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Electronically stimulated deep-center reactions in electron-irradiated InP:
Comparison between experiment and recombination-enhancement theories
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We present a detailed study of the recombination enhancement of several defect reactions involv-

ing the main deep centers in low-temperature electron-irradiated InP. A fairly good agreement is
obtained with the Weeks-Tully-Kimerling theory for the activation energies of the enhanced process.
On the other hand, a thorough investigation of a thermally and electronically stimulated defect
transformation shows evidence that one major approximation (local vibrational equilibrium) fails,
and that the recently proposed [H. Sumi, Phys. Rev. B 29, 4616 (1984)] mechanism of coherent
recombination on deep centers is responsible for altered reaction rates at high injection levels.

I. INTRODUCTION

Electron irradiation creates simple primary defects in
semiconductors, such as vacancies, interstitials, antisites,
etc. Once the collision processes terminate (=10 ' s),
these defects can eventually react in various manners,
such as Frenkel pair recombination, reconstruction or dis-
sociation, long-range diffusion, and capture of vacancies
or interstitials by impurities or native defects, etc. Such
reactions can be stimulated thermally, because of the
natural thermal energy stored in the lattice at a fixed tem-
perature, or electronically. The latter case involves either
conversion of the energy of an electron-hole pair into a vi-
brational one, through nonradiative recombination, or
through excitation of the defect into a spontaneously
reacting antibonding state. Such an electronic enhance-
ment has been demonstrated in several semiconductors,
both for irradiation defects ' and for impurities or im-
purity complexes.

The study of electron-irradiation-induced defects in InP
has really started only recently, Inainly with the deep-level
transient spectroscopy technique (DLTS). Briefly summa-
rized, the introduction rates of electron traps in n-type
InP are generally weak, and large variations are found de-
pending on the sample origin and diode fabrication pro-
cedure. ' In p-type InP, on the contrary, systematic
hole traps H2 H4 (Ref. 13) a—re produced by the irradia-
tion, in concentrations close to the maximum theoretical
limit. ' Furthermore, it has been shown' ' that these
centers are descendants of primary Vp-P; Frenkel pairs on
the phosphorus sublattice. Two thermal reaction stages
have been evidenced following 77 K irradiations, one
below room temperature (RT) (stage I) resulting in secon-
dary formation of these defects, the other above room
temperature (stage II), leading to the final annealing out
of defects. ' ' We present here an investigation of the
recombination enhancement of these defect reactions
(REDR) under minority carrier injection in n +-p diodes,
in relation to the available theories.

The paper is organized as follows. Section II deals with
experimental aspects and Sec. III presents experimental
results on secondary deep-center formation by thermal or

electronic stimulation, following an irradiation at 77 K.
Section IV describes the thermal and recombination-
enhanced annealing of the dominant deep centers, with
emphasis on a defect transformation giving insight into
unusual physical phenomena inherent to the recombina-
tion process. Section V recalls the available information
on the microscopic nature of the observed reactions. The
main conclusions of this work are summarized in Sec. VI.
Finally, an appendix describes a theoretical approach to
the phenomenon of coherent recombination-enhanced de-
fect reactions, from a dynamic point of view.

II. EXPERIMENTAL ASPECTS

Most of the samples used in this work were grown by
liquid-phase epitaxy (LPE) of an n+ layer on a lightly-
Zn-doped p-type InP substrate (p =5 X 10' h + cm
where h + represents holes). Photolithographically de-
fined and mesa-etched diodes were then obtained follow-
ing Au-Ge-Ni and Au-Zn alloying of ohmic contacts.
The thermal reactions of stage I were also studied in
Schottky barriers on Zn-doped LPE layers or Czochralski
bulk InP slices. All irradiations were performed with a
Van de Graaff accelerator and low current densities
( & 1 pAcm at 1 MeV), through a 15-pm Al window in
the case of in situ irradiations at 77 K in the DLTS cryo-
stat.

III ~ SECONDARY MECHANISM OF DEFECT
FORMATION AFTER 77 K IRRADIATION (STAGE I)

Following 77-K in situ irradiation, the usual dominant
hole trap H 4 is found in a subsequent DLTS temperature
scan from 77 to 200 K (Figs. 1 and 2), in addition to a
weak H2 bump detected near 150 K. Heating at 300 K
results in a very noticeable increase of H4 concentration
and the appearance of H 3 [stage I (Ref. 16)]. Since
deep-center formation occurs in the absence of irradiation,
we qualify these reactions as secondary. Recombination
enhancement can be very efficiently obtained: If, follow-
ing a 77-K irradiation, minority carriers (electrons) are in-
jected in the diodes below stage I the amplitude of H4 is
indeed increased (Fig. 2), together with a new dramatic in-
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This transformation is in fact a complex phenomenon
that was not quantitatively investigated in all of its as-
pects. The evidence for this is that the REDR growth of
H4 is nonexponential, as revealed by time-resolved exper-
iments, contrary to that of H2 (see both short, = 1 ms,
and long, =100 ms, time constants in Fig. 3). Further-
more, under strong electron injection, it was observed that
H4 was not formed in the REDR transformation; in

counterpart, the amplitude of H2 was particularly large
(up to 28% of H4 in the final DLTS spectrum stable at
300 K), as expected from elementary conservation laws.
A systematic study of the dependence on the various pa-
rameters (temperature, current density) could help to clar-
ify the transformation dynamics. However, since HL was
not directly detected, no fruitful comparison with REDR
models was possible, and such a study was not attempted.
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IV. TRANSFORMATION AND FINAL
ANNEALING OF THE MAIN DEEP CENTERS

(STAGE II)

crease of H2; this 1atter phenomenon was unobserved by
pure heating above stage I.

These experiments indirectly give evidence of the ex-
istence of an unobserved defect HX in samples irradiated
at 77 K, undergoing a secondary transformation either in
H2, H3, or H4 according to the applied treatment,
thermal (HX~H 3,H4) or REDR (HX~H2, H4).
Since no influence of applied reverse bias was observed on
stage-I thermal growth of H4 the energy level of HX

0
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FIG. 1. Isochronal annealing treatments ( =100 s ) of
H2, H3, H4 deep centers (charge state empty of hole) following
1-MeV irradiation at 77 K. The annealing of H3, H4 is, in fact,
not perfectly exponential (Ref. 17). For clarity, typical tempera-
tures of stage-II reactions under recombination enhancement are
also indicated; they are, however, strongly current density
dependent.

A. Thermally stimulated reactions

The thermal annealing of H2 —H4 has previously been
investigated in detail. ' ' Briefly summarized, all three
levels anneal out near 100'C when empty of hole, with a
nearly common activation energy =1.3 eV and high
preexponential factors (Table I). This latter feature shows
that the annealing rates are dominated by a local reaction
event (i.e., only one or a few atomic jumps).

Previous work' has shown that H 3, H 4 annealed
much more slowly when occupied with a hole. In particu-
lar, it has been demonstrated that in neutral p-type InP,
H4 in fact annealed out faster through the empty state [in
spite of an unfavorable reduction factor (hole emission
rate)/(hole capture rate)] than in the filled state.

The case of H2 is in fact very interesting: This level
turns out to anneal only after a preliminary transforma-
tion H2~H 3,H4. This phenomenon is nicely evidenced
when the heating treatment is performed under 0-V bias,
whereas H3 and H4 are then filled with holes and thus
anneal very slowly at 85'C (time constant is 4&& 10~ s for
H 4): this is not the case of H 2 which is mostly empty at
this temperature. The Fermi level in our samples is
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FIG. 2. Typical DLTS spectra of stage-I reactions after 1-

MeV irradiations at 77 K. (a): thermal stimulation; 1, just after
irradiation; 2, after heating up to 300 K. (b): electronic stimula-
tion; 1, just after irradiation; 2, after subsequent electron injec-
tion (1Acm, 1.6 s, 77 K).

Trap

(empty of hole)

Preexponential

factor (s ') Eth (eV)

H2
H3
H4

4X10'4
5~10"
2X10"

4.4
2.3
6

1.30
1.24
1.32

TABLE I. Preexponential factor and activation energy of the
thermal annealing of the main deep centers empty of hole
H2, H3, H4 (stage II). AS is the entropy variation assuming a
single atomic jump in the reaction event. In the case of H2,
these parameters relate to the local transformation
H2~H 3,H4.
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FIG. 3. Time-resolved electronic stimulation of stage-I reac-
tions at 77 K, following a 77-K 1-M V
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indeed situated =0.17 eV above the valence band th t
'
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y, very near H2 whose thermal depth is onl 0.19 eV.
This fortunate situation enabled us to perform a selective
annealing of H2 alone. We see in Fig. 4 that the disap-
pearance of H2 is thus very clearly accompanied by a

amp itu es csee alsosimultaneous increase of H3 and H4 1't d
Fig. 5). Once again, the high prefactor of this transfor-
mation indicates that the moving ent't den i y un ergoes only
one or a few atomic jumps in the process.

B. Recombination enhancement of the reactions-
Comparison with the Weeks-Tully-Kimerling theory

Recombination enhancement of stage-II reactions has
been very easily achieved in p-type InP. ' ' The satura-
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FIG. 5. Kinetics of the H2~H3, H4 transformation both
or a pure thermal process (a) and for REDR one (b). The

branching ratio g is determined by the initial slopes of the
curves, since a slight annealing of H 3 H4 t k 1

times.
a es p aces at long

tion could be obtained for H4 (Fig. 6), at a current densi-

ty depending on temperature (0. 1A cm ~ at 173 K and

H2H3 s
=3 Acm at 293 K in our samples). In th fn e case o

30 Acm
, saturation could not be obtained up to at 1up o a east

cm . A comparison of experimental data with
t eory is particularly easy in the saturated case, where the

102

Ul 01
CI

10-
V)

LA
I O

1

CC

CQ 10-1

LLJ

~ 10'-

-150 -100
TEMPERATURE {'C)

-50
0 3

10' 1 100
FOR WAR D C URR ENT( A crn )

FIG. 4. Thermal transformation H 2~H 3,H 4 at 85 'C
under 0 V. 1, initial (note: H4 was

R anneal leaving H2, H3 unchanged); 2, after 1600 s 3
after 5000 s.
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FIG. 6. Forwward current density dependence of the
recombination-enhanced annealing of H4 20 C.at . t05 is the
time necessary to anneal 50% of H4 A lc ear saturation occurs
around 3 Acm
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injection efficiency plays no role any more and where the
only unknown parameter is the majority carrier cross sec-
tion.

The activation energies and preexponential factors of
the recombination-enhanced reactions are indicated in
Table II. Also mentioned are the activation energies
Ew+K predicted by the theory of Weeks, Tully and
Irimerling (WTK), determined from the DLTS thermal
depth for each level, not taking into account possible ac-
tivation energies E of capture cross sections. In view of
these uncertainties, it is clear that the agreement is reason-
ably good. In particular, it is satisfying to observe that a
difference in EREDR for H3 and H4 with nearly equal ac-
tivation energies and that for H2 with a much smaller ac-
tivation energy was observed.

We consequently conclude that nonradiative recombina-
tion on the defect is indeed the driving force of these reac-
tions, and moreover that they occur as the result of elec-
tron capture on the corresponding trap level H2, H3, or
H4 monitored by DLTS. This conclusion is consistent
with our discussion of Ref. 17 showing that in the case of
H4, REDR on H4 itself was by far the most probable
mechanism, as opposed to another one recently proposed.
Furthermore, it is also clear from Table II that the totality
or near totality of the energy of the trapped-hole —free-
electron pair is indeed used to promote the reaction. The
main argument proposed in Ref. 18 to criticize WTK
theory therefore does not seem to apply here; nevertheless,
we will see below that more subtle characteristics of the
recombination enhancement are not rendered by WTK
theory.

C. "Coherent" recombination of H 2 and limitations
of the Weeks-Tully-Kimerling theory in the H2~H3, H4

transformation

Since we have experimentally found that H2 disap-
peared exponentially, the kinetic equations pertaining to
its transformation H2~H 3,H4 are the following:

= —(K3+Kg)[H2], =K3[H2],
dt '+ ' dt

=K [H2] .
dt

Consequently,

K3
[H3](t)=[H2(0)) exp[ —(K3+K4 )t],

K3+K4

It 4[H4](t) =[H2(0)] exp[ —(K3+Kq)t]
K3+K4

and finally

[H 3],
[H4] Kq

where [H3] and [H4] are the concentrations of levels
H 3 and H 4 specifically formed by the transformation of
H2.

Although, in principle, very easy to obtain from DLTS
spectra, the determination of g is complicated by two fac-
tors

(a) The relation between peak amplitude and deep-
center concentration depends on various parameters like
level depth and DLTS conditions; however, the uncertain-
ty is not very large, especially for relative measurements
(H3 versus H4).

(b) The above equations implicitly assume a negligible
annealing of H3 and H4. This is a more serious difficul-
ty especially at high temperatures and low current densi-
ties (see Fig. 5, for instance, where H 3, H4 are found to
anneal slightly at long times).

For that reason, a careful "filtering" procedure was ap-
plied to reject the doubtful experiments and ensure with
good confidence the reliability of the determined g's. The
result of this procedure is shown in Table III, giving ap-
proximate values of g at various temperatures and current
densities, and for the two stimulations, thermal and elec-
tronic. From these data, we can make a few remarks.

(i) Under recombination enhancement, the reaction pro-
duces only H4 below =50'C, and both H3 and H4
above: gREDR increases with T (Fig. 7).

(ii) r)RED' is smaller at large current densities than at
low ones. Before discussing these two points, let us first
recall how such recombination enhanced reactions are un-
derstood in the framework of WTK theory: The extra
vibrational energy AE acquired by the center after carrier
capture (electron in the present case) is supposed to be in-

TABLE III. Branching ratio q of the transformation
H2~H3, H4 at various temperatures T and current densities
J, and for both a thermal and an electronic (REDR) stirnula-
tion.

TABLE II. Experimental ( EzEDR ) versus Weeks- Tully-
Kimerling predicted E~~K (not taking account E activation
energies of capture cross sections) activation energies of stage-II
reactions under electronic stimulation. E~-Ev are the trap level

depths obtained from the DLTS signature plots and E,h the re-
action activation energies under pure thermal stimulation (all
values in electron volts).

Trap E,h Eq-Ev Ew+K (E ) EREDR

Electronic
Stimulation

T (C)
—97
—30
+20

+30
+60

J (Acm')

24
26

5.2
1 1.7
26
65
26
26

=0.05
=1.2
=0.5
=0.2
=0.2
=0.4
=0.5

Saturated REDR H 4 1.32 0.37

Nonsaturated REDR H 2 1.30 0.19
H 3 1.24 0.32

0.09
0.16

0.29

0.12
0.24

0.24

Thermal
stimulation

+85
+99
110

=0.3
=0.4
=0.4
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FIG. 7. Electronic stimulation of the transformation
H2~H3, H4 under 26 Acm in two similar n+p junctions

(p =5&(10' h+ cm ). (a): Transformation at —80'C; 1, ini-

tial; 2, after 0.5 s; 3, after 2.8 s. (b): Transformation at 30'C; 1,
initial; 2, after 0.11 s; 3, after 0.5 s. H4 alone is formed at
—80 'C, but both H 3 and H 4 are formed at 30 C.

stantaneously shared by S local modes, thus at once re-
sulting in a statistical equilibrium of the defect. It is the
major approximation of the theory, since such an equi-
librium cannot be attained in less than a phonon period,
i.e., =10 ' s in reality. The next step is then either ener-

gy relaxation through random phonon emission, or oc-
currence of the reaction with the (weak) probability that
the energy went into the corresponding mode before van-

ishing. The result of the calculation is the enhanced rate:

S —1E*—hE
exp[ (E' bE) /kz T—]—k+K=R

k i(E)

in the limit E' AE ~&(S ——1)k&T, for the sake of sim-
plicity. Here R is the recombination rate (i.e., presently
electron capture rate on H2), k+ and k i(E) are, respec-
tively, rates of energy flow within the defect molecule and
towards the lattice, and E* is the activation energy of the
reaction under pure thermal stimulation.

There is no difficulty in including several reaction
paths in the theory, each being characterized by its own
E, the other parameters being identical. Now if one con-
siders ratios of reaction rates such as

3 / 4 QEDQ one obtains

+REDR ( 1 coh ) SR ++coh Sumi

where Ps& and Ps„; are, respectively, the probability of a
reaction in the classical Shockley-Read picture of a

Therefore, qzEDz may be thermally activated as is
indeed apparent from our data [remark (i)]. However, it
is also clear from the above expression, that in the frame-
work of WTK theory, g&ED& does not depend on R. It is
nevertheless, experimentally observed that this result does
not hold in the H 2~H 3, H4 transformation, as is readi-

ly apparent from the dependence of q~EDz on the current
density J (Table III). It is, in fact, completely unexpected
from any theory ' ' or REDR. In simple terms, it seems
indeed at first sight logical that once carrier capture is

achieved, the preference for the defect to transform into
H 3 or into H 4 should by no means be influenced by the
presence of the other carriers and therefore should not
vary with J. (For clarity in the reader's mind let us recall
that REDR occurs in a fixed charge state of the defect
that corresponds to level H2 filled with a hole for a max-
imum value of the energy release, from Sec. IVB; conse-

quently, a charge state dependence of the transformation
rates which would induce a current density dependence of
i) is irrelevant here. )

In the author's opinion, the answer to this mystery
probably lies in a recent theory by Sumi predicting
"coherent" recombinations (CR) at high enough carrier
densities. ' The main idea is that once capture of one type
of carrier is achieved by a deep center, quasi-
instantaneous (=10 ' s) capture of a carrier of the other
type (i.e., recombination) can happen, provided there are
enough of them present. This last capture would be
driven by the extra defect vibrational energy resulting
from the first capture, and would take place before the
system had relaxed fully through random emission of
phonons.

From the calculations of Sumi, the probability of such
a coherent recombination is Pooh=10(n2/n2T) at low in-

jection, where n2 and nzT are, respectively, the electron
concentration (injected in our case) and the effective den-
sity of states in the conduction band (5&&10' cm at
300 K). Taking low injection textbook formulas, 0 an or-
der of magnitude estimate of the injected electron concen-
tration in our samples is =10 e cm under15 — —3

10 A crn . From this we deduce P, h
—0.02, which

means that only one recombination out of 50 is coherent.
Now, and in view of our above remark on the lack of vi-
brational equilibrium when the reaction starts, it is clear
that the probability of reaction must not be the same,
whether the electron capture occurs coherently or normal-
ly. For instance, in a simple one-dimensional configura-
tion coordinate picture, the defect vibrational energy im-
mediately after a coherent recombination must be larger
than after a Schockley-Read one, and therefore the reac-
tion probability higher (Fig. 8).

We can thus write for the probability PzEDz of a reac-
tion, after a recombination:
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FIG. 8. One-dimensional configuration coordinate diagram
for a recombination at a deep level. (D)+e +h+ is the defect
with a free-electron —hole pair, (D, h+) is the defect after hole
capture, and (D) after recombination. A classical Shockley-
Read recombination is described by the a ~b ~c~b ~d path,
while a coherent recombination follows the a ~b ~d path.

recombination and that in the case of a coherent recom-
bination.

In fact, two such expressions can be written for the two
possible reaction paths of H2; therefore, gREDz is given
by the formula

Pooh )PSR(H 2~H 3) +PoohPSum, (H 2~H 3 )

( l —P,oh )PsR(H 2~H 4) +P,ohPs„m;(H 2~H 4)

At very low current densities, it becomes

PsR(H 2~H 3)
/REDR P (H2 H4) lsR

while at very large J, we obtain

Ps„;(H2~H 3)
9REDR—

P (H 2 H4) 7sumi

The experimental transition between these two regimes is
observed near 10 Acm, and it results in a decrease of
qREDR as J increases. Consequently, we obtain the rela-
tion Ps„;(H2~H4) —50PsR(H2~H4) since we assume
Ps„; & PsR (see APPendix), which nicely stresses the
dramatic effect of a coherent recombination on defect re-
actions.

Finally, a partial confirmation of the present interpreta-
tion stems from the current density dependence of the de-
cay rate of H2 (Fig. 9), which is superlinear. Such a
behavior is indeed expected since when CR processes start
to be effective, a rapid increase of the REDR probability
should occur (PsR to Ps„; transition).

As a last comment, it is likely that a minor modifica-
tion of Sumi's theory of recombination enhancement'
could lead to a good account of the phenomena we
discovered. It is indeed a dynamic theory, for which a
natural connection with the theory of coherent recombina-

10 2

1 10 100
CURRENT DENSITY J (A crn ')

FIG. 9. Injected current density dependence of H2 decay
rate at 293 K.

tion by the author' should be easily established (see Ap-
pendix). '

VI. SUMMARY AND CONCLUSIONS

We have presented a detailed study of several secondary
defect reactions involving the local mobility of Vp or P;
in InP. Two thermal stages have been observed following
77-K irradiations. The first one results in additional
deep-center formation, while the second leads to the final
annealing of the dominant deep-hole traps. All these re-
actions could be recombination enhanced, which some-
times qualitatively modified the nature of the reactions.
A fairly good agreement was found with the Weeks-
Tully-Kimerling theory as far as the reduced activation
energies of stage-II reactions under recombination
enhancement were concerned. However, a detailed inves-
tigation of the REDR deep-center transformation
H 2~0 3,H4 as a function of temperature and current
density has shown qualitative differences with a pure

V. REMARKS ON THE MICROSCOPIC NATURE
OF THE REACTIONS (STAGE I and II)

As it has been shown earlier, ' ' all the main deep
centers H2 —H4 produced by an electron irradiation are
due to primary electron-phosphorus nucleus collisions.
Moreover, at very low energies, where the only primary
defects are the Frenkel pairs Vz-P; of the phosphorus sub-
lattice, all the reactions presented in this paper are fully
obtained. For that reason, we conclude that they all result
from the mobility of one of the phosphorus entity P; or
V~. A model description of all these reactions and others

in n-type and p-type InP is discussed elsewhere.
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thermal process. We have concluded the following.
(i) Local vibrational equilibrium was not attained

within the defect center before the reaction proceeded.
(ii) Coherent recombination at H2 modifies the

enhanced rates of transformation into H3 or H4. It is
the first time to our knowledge that this mechanism, re-
cently proposed by Sumi, ' is invoked to explain experi-
mental results.
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APPENDIX: COHERENT-RECOMBINATION-
ENHANCED DEFECT REACTIONS IN THE
FRAMEWORK OF DYNAMIC THEORIES

The effects described in Sec. IV C can be given a
theoretical approach in the framework of the dynamic
formalism developed by Sumi. ' '' The system can exist
in three situations: in one (D) the defect is alone with a
total energy function Vo; in another, (D)+ h++e of en-
ergy V~ there is an additional free-electron —hole pair; fi-
nally, (D,h+)+e corresponds to the state after hole
capture, of energy function Vz. If hole capture occurs at
t =0, any thermally averaged configuration coordinate Q,
linear combination Q = g&V~Q~ of normal lattice modes
can be written'

Q(t) =2 gq( Vg/hood)[1 —cos(cogt)]

—[Q(0)/D ] gq(2gg+ 1)Vgcos(cogt), (A 1)

with the same notations as in Ref. 19; g~ is the average
number of phonons in mode Q~ and D = g&(2rt~+ 1)V~.
In a one-dimensional description, the coordinate Q (here-
after labeled Q~) is chosen to minimize the energy of the
second (i.e., electron here) capture along its path. It is, in
fact, possible that a coherent recombination was rendered
easier along another path than the most favorable one of
the Schockley-Read recombination. For the sake of sim-
plicity this possibility, which would necessitate a two-
dimensional representation for Vz, will not be discussed
further here. The large number of phonons involved in
(Al), related to the strong interaction with the whole sur-
rounding lattice will cause a rapid damping relaxation of
Q, achieved in =10 ' s. Now the defect can undergo a
transition (D, h+)+e ~(D) in the course of (or after)
this relaxation. At each time t a distribution function
R (Q, t) can be explicitly defined for the probability densi-
ty of finding the defect in configuration coordinate Q, as
well as probability P(E) of electron capture without re-
emission. Finally, Sumi's expression for the electron cap-
ture rate is

W(t)= J dE T(E)R(E+E~c,t)P(E)
h nzz

&( exp
k~z-

(A2)

where the integration is on electron energy and the cross-
ing point between Vq and Vo is for Q~ =Ezc. nz and
nzz- are the electron concentration and the effective densi-
ty of states in the conduction band, T(E) an explicit func-
tion related to the coupling strength between a free-
electron state of energy E and the deep electron trap
(D,h+), and E~c the Franck-Condon energy. The tran-
sient part of this function (i.e. t & 10tp where to is an
average phonon period) gives direct access to the probabil-
ity of coherent recombination:

1.0to
P„h ——1 —exp J W(t)dt

while the steady part W( oo ) is the Shockley-Read recom-
bination rate. Under low injection, n z && n zz-', thus,
W(t) «1/to and P„h—0; the reverse is true under high
injection.

Now, once capture has occurred at t„either pure relax-
ation can occur, or defect reaction. Therefore, another
configuration coordinate Q~ is needed for the easiest reac-
tion path. As above, the system describes a trajectory de-
fined by (Q~(t), QR(t)) in a two-dimensional plane. In
Sumi's treatment of REDR, '

Qz(t, ) has a fixed value,
Qtt(t, ) exhibiting a thermal distribution. In the present
case, Qz(0) is also distributed near Ezc because of the
distribution of electron energies. Moreover, the defect has
a finite velocity dQP/dt(t, ) because it has not lost all its
initial kinetic energy resulting from the hole capture, in
the case of the coherent recombination; the same is true
for the coordinate Qz(t, ) and dQ~/dt(t, ), whose distri-
bution should also be calculated from their initial values
at the moment of hole capture, the average QR(t) obeying
a law similar to (Al) between 0 and t, . Ps„; is therefore
the calculated thermal yield of the REDR, once of these
new boundary conditions are taken into account. It is
clear that because of this extra kinetic energy, of average
value E„h the residual activation energy of the REDR
should be roughly reduced by E„h, compared to the con-
ventional REDR activation energy of a Shockley-Read
recombination. The experimental relation
Ps„m;(H 2~H 4)=50PsR(H 2~H 4) thus results in
E„h—100 meV, i.e., a factor of 2 smaller than the initial
vibrational energy of the defect just after hole capture,
close to the trap depth 190 meV of H2.

Finally, a short comment applies to the situation
described in Sec. IV C, where there are two possible paths
H2~H3 and H2~H4 from the same initial defect
state (H2, h+). Likewise, from the discussion on the
branching reactions in the WTK theory (Sec. IV C), it is
equally possible to define a reaction rate per reaction path
and therefore ratios like q. In light of the above discus-
sion, it is clear that Ps„; should always be greater than
PsR for a given path. In that specific example, it appears,
moreover, that Ps„;/(Ps~ (H2~H 3) is not so large as
Ps„;/PsR (H2~H4), since q=K3/E4 decreases with
the current density, i.e., with P,„h.
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