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We consider electron capture by shallow neutral impurity centers. The center potential is defined
by adecay length a ~a, adepth U~ E, and a binding energy for the “extra” electron E; €U (ag
and Ej are the effective Bohr radius and the Bohr energy). The cross sections are calculated for
inelastic capture with emission of an acoustic phonon for electrons with energy e €U (““slow’’)and
with emission of an acoustic or optical phonon for electrons with ¢» U (“fast”) at kT<E;. It is

shown that owing to the inelasticity of the process the lifetime of the slow electrons with respect to
capture by neutral centers can, in contrast to the case of cascade capture [M. Lax, Phys. Rev. 119,
1502 (1960); V. N. Abakumov et al., Sov. Phys. JETP 44, 345 (1976) and 45, 354 (1977); Soviet

Phys. Semicond. 12, 1(1978)], be much smaller than the acoustic relaxation time of the energy. A

comparison with the experimental data is made.
PACS numbers: 72.20.Jv, 71.55. — i

I. INTRODUCTION

In semiconductors doped with shallow impurities,
whose degree of compensation (K ) is not very small, the elec-
tron (hole) lifetime at low temperatures 7<€Ej is usually de-
termined by the capture by the attracting Coulomb centers
(Eg = h?/2ma3 is the Bohr energy, aj is the effective Bohr
radius, and T is the temperature in energy units). Several
mechanisms of capture by such centers with emission of
acoustic and optical (of frequency w,) phonons were dis-
cussed in the literature (see, e.g., Refs. 1-4). For electrons
with wave vector k and with energy ¢ = #*k 2/2m < ho,, the
main contribution to recombination is made by the so-called
quasielastic cascade capture mechanism. A model for it was
proposed by Lax,' who subdivided the capture process in
two stages: landing of an electron of energy € on the center in
a state with binding energy ~ T, and “‘sticking” of the elec-
tron. Correspondingly, there were introduced the *“differen-
tial” capture cross sections o(€) that depend on the electron
energy, and the lifetime 7(¢). Abakumov, Perel’, and Yassie-
vich? have pointed out an error in Lax’s arguments. Accord-
ing to them, capture of an electron having an energy £,»7
after photoexcitation by a Coulomb center constitutes a con-
tinuous descent of the electron in energy as a result of emis-
sion of “‘shallow” acoustic phonons with energy

ho,=hsq~ (mse)"<e

(s is the speed of sound). In this case the electron drops to the
bottom of the band and is captured by one of the highly
excited Coulomb states whose distribution is quasicontin-
uous. Through them it descends to a level with binding ener-
gy R T, from which a return by thermal ejection is unlikely.
The capture cross section o, is determined mainly by the
classical radius 7, of the orbit, with binding energy ~ 7,7,
= e2/xT (x is the dielectric constant). Direct capture from a
band into bound states is, according to Refs. 2 and 3, rela-
tively small. The carriers manage therefore to become ther-
malized prior to the capture, and with increase of the density
N of the attracting centers the carrier lifetime is limited
from below by the energy relaxation time 7,7 (¢) <™ "/2,
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taken at the energy € = E,,: 7>7,(E,), where E, ~e*N 3/
is the mean squared fluctuation of the impurity potential.?’
For a quasielastic cascade capture, therefore, a lifetime that
depends on the electron energy is meaningless, and the pho-
toelectron distribution energy F (&) decreases monotonically
with the energy.?

On the other hand, it is well known that in semiconduc-
tors at T<€Ey there is possible an inelastic capture of elec-
trons (holes) directly from the band by shallow neutral im-
purities; this capture leads to formation of H ~-like centers
(see, e.g., Ref. 5 and the references therein). This capture
mechanism has hardly been discussed in theoretical papers.
Only one note® cites computer-obtained values of the cross
section for capture of equilibrium electrons in Ge and Si by
shallow neutral donors with emission of acoustic phonons.
The experimental data (see, e.g., Refs. 7-10) offer evidence in
favor of the assumption that this capture mechanism can
exert a substantial influence on the carrier lifetime. More-
over, according to Ref. 11, in doped and weakly compensat-
ed n- and p-Si samples such a capture mechanism can bring
about a situation wherein the lifetime 7 is much shorter than
the acoustic energy relaxation time 7,, and this leads to an
inverse free-carrier distribution function.

We consider in this paper inelastic capture of electrons
(holes) by shallow hydrogenlike neutral impurity centers.
From the analogy with the hydrogen atom and with its nega-
tive ion H ~ it follows that the neutral-center potential has a
depth U~ Ey and a decay length a ~ag, and that in such a
potential there is one “ionic” level for the “‘extra” electron,
with binding energy E;:

E=1*/2ma~0.055E,<U, (1)

where g, is the decay length of the wave function of the extra
electron.'?!? In experiment, donors with an *“‘extra” electron
(D ~)and acceptors with an extra hole (4 *) were observed in
a number of studies (see the review®). We consider below the
capture of an “extra” carrier directly into a bound “‘ionic”
state as a result of an inelastic process, namely spontaneous
emission of one acoustic or optic phonon with energy
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fiw, =€+ E,.
We assume that the temperature is low enough,
T<E,, (2)

so that the thermal return of the captured electrons to the
conduction band is insignificant. We restrict from above the
density N of the neutral centers by the condition that the
overlap of the extra-electron wave functions be small:

Nai<A. (3)
In addition, we assume that the influence of the Coulomb
potential of the charged centers on the free and bound elec-

trons, as well as the binding energy of the ion state, can be
neglected, i.e., that

eNy /x<E.. 4)
Depending on the electron energy, two cases will be consid-
ered: capture of “slow” electrons with ka<1 (i.e., e<#*/
2ma?) upon emission of acoustic phonons, and capture of
“fast” electrons with ka» 1 upon emission of acoustic or op-
tical phonons. We calculate the cross sections o§'),a¥ corre-
sponding to these processes, and the lifetimes 74,7 It is
shown that when (2)—(4) are satisfied for electrons with ka <1

the relative contribution of the capture by neutral centers .

increases with increasing N {(at K = const) and in the case of
small compensations (K€1) and low temperatures the cap-
ture by neutral centers becomes predominant. It will also be
shown that, owing to the inelasticity of the capture process,
the time 74! due to the inelasticity of the capture process can
be much less than the energy relaxation time 7, for electrons
with ka1 at sufficiently large N but satisfying (3). It makes
sense therefore to introduce for this mechanism an energy
dependent lifetime 7(¢), so that the form of the photoelec-
tron distribution function F (¢) is determined, in contrast to
the case of cascade capture,’? by the value and energy de-
pendence of 74(€) (see, e.g., Ref. 14). In the last section we
discuss the possibilities of observing capture by neutral
centers and the available experimental data.

We note that in Ref. 6 the cross section o) was calcu-
lated with a variational function of the bound state. The
wave function of the free electron was taken to be a plane
wave. An equilibrium electron distribution was assumed.
No analytic expressions were obtained in Ref. 6 for o'). Our
results and those of Ref. 6 will be compared below.

Il. CAPTURE OF SLOW ELECTRONS WITH EMISSION OF
ACOUSTIC PHONONS

1. We consider capture of electrons having a wave vec-
tor such that ka<1. We assume here that a<a;, so that the
condition ka1 is valid not only at e S E; but also at e > E;.
The effective mass is assumed scalar, and the multivalley
character of the band structure (Ge,Si) and the degeneracy of
the valence band are neglected. The dispersion law of the
acoustic phonons is assumed linear, and the impurity centers
hydrogenlike.

For slow electrons, the short-range potential of a neu-
tral atom can be approximated by a zero-radius potential (6
potential). This is equivalent to the following boundary con-
dition on the functions of the free and bound states'*"*:
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1 1 (5)
‘:‘imd—‘"”)—‘?

The bound-state wave function ,(r) is then

R 6)

The plane-wave approximation cannot be used for the wave
function of a free electron. The reason is, as will be shown
below, that the main contribution to the capture is made by
the region of distances r < a;, where the influence of the po-
tential of the center is significant. In the §-potential approxi-
mation this influence reduces to the fact that only the phase
8ok ) of the s component of the wave function ¥, (r) differs
from zero'?:

8o (k) =arctg (—ka:). (7)
The wave function for the free electron, orthogonal to

(6) and corresponding to boundary condition (5), is of the
form

wk (l‘) =y-" [e(kr+ Tf_ et ] , (8)
where
— exp (2id,(k))—1 % 9)
2ik 1+ika;

is the scattering amplitude,'® and ¥ is the normalization vol-
ume; the second term of (8) describes the scattered wave.

2. We assume that capture takes place only with sponta-
neous emission of the deformation acoustic phonons (see
Ref. 2). Then the probability of a transition from the state
¥, (r) (8) into a state ¥, (r) (6) is given by

2n

Wa= =5 ),jdqua(hm.,-e—m (10)
where
M-—LEc(‘zvz ) _[q;k (r) e, () d, (11)

E_ is the deformation-potential constant and p is the crystal
density.

Before we calculate the matrix element (11), we estimate
certain characteristic parameters. The phonon emitted after
capture has a wave vector g = (E; + €)/#s, so that the pa-

rameter qga; is large:
2 €
+ _—) >1.
2 ) ( 1+ E;

E (+8 = ( E "
hs 2ms

Actually, the quantity (E,/2ms?)"/? for hydrogenlike centers

does not depend on the effective mass and can be rewritten in

the form

E \"
( —Z—;L_sz—) 2 a whs
For typical semiconductors (Ge,Si), the “fine-structure con-
stant” e%/xfis is large, ~25. It follows then from (1) that
(E;/2ms?)'/? ~ 3, so that ga, is several times larger than unity
even at € < E;. It is also easy to verify that the ratio k /q is

(12)

qa;=

1aBe
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small,

£= (_Z_m?s’_) "’{ (e/E))™, e<E; (13)
‘

q (Ei/e)", e>E; ~

Ate~E,; we have

(13a)

k 1 ( 2ms? ) K
g 2\ E, ’

M, was calculated accurate to terms of zeroth and first
order in (ga;)~" and k /q. For the integral in (11)

Ilu'= J‘ 1Pk‘ (l‘) eiqripi (l‘) dl';

we then obtain

3, 3\ 4
IIMI= (231'. a:,‘) ! (1—' ) N
Vv qa; nga;

(14)

where qa; is given by (12). The first term in (14) takes into
account the contribution to the matrix element from the
scattered wave, and the second from the plane wave. It can
be seen that |I;;| (14) is determined principally by the scat-
tered wave. The reason is that the main contribution to I, is
made by the distance region rSg~!, where
| f/r|~|qa;/(1 + ika;)|. According to (12) and (13),
|ga;/(1 + ika;)|> 1 at all values of ka;.

Substituting (14) in (11) and (10), we obtain the capture

coefficient ajy'(€) = _u(s)a‘o" Ye):

where
SEVE Ryt n

and v(e) = (26/m)"/? is the velocity of an electron with ener-
gy €. It follows from (15) that the capture coefficient in-
creases almost linearly with the electron energy at ¢ > E,,
and is practically independent of € at e<E;. Following Ref.
2, we introduce the characteristic length /;,, which is con-
nected with the mean free path / and with the energy-relaxa-
tion time 7. (¢):

nph'

=B~ 3

Tz I=v(e)t.(e). (16)
ms

The capture cross section for electrons with energy € takes

then the form
RN

Accordingly we obtain from (17) an expression for the “dif-
ferential lifetime” of electrons with energy ¢:

| 25° E, \"(E\" (& _
= Na:?® - =t .
TW(e)  T.(e) “ (2msz ) ( e ) CP(E.- ﬁ)

(18)

o (e)=

2“3 3 ( E,'
a| ——
Iy 2ms*
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The possibility of introducing a lifetime independent of the
electron energy will be confirmed below (cf. Ref. 2).

3. We analyze now expressions (17) and (18). To this end
we put e~E; in (17), so that

0(4>~Eaa(i) '
‘ I, \2ms

In the case of cascade capture of equilibrium electrons by
attracting centers, cross section ¢'{' takes the form
04) = 4mrry/3l, (ry as defined in the Introduction). It can be
seen that o), just as 01/, is determined by the sphere of the
radius of the capturing orbit and by the ratio of this radius to
l,. The cross section '), however, in contrast to 04!, con-
tains also the factor (E;/2ms?)'/2, which amounts to several
times ten for typical semiconductors. It stems from the fol-
lowing. Owing to the “condensation” of ¢, (r) near the &§
center (see Ref. 12) there appears in the matrix element, as
already mentioned, an additional factor ~ga; compared
with the plane-wave case. It is this which increases the cross
section by (ga,)>~E;/2ms” times. In addition, the factor
ry/l, in ¢4, which is the ratio of the time of flight of the
electrons through a sphere of radius 7, to the energy-relaxa-
tion time 7.(T), corresponds to of'' to the factor
(a,/1)\(E;/2ms*)'/2. Expressing I, in terms of the time 7. () of
the spontaneous emission of acoustic phonons:

(e)= ( 2"ms

) " (e) ~e -,

4ms?

and for the electrons with e ~ E; we obtain

a; E, '/’~ ay
T, ( 2ms? ) v(E) T (E:)

i.e., this is the ratio of time of flight through the sphere to the
time of spontaneous emission of acoustic phonons. For tran-
sitions from the free state into the bound one, the time 7, is in
essence the time of energy relaxation, since the electron loses
all its energy at once.

It follows from (18) that even at Na,><1 the time of
direct capture of an electron from the band by the impurity
centers can be much shorter than the energy relaxation time
7.(€), i.e., an electron optically excited to energies £,> T can
be captured before it manages to “cool off”’ substantially as a
result of collisions with acoustic phonons. It is this which
justifies the introduction of the energy-dependent cross sec-
tion o!) (17) and the lifetime 7' )(€) (18).

We recall that in the case of quasielastic cascade cap-
ture the electron “cooling” is faster than the capture, and no
introduction of energy-dependent cross sections and times is
possible; the photoelectron distribution function then coin-
cides with the energy (Ref. 2). If the direct capture of the
electrons directly from the band is faster than their cooling,
the form of the photoelectron distribution function is deter-
mined by the value and energy dependence of the ratio
7.(€)/7(€), where 7(€) is the lifetime of an electron with ener-
gy £."* In particular, if 7, (€)/7(€) > 1 at £» T, an inverse dis-
tribution function is possible.'*'! (The mechanism of the
capture was not specified in Ref. 14.)

4. We compare now the coefficients of capture by neu-
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tral (")) and attracting (@'4’) centers in the case of low den-
sity N, N, <r; >. Weshall assume that the carriers have an
equilibrium distribution, and use for a§'’ = o{v) an interpo-
lation formula? that gives correct expressions at 7> ms? and
T<ms” ({v) is the velocity averaged over the distribution):

4 (» e
o = -_—c (19)
*OEE (xT ) [ % (T+2,74ms?)
From (15) and (19) we obtain for electrons withe~T
G:A) ( r ) ‘,’ (T+2.74ms’)’ (20)
a(:) E E},/z(zms’)"' *

It was indicated above the real values of the ratio
E;/2ms*510. The upper bound (2) on the temperature
means then in fact that capture by neutral centers is signifi-
cant only at 7S 2ms”. The right-hand side of (20) is then
S 1072, s0 that the lifetime is determined by capture by neu-
tral centers only at degrees of compensation K < 1072,

We proceed now to compare the lifetimes 7'’ and 74
for the case when the impurity density and the degree of
compensation K are such that the density of the attracting
centers is N, = KN, >r; * (we have in mind an n-type se-
miconductor, and N, is the donor density). Then 7'4) takes
on the minimum value r‘i'mm ~7,(E,). Let for the sake of
argument E, ~ T and 74 ., ~7,(T); further increase of E,,,
i.e. of the density of the attracting centers, decreases 74
insignificantly, 74’ « N 7' (Ref. 2). For electrons with en-
ergy e~ T<E; we then have 7 (T')<74)(T) at

Na’=Np(1—-K)a’> (2"}?, ) 2::1’ (TZ"':) .h (Téﬁ—)

(21)

At (2ms*/E;)"*~0.3, T/E,;~0.2, B~0.5 the right-hand
side of (21)is ~ 10~3. Thus, when the density of the principal
impurity is increased and the condition N, = KN, ~r; *is
reached, capture by neutral centers becomes substantial also
in the case of moderate compensation.

lil. CAPTURE OF FAST ELECTRONS WITH EMISSION OF
ACOUSTIC AND OPTICAL PHONONS

1. We consider capture of electrons whose energy satis-
fies the condition ka»1, with spontaneous emission of
acoustic phonons. We assume here that M, satisfies as be-
fore expression (11) with a linear dispersion law. For elec-
trons with ka» 1 the wave function ¢, (r) can be chosen to be
a plane wave. We then get from (10) and (11)

1 Ei E( Y 2E( 'l
(Aot (N a0 L Ao ZE ) [T —_—
(%) =an N=32n lon( e)(st’) ( m)
(22)
Introducing again the time 7, (e), we obtain from (22)
32n E, E,

Ay oo : )

()= N ( e) (3
Since the energy of electrons with ka» 1 exceeds E; con-

siderably, the lifetime (23) is much longer than that of the
“slow” electrons (18) at the same values of Na}). In addition,

(23)
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when (3) is satisfied, 7§’ (23) exceeds 7. The fast electrons
are thus cooled more rapidly than they are captured.”

2. We proceed to consider capture of fast electrons with
emission of optical phonons. We neglect the dispersion of the
optical phonons and assume that their frequency
0(q)=w(0)=~w, We recognize that #w, is usually several
times larger than the Bohr energy, so that the wave function
of an electron with energy £ ~ (fiw, — E;) can be taken in the
form of a plane wave. The corresponding matrix element of
the transition can be obtained from (7) and (8) by making the
substitutions fiw,—fiw,, E.—E,,, where E_, is the con-
stant of the deformatlon interaction with the optical phon-
ons.

After simple calculations we obtain in analogy with
Ref. 3

ﬂEopt ®o
Wki=

In the case of dispersionless optical phonons, capture is
possible only for electrons with energy £ ~#w, — E;. The
capture probability turns out to be the same as in the case of
capture by the ground state of a Coulomb center (see Ref. 3).
We obtain the lifetime with respect to capture with emission
of optical phonons, assuming that the density p(E ) of the
impurity levels is smeared near the energy ( — E;):

N Y ‘(e
“n ¢t (EFE)® E'~(=E0,
and the distribution F (¢) of the photoelectrons in the band is
described by a § function:

F(e)»b(e—fw,—E’). (a)

p(E)=V 2

For the lifetime we obtain

(To(o)) - Eopi:ﬂo _IX_ )

pss X
The energy smearing of the impurity level ¥, y<E;, can
be due to the finite time 7,, ¥ ~#i/7;, of the electron on this
level, as a result of jumps to the neighboring central center,’
or to the broadening of the levels on account of the fields of
the charged centers. The behavior of the capture coefficient

(26)

a,yi¢), rel. un,

50 /

- y
20+ 7
0
5
z

1 |
l 2 .7:/5
1
ﬂ.Z 0_5/ 2 5 /0 Zﬂ Jﬂ lﬂzc/f

FIG. 1. Capture coefficient vs electron energy. Curve 1—plot of
a)(g)/al!)(0) according to (15) at B = 0.5; curve 2—plot of
al!(e)/a!(10Ey) according to (22). The peak at £ = 4Ej (3) corresponds
to the coefficient of capture with emission of optical phonons (in relative
units 10~af)/al!'(0), see the text).
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as a function of the electron energy, in accord with (15), (22),
and (26), is shown in the figure for (E,,/E,)} = 10,
y =02 E,, #iw, = 4 Eg. The data on a''() are listed in the
table (their calculation is discussed in Sec. IV). In the calcu-
lation of a§')(€) it was assumed that @ ~0.5ay, while relations
(15)and (22) are valid for ga S 1 [i.e., e S 2E;,see Eq. (12)] and
for £ > 3Eg. The dashed lines are extrapolations of Egs. (15)
and (22) toregions of higher and lower energies, respectively.

IV. NUMERICAL ESTIMATES. COMPARISON WITH
EXPERIMENT

1. Numerical estimates of the coefficients for capture by
neutral centers with emission of acoustic phonons were ob-
tained for the case of electron capture by donors in Ge and Si
and of holes by acceptors in Si. The deformation-potential
constants were expressed in terms of the experimentally
known (see Ref. 2) length /,. The obtained values of ajj!’ for
e<E; together with the data of Ref. 6 are given in the table.
The first line corresponds to the case when the wave function
in the band is plane, and the second to the wave function (8).
The following experimental values of E; were used in the
calculations (see Ref. 5): E; = 0.57 meV (Sb) and 0.75 meV
(As) for donors in Ge, E; = 1.7 meV (P) for donors in Si, and
E, =2 meV (B) for acceptors in Si. It can be seen from the
table that allowance for the correct behavior of the wave
function at r S q; increases ajf'’ by 310 times and changes
the dependence of ai'’ on E; [see the data on Ge(Sb) and
Ge(As)].

2. The experimental data on the influence of the density
of the neutral centers on the lifetime are available for n-Si
and p-Si.”~"" For electrons and holes in Si, according to (1), a;
~80-100 A, so that the conditions (2) and (3) are satisfied at
N«10'® cm™3 and T<20 K. The capture coefficients ob-
tained in Refs. 7, 8, and 10 at 7= 4.2 K amount to ~10~’
cm?/sec, or several times smaller than the theoretical values
in the table. It must be noted, however, that the experimental
data of Ref. 8 were reduced using for the extra carrier a
binding energy 4.7-5 meV, which is much higher than E,.

TABLE I. Coefficients of captures by neutral
centers (cm?/sec) at e<E;

This may be due to violation of condition (4) in the investi-
gated samples. A detailed study of the lifetime as a function
of the densities of the attracting (V_) and netural centers was
carried out in Ref. 9 on p-Si with impurity photoexcitation.
It was observed that in samples with N = 5X 10'°-1.2 X 10'¢
cm~3 and with compensation 0.1-1.7% the lifetime at
T = 4.2 K is much shorter than in samples with the same N _
but larger N. This proves, in our opinion, that capture by
neutral centers predominates. We note also that the values of
7 obtained in Ref. 9 for these samples are lower than 7,(T).
The dependences of 7 on N were measured in Ref. 11 for
samples of weakly compensated n-Si and p-Si. It was ob-
served that starting with certain values N > N, the weak 7(N )
dependence typical of cascade capture? gives way to an
abrupt decrease of 7 to values much less than 7_(E,). This
was attributed to the fact that at N > N, a new recombination
channel via neutral centers is “turned on” (see below).

3. We have not discussed above the subsequent fate of
an electron captured by a neutral center. The point is that at
temperatures satisfying Eq. (2), in the absence of photoexci-
tation, there are no “‘extra” electrons on the neutral centers.
Therefore the electrons captured in the “ionic” state are
those excited either from the valence band (interband bright-
ening, see Ref. 7), or from the ground state of the impurity
(impurity brightening, see Refs. 5 and 9), so that capture by
the neutral center is only the first stage of recombination.
For the density of the neutral centers not to decrease in sta-
tionary photoexcitation, the “extra” electrons captured by
them must recombine with the hole rapidly during the inter-
band brightening. In the case of impurity photoexcitation in
samples with low compensation, the electron can return to
the “initial” state in the following way: By hopping over
neutral centers with emission of acoustic phonons, the elec-
tron approaches a positively charged donor D *, forms a
complex D ~—D * which is the analog of the hydrogen mole-
cule in the ionic state, and then recombines.>!° The corre-
sponding recombination channel can be called “indirect,” in
contrast to the “direct” one, which is captured by an attract-
ing center. It is clear that an indirect recombination channel
can be realized only in the case when the hopping probability

Ge Si
Material and type of carrier
electrons holes electrons
¥x(r) — plane wave 3.4-10~7 (Sb) | 095-10~7 (B) | 1.45-10-7 (P)
2.9-10-7 (As)
Yr(r) — plane + scattered wave (8) 2.6-10-¢ (Sb) | 3.15-10-7 (B) 7.45-10-7 (P)
3.5-10-¢ (As)
According to Ref. 6 at T = 2K* 3-10-7 0.8-10-7

*Nate. The value of o%!' in accord with Ref. 6 was obtained from the plots
given in that reference for the temperature dependence of the capture
cross sections, averaged over the equilibrium distribution.
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W, <exp(— t/N'3a,), t~1, greatly exceeds the probabil-
ity W, «<exp( — E,;/T) of the reverse thermal ejection of the
electron into the conduction band, and there is a sufficiently
large probability Wy of recombinationofaD ~—D * complex
with distance R ~N ~!/3 between the “nuclei.”* It follows
therefore that an indirect recombination channel can be real-
ized at helium temperature only if the neutral-center density
is high enough, N> N,. It is impossible to indicate the theo-
retical value of NV, since there are no theoretical estimates of
W ; Experimental data on N, are given in Ref. 11.

It must be noted that a decrease of 7 with increasing N is
possible at N¢N, when the ionic states of the neutral centers
are almost completely isolated. In this case capture by the
neutral centers leads to an increase of the density of the at-
tracting centers and by the same token to a decrease of 7,
(Refs. 15 and 16).
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?The function 7, () as written here pertains to electron interaction with
only strain-induced acoustic phonons.

YIf it is assumed that a~a and Eqs. (18) and (23) are valid at ka~ 1, the
ratio of the lifetimes of the fast and slow electrons at ka, ~ 1 turns out to
be (E,/2ms*}Eg/E,)*. This is simply (ga;)? at g~ Ey /#is.
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