant concentrations and V is the forward applied volt-
age. A current-voltage characteristic is therefore per-
formed at each annealing temperature in order to correlate
I, V, and Ap. The above estimation is verified by apply-
ing the relation

Ap=Jr,/eL, ,

where J is the current density, 7, the lifetime of the holes
(~107% 5) and L, their diffusion length (~10~% cm).
For the three current densities J used in this study (0.5,
1.3, and 2.0 Acm™2), the concentrations of the injected
holes, are respectively, 3104, 810", and 1.2x10%
cm™3, Finally, the concentrations of the defects were
measured using deep level transient spectroscopy (DLTS),
using a double-lock-in amplifier to analyze the capaci-
tance transient.'®

III. EXPERIMENTAL RESULTS

Figures 1 and 2 show a typical evolution of the DLTS
spectra for, respectively, the E3 and E4 and E5 defects
in the case of an annealing temperature of 330 K and for
an injected current density of 0.5 Acm™2. It can be seen
that the defect E 4 does not anneal (this fact is also veri-
fied for the extremal conditions of our study, i.e., 2
Acm~? and 355 K). The corresponding variations of the
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FIG. 1. Evolution of the DLTS spectrum of E 3 with time of
annealing at 330 K for an injected current density of 0.5
Acm™2,
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FIG. 2. Evolution of the DLTS spectrum of E4 and E 5 with
time of annealing at 330 K for an injected current density of 0.5
Acm~2

E 3 and E 5 concentrations versus the annealing time ¢ are
given in Fig. 3. Within the accuracy of the measurement,
these concentrations C follow a first-order kinetics given
by

C=Cpexp(—vt)+C, .

Indeed, the final concentration C; is not zero because a
defect labeled P1 (Ref. 12) is superposed to E 3 (then C,
is the concentration of this defect) and ES appears as a
shoulder of the E 4 peak. Because of this apparent satura-
tion C,, annealings for very long times were performed
(¢t ~30 h, for instance, at T~355 K and J=2 Acm™2).
Figure 4 shows a DLTS spectrum recorded after complete
annealing: we can clearly see that E3 is transformed to
P1 and ES just appears as a shoulder of the £ 4 peak. By
monitoring the emission rate versus the temperature for
the peak left, we verified (Fig. 5) that E 4 is not modified
while E 3 is replaced by P1.

The determination of the annealing rate v, at each tem-
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FIG. 3. Variation of the normalized concentrations of E3
and ES5 versus time of annealing at 330 K, for an injected
current density of 0.5 Acm~2
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FIG. 4. DLTS spectrum after annealing of 30 h at 355 K
with an injected current density of 2 A cm~2.

perature and for each injected current density was made
using two techniques: from the measurement of the
tangent at ¢ =0 and using a numerical fit on the total an-
nealing curve. The variation of v versus J, for various
temperatures, are given in Fig. 6. We have not studied in
detail the annealing of the defects E 1 and E2. However,
we have performed a DLTS analysis after a 30 h anneal-
ing (~355 K, 2 Acm™?) which shows that the defects
have practically not been annealed. Indeed, the ratio of
their concentrations to the concentration of E 3 is about 3
after irradiation,'? after injection annealing, this ratio is of
the order of 30, a value which can be accounted for only
by the annealing of E 3.

We have plotted the values of the annealing rates versus
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FIG. 5. Signatures of the defects E3, P1, and E4 present
before and after long time annealing (30 h, 355 K, 2 Acm™?)
(E3 with P1, E4 with E4).
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FIG. 6. Variation of the annealing rates of E3 and ES
versus the injected current density and the temperature.

T ! using the injected current density as a parameter on
Fig. 7. Clearly, these rates follow an exponential law in
which the preexponential factor v, and the activation en-
ergy AE are functions of J:

W, T)=vo(J)exp—[AE(J)/kT] .
Table I gives the values of vy(J) and AE(J) for the dif-
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FIG. 7. Variation of the annealing rate v versus temperature
for different densities of injected current for E3 and ES.
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TABLE 1. Values of the activation energies (AE) and preexponential factors (vo) of the defects E3
and E S for the various values of the injected current density (J).
J (Acm™? AEg; (meV) AEgs (meV) vo.e3 (571 voes (571
0.5 388 307 68.5 5.2
1.3 250 178 0.84 0.09
2.0 188 98 0.12 0.0075
ferent values of J considered. daB 0 3)
As shown on Fig. 8 the values of AE(J) are, in practice, dt
linear functions of J for both E3 and ES in the range d
studied. The value of the activation energy determination an
by KL: AEg;=340 meV around 400 K agrees with our gn+ke @
results. This particular data corresponds, on the plot =tk tantk

AE(J), to a current density of ~0.8 Acm™2.
IV. DISCUSSION
A. Rate of charge state change of a defect

During an injection, it is clear that there is a change of
the rate at which carriers are trapped on the defects and

The occupancy of a state is obtained by a continual suc-
cession of transitions. The rate of change of the charge
state (") of a defect is thus obtained by taking the rate of
change in a given state (i.e., k, +g, for b, k,+g, for s)
times the probability of finding this state (1—S for s, 8
for b), and summing over all possible states.

correlatively a change in the population having a particu- Therefore,
lar charge state. Because the rate of annealing is modified .
by such injection, it is first interesting to evaluate the cor- [=(ge+kn)B+(gn+ke)1—5) . )
responding rate of change of charge state of a defect. The  Taking the value of B given in (4), we have
d i f the rate of change of charge state is gi
bz&amlcs of the rate of change ge state is given L (ketenlg.+ka) "
b (8 +kn)+(gh+ke)
dt =(gn +ke)s — (g +kpb , (D' The different rates are given by
where b and s are the concentrations of filled and empty ke=oeVen , )
defects, respectively. The constants k, and g, are the Ec—Er
capture and emission rates for electrons and k; and g, the 8e=0c"Ve Tzexp — T R (8)
capture and emission rates of holes.
Using the fraction of occupation B, the above equation kn=0,VpP , 9)
reduces to
Er—E
d = 2exp | — ————¥
—f=(g,, +ke)(1—B)— (g +kn)B . (2) 8n=0p7p T exp T |’ (10)
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FIG. 8. Variation of the activation energies of E3 and E5
versus the injected current density.

where V, and V), are the thermal velocities, y, and y
constants relative to the semiconductor (y,=2.28X 10%
em~2s7'K 72, y,=1.7x10! cm~2s~'K~? for GaAs),
o. and o, the carrier cross sections, and E7r is the level
position of the defect in the gap. Under injection of An
and Ap carriers, the carrier concentrations to be con-
sidered for a n-type material (n,p =0) are n +An,Ap. In
the case of the defects considered and at the temperature
where the annealing is performed the generation rates are
negligible in front of the corresponding capture rates, i.e.,
k. >>gp and kj;, >>g. (see Table II), and I' reduces to
keky,
r=2 kot k, (1

In order to evaluate the hole rate, it is necessary to know
the corresponding cross sections. They are known for
electron trapping;'? as for hole trapping, they are deduced
from this study, as shown below.

Thus, in the case of a low injection density, k, <<k,
and
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TABLE II. Values of the various parameters (see text) allowing calculation of the capture and emis-
sion rate for the defects E3 and E5 at 330 K for an injected current density of 0.8 Acm™2.
E3 E4 ES
Ec—Er (eV) 0.30 0.76 0.96
Er—Ey (eV) 1.1 0.64 0.44
Y. (em™2s~'K~?) 2.28x10% 2.28x 10%° 2.28 % 10%
¥, em™2s7'K™?) 1.7x10% 1.7x10% 1.7x 10*
V, (cm s~ 3x 107 3x10’ 3% 10’
V, cm s™') 10’ 107 107
o, (cm? ~10—14 ~10—1 ~2X10712
o, (cm?) ~10—12 ~10-12 ~2x10"10
A, (em™) 5x 10 5% 10" 5x 10
n (cm™? 10 10 10
T (K) 330 330 330
k., (571 3x10° 3x10° 6x 10"
g (57 3x1073 3x10* 7% 10°
kp (s7h 5% 10° 5% 10° 1012
g 71 7x 108 1 10~!
F~2ky,=20,Ap(J)V, . (12) geometrical factor B, it depends upon the specific

I' varies therefore linearly with J.
When J is large, k, >>k,, and T reduces to

I ~2k,=20,V,n ,

and I saturates with the current density. Experimentally,
the saturation is not complete: a weak increase of the an-
nealing rate versus J is still observed. This is due to the
fact that n is not constant but varies as n + An(J).

The particular point X where the linear variation of T’
with J reaches the saturation regime is given by the rela-
tion

o Ven=0,V,p .

Because the annealing rate v follows the same variation as
I’ versus J, we use the curves v(J) to determine the point
X and to evaluate o,. For the defect E3, we found
(1.7£0.5) X 10715, (5+1.2) X 10~ 15, and (1.4+0.2) x 10~ 14
cm? at, respectively, 300, 330, and 355 K. These values
follow a law

0, =0, ,exp(—AE, /kT)
with AE,=0.3310.075 eV and 0, ,, ~5X 107" cm?.

B. Rate of annealing

We have first to consider the relation between the an-
nealing rate v and the rate of charge state change I". It is
well known (see, for instance, Ref. 17) that kinetics of an-
nealing describing the evolution with time of a defect con-
centration N can be written as

N(t)=Noe‘", (13)

where the annealing rate v is a diffusion coefficient D
times a geometrical factor 8. The diffusion coefficient is,
for a tetrahedral lattice, a jump frequency times a coeffi-
cient: (3 )a’f (where a is the lattice parameter, 5.65 A for
GaAs, and f the correlation factor of 0.5). As to the

phenomenon by which the annealing takes place. Since,
in the case considered here, the jump frequency is T', the
ratio between I' and the annealing rate v is the product
BD. Figure 9 (AE,=0.08 eV, 0,,=3x10"1 cm?
AE,=0.30 eV, 0,,=1Xx10"° cm? n=10" cm~?
V,=3x10" cms~!, ¥,=10" cms™") shows a simulation
of I'(J,T) for the defect E 3, which shows that the shape
of I'(J,T) is indeed the same as that of v, providing values
of BD given for all data in Table III, i.e., an average value
BD =(1.6+0.4)x 10'2. (This incertanty on 8D, i.e., on T,
is explained by the incertainty on o,.)

C. Activation energy of the annealing

From the plot BDI(T) for the three values of J con-
sidered (i.e., 0.5, 1.3, and 2 A cm™2), we can determine the
activation energy associated with annealing: it is 0.25,
0.19, and 0.16 eV, respectively. It is decreasing with J as
observed experimentally.
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FIG. 9. Simulation, for the defect E 3, of the rate of change
of charge state versus J and T.
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TABLE III. Values of the ratio v/T" (BD) associated with the
defect E3 measured for the different temperature (T) and in-
jected current density (J).

J (Acm™?)
T (K) 0.5 1.3 2
300 0.7x 1012 1.1x10~12 1.4x 1012
330 1.4x 10712 1.6 10~ 12 1.8 1012
355 2.4x10712 2.2x10712 2.2x 10712

D. The annealing mechanism

LK explained their simple experimental result, namely
that the variation of the activation energy between the
thermal E; and the injection E; annealings, is equal to
E,—E;=Er—Ey, by the energy released mechanism, in
which the energy released by hole trapping on the defect
site is used to enhance the annealing. Such a model im-
plies necessarily that the activation energy measured in in-
jection condition remains constant in the saturation re-
gime.

Unfortunately, this is not the case as we have seen when
measurements of annealing rates are performed versus T
and J. This cannot be explained by the fact the saturation
regime is not reached or not complete because, in no way
can the energy release mechanism proposed by LK be as-
sociated with an activation energy lower than
E,=(Er—Ey) as we observe. (The apparent activation
energy in the nonsaturation regime must be larger than in
the saturation regime since the annealing rate is slower.)
For instance, for E3, E,=1.4 eV, Er—Ey,=1.1 €V so,
E;~0.30 eV; for ES5, E;=1.4 ¢V, E;—E;=0.44 ¢V, s0
E; ~0.96 eV, but we get for J=2 Acm~? E;(E3)=0.19
eV, E{(ES5)=0.10eV.

Such variations of E; versus J cannot be accounted for
by the fact that the saturation regime is not reached (for
E5), or not completely reached (for E 3), because the an-
nealing rates we observe are already faster than the ones
expected in the energy release mechanism. Therefore, we
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are led to look for another mechanism. This other mecha-
nism, because it must be related to the recombination rate,
can only be the one associated with alternative charge
state changes the defects undergo under injection (i.e., the
so-called BM).

We have still to discuss the reason why some of the de-
fects do not anneal under injection, i.e., E1, E2, E4, and
P1. This last defect is certainly a complex one, which
does not anneal thermally together with the E defects.
The difference is annealing behavior is presumably a
consequence of this difference of nature. For the others,
which are associated with a distribution of vacancy-
interstitial pair in the As sublattice,'? BD is certainly the
same. Since v is negligible for them, the only explanation
is that these defects have a capture cross section o, very
small.

V. CONCLUSION

We have performed a systematic study of the injection
annealing for the defects E3, E4, and E5 produced by
electron irradiation in n-type GaAs, which are associated
with vacancy-interstitial pairs. We have shown that the
annealing rate varies with the injected current density J as
vo(J)exp[ —AE(J)/kT], where the activation energy is a
linear decreasing function of J, for the defects E3 and
E 5, whereas E 4 does not anneal. The variation of the as-
sociated activation energy AE(J) with J cannot be ex-
plained by the energy released mechanism proposed by
Lang and Kimerling. We have demonstrated that only
the socalled Bourgoin Mechanism, i.e., the migration in-
duced by alternative changes of the defect charge state
can explain quantitatively all experimental observations.
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