PHYSICAL REVIEW B

VOLUME 23, NUMBER 10

Diffusion-limited lifetime in semiconductors

D. R. Wight, I. D. Blenkinsop, and W. Harding
Royal Signals and Radar Establishment, Baldock, Herts, England

B. Hamilton
University of Manchester Institute of Science and Technology, Manchester, Lancs, England
(Received 27 May 1980)

At high recombination rates, minority carrier recombination at defects in crystals ceases to obey Shockley-Read
theory, and diffusion theory should be applied. These theories for neutral plane, line, and point defects are compared
and used to interpret experimental results on hole recombination in n-type GaP. The steady-state kinetics and
spatial distribution of the recombining carriers are briefly discussed but most attention is placed on the transient
lifetime of the carriers for comparison with experiment. With no recourse to disposable parameters, the
concentration and temperature dependences for plane sinks (surfaces) and line sinks (dislocations) in n-GaP are in
excellent agreement with the diffusion theory. The resulting lifetimes are approximately independent of the sink
strength (capture distance) and represent a lower limit to the observable lifetime for a fixed (low) defect
concentration. For point sinks such limitation is not predicted and the experimental lifetime data do not agree with
the diffusion theory. However, extending the diffusion theory to the case of a negatively charged defect, using a
modified “Lax” treatment, produces concentration and temperature dependences in good agreement with
experiment, and again a similar lifetime limitation is predicted providing the effective capture radius does not exceed
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2% 107 cm (o ~ 107" cm?).
I. INTRODUCTION

Minority carrier recombination in semiconduc-
tors has been the subject of a vast amount of
scientific study, which at least in part reflects
the fact that recombination processes control
the operation of many of the most important semi-
conductor devices. It is probably true to say that
a satisfactory quantitative basis for understanding
the recombination of carriers between extended
states in semiconductor crystals has been
achieved, and that the study of luminescence
processes has led to a satisfactory quantitative
description of many radiative recombination
processes which occur at defect states, especially
those shallow states well described under the
effective-mass approximation. It is in the area
of nonradiative recombination at deep defect
states that fundamental ignorance is most evident.
Although deep-defect-controlled lifetime in, for
example, silicon is fairly well quantified in an
empirical sense, no adequate description of the
physical processes has emerged. This probably
stems from the facts that electron wave functions
at deep defect states are seldom well established
and that the detailed lattice structures of the
defects are seldom known. Notable attempts to
quantify the nonradiative processes for shallower
states have been made by Lax' and later workers,’
and more recently for deep states by Henry and
Lang.® Other work on ionic materials has also
been successful in a limited number of cases but
this is not specifically relevant to covalent semi-
conductors. Lax' treated the diffusion and phonon
cascade process occurring between closely

spaced, shallow excited states at a charged defect,
and Henry and Lang® formulated the behavior of
a multiphonon emission process to explain the
energy dissipation between widely spaced energy
levels at a defect. Both descriptions have been
qualitatively successful in describing the behavior
and temperature dependences of a limited number
of experimental systems, but as yet their success
is not widely established in a quantitative sense.
This paper relates to the quantitative descrip-
tion of nonradiative recombination at deep defects
which control the hole lifetime in the highest
quality (longest lifetime) n-type gallium phosphide.
However, the work reported does not add much to
our understanding of the details of electronic
transitions at the deep defects, but attempts to
bring attention to the often ignored fact that,
regardless of the details of the local recombination
process, the experimentally observed recombina-
tion in neutral crystals can be wholly controlled
by the diffusion rates of the particles toward the
recombination sites. Using experimental data
we will show that diffusion-controlled kinetics
are certainly established for recombination at
plane sinks (surfaces) and line sinks (dislocations)
in n-type gallium phosphide, and that although for
the point sink the simple diffusion limit is not
observed, a quantitative case can be established
for “Lax-type” recombination at the 0.75-eV deep
state which usually controls the lifetime and
luminescence efficiency of (LED) light-emitting -
diode grade n-type gallium phosphide.* This
Lax-type recombination is effectively an exten-
sion of the diffusion theory and gives rise to a
similar limitation of the recombination rate re-
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gardless of the local processes occurring at the
deep defect states. Some of the work presented
here has been the subject of earlier brief publi-
cations® describing the concentration dependences
for line and plane sinks, and other workers have
further developed the analysis of such room-
temperature recombination including a detailed
discussion of the transient and sine-wave respons-
es of the minority carriers.®” Our earlier work
is included here with minor improvements in
interpretation, so that a complete, self-consistent
theoretical and experimental discussion of the
diffusion-limited condition can be made. Attention
is also drawn to the earlier work of Suzuki and
Matsumoto® who proposed a one -dimensional
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model for diffusion-limited dislocation recombi-
nation in n-type GaP.

In Sec. II the classical theories used to describe
the diffusion processes for neutral sinks are
presented. ‘In Sec. III the material studied and
the experimental techniques used to measure sink
concentration and lifetime are described. In Sec.
IV the experimental results giving the quantitative
dependence of hole lifetime on sink concentration
are compared with the theory, and the temperature
dependence of the lifetime data is then used as a
positive test of the diffusion theory. The Lax
interpretation for the point-sink case is also
presented in Sec. IV.
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FIG. 1. Schematic diagrams showing a typical, steady-state recombination sequence for minority electrons at deep
levels associated with line and point defects. Infinitely short lifetime is assumed inside the capture distance 7;. (a)
When 7, is less than the mean free path (A) a constant minority carrier concentration is maintained in the crystal. ()
When 7, is greater than A the minority carrier concentration becomes locally depressed and diffusion limits the re-
combination rate. For plane sinks the diffusion limit applies for all values of .
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II. THEORY

It is clear that when describing electron-hole
recombination in a semiconductor a number of
physical events have to be considered. A large
number of processes can operate in series or in
parallel to determine the recombination kinetics
for the minority carriers. In each of the cases
to be considered here, the carriers are assumed
to recombine at localized deep defect states. If
we consider how the minority carrier relaxes
to its parent band, we might typically sequence
the events as (1) transport to the recombination
site, (2) capture at the site, (3) relaxation to the
ground state at the site, (4) transport of the
majority carrier to the site, (5) capture at the
defect, and (6) recombination (see Fig. 1). Any
one of these processes may be dominant in de-
termining the minority carrier recombination
rate. All of these processes need not occur; for
example, radiative recombination could occur
without either of the particles being truly captured
or indeed at any point of the particles’ descent
into the capture ground state. Also, the free
electron and hole may associate so that only one
transport process is involved, as could occur in
bound exciton recombination. However, the
sequence described is chosen to highlight all of
the nonradiative mechanisms for single-particle
processes relevant to this paper (multiple-parti-
cle processes such as Auger recombination are
excluded). In this sequence the assignment of
process (6) as the recombination event is arbi-
trary since the whole sequence from the average
free electron to the average free hole is a more
proper description of the recombination process.
If we ascribe an average time (7, —7,) for each of
these processes to occur for single carriers at a
defect center, the total recombination time is of
course the sum of these times and will be domi-
nated by any one which is significantly longer than
the others. Moreover, if we consider the locations
of the particles as a space and time average, it is
apparent that the longest-time-constant process
is a “bottleneck” in the recombination traffic,
the largest change in the state occupancy occur-
ring between the terminal states of the dominant
process.

Under the generally accepted and much used
Shockley-Read (SR) theory of recombination,®
various assumptions are made. From the point
of this paper we focus attention on the assumption
that the carrier density is uniform throughout the
crystal at all times, whether steady-state or
transient decay is being considered. As is well
appreciated in the field of gas kinetics, when the
capture radius (7,) of an infinitely efficient sink

exceeds the mean free path () of the free particle
in the gas, the kinetic equations describing the
rate of loss of particles change from simple bal-
listic theory to hydrodynamic flow.’® This implies
that the particle concentration (pressure in the gas
case) is significantly reduced in the neighborhood
of the capturing center. It is clear that this should
also happen in the case of minority carrier re-
combination in semiconductors, thus violating

the SR condition. A is then the average distance
traveled between lattice scattering events. When
this condition is well established (i.e., 7,>\),

the large depression in the free minority carrier
concentration is a manifestation of the bottleneck
referred to above (see Fig. 1), and regardless of
the recombination mechanism at the defect, the
lifetime is controlled by the diffusion rate of the
carrier to the center.

We will proceed to model the transient kinetic
behavior assuming the defect exhibits a capture
distance 7, and that the minority carrier concen-
tration is zero inside this distance. This is
precisely the same assumption as is used in the
SR theory, and our treatment clearly suffers
from the same limitations as the SR theory in that
it gives no information as to the details of the
local recombination mechanisms. However, in
the sense that the diffusion physics are analyzed
in detail and can be the dominant process, it may
be considered a satisfactory treatment. For
example, the temperature dependence of the re-
combination can be directly predicted in some
cases, whereas in the SR case this is never pos-
sible unless the details of the local recombination
process are known. The treatment due to Lax
for charged defects is clearly an intermediate
case where the diffusion and phonon cascade
processes occurring in the higher-lying excited
states of the center are presumed to be the rate-
limiting process, and since the Coulomb field
is the only parameter required to fully describe
the nature of the center, a completely satisfactory
description is also obtained.

The situations to be modeled are those pertain-
ing to a regular array of defects in a sample of
neutral semiconductor with uniform generation
of minority carriers throughout its volume. When
the excitation is removed, the concentration of
the excess minority carriers decays to its equi-
librium value. Small signal conditions are as-
sumed throughout, and it is usually assumed that
no recombination processes other than that being
analyzed are present. The decay of the total
number of minority carriers (holes) in a repre-
sentative volume is calculated and although this
is not strictly an exact exponential function of
time, a short time after the excitation an approxi-
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mate exponential dependence is deduced. The
time constant 7 for this exponential is defined

as the transient lifetime of the minority carrier.
In the three cases of neutral point, line, and plane
sinks, the representative volume and the bound-
ary conditions applying to their perimeters are
chosen such that the infinite semiconductor is
properly described. The experimental conditions
for measuring lifetime were chosen to be consis-
tent with these simple cases.

A. Transient lifetime due to plane sink defects

1. Concentration dependence

a. Steady-state lifetime. We will first deal
with a steady-state solution to illustrate a number
of the basic concepts but after this, no further
development of the steady-state conditions will
be made. The concentration dependence is equiv-
alent to studying the lifetime as a function of defect
spacing. The lifetime observed in an infinite semi-
conductor with regular parallel defects is clearly
the same as that observed in a single filament of
thickness equal to the defect spacing. The carrier
distribution for uniform steady-state excitation is
found from the continuity equation:

% _g+p¥2 - )

ot ax®
where x is the distance measured from the central
plane of the filament, and with boundary conditions
op ap
S=-D—= and p S =D =~
ps ox %=8/2 ¢ ox 4r=-0/2 ’
D is the diffusion coefficient for holes, 6 is the
filament thickness, p, is the surface concentration,
S is the surface recombination velocity, and G
is the volume generation rate of holes. The so-
lution to Eq. (1) is simply found by direct inte-
gration and takes the form

G (6 D6
? ‘E’E(T“‘s”"z) : @
We can calculate the steady-state lifetime of
the minority carriers in a manner consistent with
the definition we use for the transient case by
integrating the hole concentration in the filament
to find the total hole concentration per square
centimeter, and then dividing by the total genera-
tion rate (cm?) in the filament:

f"z G (92 Do
") ,,2D\27S

6* 6

-xz) dx(Ge)™* =120 "33 - (3)

Upon inspecting Eq. (3) a number of comments

can be made:
(a) The lifetime can either be controlled by
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S(S <2D/8) or the value of D(S>2D/6), depending
upon which of the two terms Eq. (3) is the larger.

(b) The two terms of Eq. (3) represent a re-
combination-controlled lifetime (7pgg =6/2S), and
a diffusion-controlled lifetime (755, =6°/12D).
The former is the time that the carrier moving
with velocity S takes to traverse half the filament
width, and the latter is the average time the car-
rier takes to diffuse the same distance, because
D =1?/3t (where I is the rms distance normal to
the surface, diffused in time ¢).

(c) The two lifetimes 7, and Toeg 2are additive
in Eq. (3) indicating that the two processes are
in series, whereas parallel processes would in
simple cases appear in the typical relationship
involving the reciprocals of the lifetimes [e.g.,
Eq. (10)].

(d) When the lifetime is recombination control-
led,

G6
p,-o ~T§~p3

from Eq. (2), so that no significant depression
of the carrier concentration is observed.
(e) When the lifetime is diffusion controlled,

G6? _Go
P ™ gp 7 Pe ™25

so that there is a significant depression of the
hole concentration at the surface of the filament
as outlined previously. In the absence of any
mechanism that accelerates the carriers as they
approach the recombination plane, there is in
fact a limit to the value of S which is of the order
of the mean thermal velocity of the carrier (V).
However, as long as S>2D/6, the solution for
Tss s not affected so that S—, p_ —0 will often
be taken as general conditions which will define
the diffusion-limited case.

(f) If a uniformly distributed bulk recombination
process is included in the above calculation the
solutions are more complex, partly because the
bulk and surface-controlled processes are in
parallel. The solutions generally involve hyper -
bolic functions,™ but if the bulk diffusion length
(L =V DTye, where Tyg is the steady-state life-
time due to the bulk process) is much greater
than the filament thickness the simple treatment
above suffices.

b. Transient lifetime. Shockley'? and McKelvey'®
have treated cases of this kind in detail, including
a bulk process with transient lifetime 7, and they
found the solution for the transient behavior of

p:
b =2A,,e"’"‘ cosa,x, )
n
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where
0,0 (g 0af S0
2 779D ()
and
1
v,,=T—+Daf,, (6)

b

and the coefficients A, are chosen such that the
correct carrier distribution is obtained at ¢ =0.
Equation (4) is a series construction for the
spatial and temporal decay of the carriers with
modes determined by the roots of the transcen-
dental Eq. (5). It is clear that at long times a
fundamental mode with the smallest value of v
will persist, and this is defined as the transientlife-
time. For the purposes of this work we cansetr, =0
in Eq. (6) so thatonly the surface-controlled term

is considered. Equation (5) can be solved graph-
ically or numerically and solutions for a,,G/ 2
separated by r are obtained, the smallest (funda-
mental) mode lying in the interval 0-7/2. On
inspection, two limiting cases can be determined:

S§<«<2D/6,3a%0%=56/2D, yielding v,=25/6 =1/7g,
()
from Eq. (6), and
$>2D/6,3a,0 =37, yielding v,=Dn/6°=1/7g, .
(8)

The condition for S is identical to that found in
the steady state, and so is the lifetime for the
recombination-limited case (‘rsn). However, the
diffusion-limited lifetime (7y,) is different and
larger than in the steady-state case. This dif-
ference can be deduced from qualitative arguments
and will be true for diffusion-limited processes
in general. The result we require for the dif-
fusion-limited lifetime’s concentration dependence
is thus Eq. (8):

Tep =6%/7°D 9)
and in the presence of a bulk lifetime
T=(1/7, +1/745)"". (10)

2. Temperature dependence

Providing the conditions S >2D/6 and 7, > Tgp
are maintained, the temperature dependence of
the observed lifetime [Eq. (9)] will be determined
by that of D and will in no way reflect the tem-
perature dependence of the surface recombination
velocity.

Before leaving the plane-sink case, an important
distinction should be made. It will be noted that
the transition from the recombination-limited to
the diffusion-limited kinetics in a thick layer
(6>2D/S) can only be affected by modulating the

strength of the surface recombination. For the
line- and point-sink cases this behavior can also
be seen, but we will only consider the conditions
S —,p -0 in calculating the diffusion-limited
case. Under these latter conditions, the effective
capture distance (7,) will be seen to also affect
the transition from recombination to diffusion-
limited conditions. The concept of varying the
capture distance for a plane sink is redundant
(providing 7,<< 0) because it simply varies the
effective thickness of the filament by minimal
amounts, without materially affecting the diffusion
flux.

B. Transient lifetime due to line-sink defects
(dislocations)

1. Concentration dependence (rg >)\)

We will consider a parallel array of equally
spaced line sinks in an infinite semiconductor.
As is outlined in a previous letter,® using cylin-
drical coordinates the continuity equation for the
transient case, assuming that p is a radially
symmetrical function of », becomes

8 ¥ Ddp
ot Darz+'r or’ (11)

The representative volume of the crystal asso-
ciated with each sink is taken as a cylinder radius
Vmax Such that the volume of the array is exactly
that of the crystal:

P =1, (12)

with p,, being the sink concentration per unit area.
We also require from symmetry arguments that
the concentration of carriers is a differentiable
function at the outer boundary of the volume. To
determine the diffusion-limited rate, the concen-
tration is assumed to be zero inside the capture
distance (7,). So the boundary conditions are

9 _

-6_7“0 at r =% a0

p=0atr<w, (ie., S=),

with p being ascribed some arbitrary distribution
at £=0. Penning'* has shown that the solution of
Eq. (11) under these conditions is of the form

D =po ) AR, 7) exp<:£ ) , (13)
n= TYI

where the coefficients A, determine the initial
distribution and the function R () is a combination
of Bessel functions describing a series of modes
(n=0-x), each having a characteristic decay
time 7,. 7, is found from the roots (% =0 - =) of
an equation also involving Bessel functions. As in

the plane-sink case [Eq. (4)], the decay quickly
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settles to its lowest mode, and using a similar
treatment, Ham!® has shown that the character -
istic decay time of this (»=0) mode is, to a good
approximation,

7, =Z§g[1n("—::-‘-> —%] (14)

By considering unit volume in the crystal which
contains many (0,) sinks it is clear that the total
carrier population in a practical sample with no
other recombination process, will also settle to
this time constant so that the diffusion-limited
lifetime observed for a regular dislocation array
is

1
TID =m [— ln('lTPpTg) - g’] ’ (15)

where 7,,, is substituted from Eq. (12).

2. Ce tration depend (ro <N

We will now briefly consider the case when 7,
is very small and the recombination ceases to be
diffusion limited. A more complete treatment
for the point sink will be presented, but because
our experimental\results for dislocations confirm
diffusion limitation, a simplified discussion for
the line sink will suffice.

When the capture distance is very much less
than the mean free path in the diffusion field, the
capture rate per carrier inside the cylinder 0
<7 <y, is determined by the particle velocity and
by the probability that the trajectory of the carrier
(assumed to be a straight line) intercepts the
capture cylinder (0 <7 <7,). If we follow an argu-
ment similar to that commonly used in gas kinetic
theory,'® the carrier capture rate can be deduced
by considering the volume of the crystal swept in
time ¢ by a typical carrier. For a parallel array
of sinks we will consider only the component of
the carrier velocity lying in the plane normal to
the sink axis. This average velocity is clearly
less than, but of the same order as, the mean
carrier \?elocity V-and should be obtained from
a proper treatment of the velocity distribution
of the particles. However, it would clearly be
a constant factor (K)xV regardless of the capture
distance assumed or the temperature. We replace
the line sinks by point sinks, and then ascribe a
rectangular cross section to the particle, parallel
with the line sinks. Then considering the portion
of the crystal contained between planes normal to
the line sinks at, and a distance I> (p,)'/? apart,
the particles will sweep a volume ZrolKVt in time
t. This volume will contain pD/l sinks per unit
volume so the carrier capture rate for a carrier
concentration p will be

R =2vp,KVp. (16)

Equation 16 is directly analogous to the standard
result for point sinks [Eq. (23)] tending to zero
as 7,~0, but depending linearly on 7,. We would
therefore expect that for small 7, the carrier

density will not be spatially modulated and the

transient recombination-controlled lifetime will
be

1
—— 17
T 279pp KV ° )

3. Temperature dependence

Equation 15 has only a very weak dependence on
7,, providing it is small compared with the mean
dislocation spacing. Therefore the temperature
dependence of T, is likely to dominated by that
of the diffusion coefficient and be exactly equiv-
alent to that observed in the plane-sink case.
When 7, is less than A, the recombination-limited
lifetime 7, is expected to depend strongly on 7,
and V.

C. Transient lifetime due to point-sink defects
1. Concentration dependence (ry> N

We consider a regular array of point defects
with concentration p, per unit volume. The
continuity equation expressed in spherical polar
coordinates, with p a spherically symmetrical
function of 7, is

8p _p¥°% 2D 8p
at D8r2+ r v’ (18)

For r,>1 the boundary conditions are
p=0at r=7yS =),

9 -

5‘%=0 atr=v_,, =(prm) /s

Among others, Ham'® has shown that the solution
of Eq. (18) is, then, similar to Eq. (13)

na®

p =p0 "Z; an¢n(7)exP(—t/T") > (19)

where ¥ () describes the spatial dependence and
involves trigonometrical functions of ». 7, is the
mode lifetime and a zero-order mode is taken to
determine the diffusion-limited lifetime

1
Tpp —411Dp,-ro . (20)

2. Concentration dependence (ry <\)

For the case 7,<\ we will present a simple
unified treatment to show the connection between
the diffusion field and the microscopic kinetics
inside the sphere » =A. We can assume that the
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carrier distribution will settle into a stable mode
such that the instantaneous flux into the center
will be a constant value for 7,<% <7,,,, and that
this flux is equal to the recombination loss at the
center (R). Considering the boundary at » =v',
on average, particles at distances greater than
A from this surface do not participate in transport
across this surface because they scatter before
reaching it.
The average concentration in the shell, 7' <7
<r+A, is
"2
PO +5 o,
and the average concentration in the shell »’ =)
<r<r is
n_rdp
pr') - 2dr’

Using Joule’s approximation that on the average
one -sixth of the particles are traveling with ve-
locity V normal to the surface » =v’, the net
flux across v =7’ is

47r?V) 3p

R= 6 3’}".'1.

(21)
This approximation is crude and V is not to be
taken as the mean thermal velocity V, but is of
the same order of magnitude. Integrating this
expression we obtain

3R
pr)=p, =y’ (22)

where py is the concentration for 7 =,

At the center, carriers at >\ are scattered
before reaching the center, and using the standard
SR argument,

R=p(\)Vm2, (23)

Setting » =X and eliminating p(\) in Eqs. (22) and
(23) we see how thie diffusion field connects to the
recombination region at » =X and we obtain

1 3
Po/x‘?;m,(z) oV (24)

Since the instantaneous average concentration in
the volume Yo <7 <7 pmae 1S approximately equal to
Do (p is a slow function of 7 for large 7), we can
deduce the transient lifetime:

DAy £y 1 (_1_ 37 )
TPTT 3R pR mpV \rZ 2V /" (25)

Since V =3D/x and assuming V=I7, we can write

T =_T1 +———1——- (26)
P M 73 prTDA'

This is very similar to the more rigorous treat-

ment due to Ham'® (p.347) when a “radiation-
type” boundary condition at » =\ is applied, using
the SR theory to define this condition. In fact,
halving the second term in Eq. (26) gives exact
agreement, and considering the approximations
used to obtain Eq. (26) this is very satisfactory.
We notice that this term is then precisely Eq. (20)
with 7, =X\, and that the first term (26a) is the
standard SR result. The summation indicates
that the two processes are in series. So we have,
finally,

1 1
m7V72  dupgDX’

Studying Egs. (20) and (27) we can predict the
behavior of the transient lifetime for all values
Of 7, <7 e The lifetime transfers from diffusion
limited to recombination limited as 7, becomes
less than A and also, when this occurs, the dif-
fusion-controlled term is limited by the value of
the mean free path.

Tp=Tpr+Tpp(r =2) = (27)

3. Temperature dependence

The temperature dependences for the two cases
are significantly different in that 7, simply
reflects the cross-section and thermal-velocity
variation with temperature, whereas for 7,, the
cross-section dependence is weaker and com-
pounded with the temperature dependence of the
diffusion coefficient. Further, if some hypo-
thetical mechanism reduces 7,, while maintaining
7o< X, a temperature-dependence independent of
7, would emerge that would reflect the diffusion-
limited case for 7,=2, depending on D and V
alone.

D. Synopsis

The concentration and temperature dependences
obtained in Sec. II are tabulated in Table I where
the concentration dependence is expressed in
terms of the mean defect spacing, d, for the sake
of comparison. The dependences of the transient
lifetimes on 7, for a fixed defect spacing of 1073
cm are compared in Fig. 2. The values for D,

A, and V used in Fig. 2 are those for n-GaP at

300 K, selected for comparison with experiment.
The relative effects of the various sink geometries
can be readily seen. When 7, becomes sizable with
respect to the defect spacing, the lifetimes be -
come depressed and converge because the effective
volume of the crystal is being reduced. In the

7, =d limit, of course, the lifetimes all tend to
zero. In the absence of this effect (i.e., d>7,),

the most significant results are that the diffusion-
limited lifetime for plane and line sinks are
independent of 7,, and that the familiar SR be-
havior for point sinks is no longer obeyed. Taking
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FIG. 2. The dependence of the transient lifetime of minority carriers on the capture distance for neutral plane, line,
and point defects in crystals. The encircled numbers apply to the equations in the text, and values for A, and D and
defect spacing have been chosen to be appropriate for hole recombination inz -GaP. The value of K in Eq. (17) has
been set to 0.3 so that the lifetimes in Eq. (15) and Eq. (17) are equal at » =\, The experimentally observed lifetimes
are indicated on the right-hand axis. The dotted portions of the curves give the resultant lifetime in the transition
region between SR theory (r(<A) and diffusion-limited theory (7,>1).

TABLE I. Dependence of transient lifetime in semiconductors on defect geometry, defect
concentration, and sample temperature. d=average defect spacing, $= surface recombina-
tion velocity, roi capture distance, V=thermal velocity of minority carrier, and D= diffusion
coefficient of minority carrier.

Concentration Temperature
dependence dependence
Recombination Diffusion Recombination Diffusion
limited limited limited limited
Plane sink d a? st D!
Line sink a2 ~d? V-lygla D™1[ry®
Point sink d? s Vlyg2e D!

2§=c assumed to define 7.
b [r,] signifies weak dependence.
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the line-sink results in Fig. 2, the region where
T is relatively independent of 7, is not very ex-
tensive, but if d were to be increased to 10™! cm
(i.e., 10? dislocations per square centimeter), an
extensive region of relatively constant lifetime
would result.

III. EXPERIMENTAL

A. Materials

The measurements have been carried out ex-
clusively on n-type liquid-phase epitaxial GaP,
either undoped or sulfur doped with carrier
concentrations in the range 10°-10'" cm™3,
Samples were selected such that the lifetime was
dominantly controlled by the particular defect
under study. For the point-sink case conventional
“cool-down” epitaxial layers were used, where
it has already been established that T is controlled
by a deep defect level located 0.75 eV from the
valence band, independent of the majority electron
concentration.? The concentration of this state
as well as the variation of the hole capture cross
s ection with temperature was measured by
Hamilton and co-workers using minority carrier
capture (MCC) deep-level analysis.* In these
samples the role of surface and/or interface re-
combination and dislocation recombination was
ignored because the epitaxial layer thicknesses
(2 60 um) and dislocation densities (~10*/cm?)
were, respectively, much larger and smaller
than the values required to interfere with the
point-sink-controlled lifetime (~200 ns). For
the study of surface and/or interface-controlled
lifetime, samples were beveled as described
previously® to obtain a wedge of varying thickness
and lifetime measurements taken in the thickness
range 5-40 um. Again samples were selected
such that the dislocation and point-sink-controlled
lifetimes were much larger than the surface-
controlled value. For this latter study and the
study of dislocation-controlled lifetime, material
grown by isothermal techniques were included,
in which the point-sink (0.75 eV defect) concentra-
tion is not detectable (i.e., < 10" ¢m™3) and very
long lifetimes (up to 5 us) have been observed.
When studying the dislocation-limited lifetime,
the epitaxial layer thicknesses were >100 4m so
that surface-controlled effects were also neglig-
ible.

B. Measurement of defect concentrations

For the plane-sink case the thickness measure-
ments were made by cleaving and etching the
beveled structures, thus obtaining the wedge
angle. For the point-sink case the MCC -deter -
mined concentrations were used, which do not vary

significantly with position in the epitaxial layers.
For the dislocation-limited case the dislocation
concentration was measured using cathodolumi-
nescence (CL) techniques in a scanning electron
microscope.” Areas of the samples were care-
fully mapped and selected for uniform dislocation
density, and then care was taken to measure the
lifetime in exactly these locations on the samples.

C. Measurement of lifetimes

The decay time of green CL excited in the
samples was used to determine the transient
minority lifetime. This technique has been sat-
isfactorily cross-correlated with diffusion-length
measurements.'® A pulsed 70-kV electron beam
was focused onto the samples to form a 150-um
diameter spot. Peak currents of ~1 LA were
used and the pulse lengths of typically 10-us
duration ensured that the steady state was reached
before the beam was switched off. The electron
beam energy, focused diameter, and current could
be varied over wide ranges to check the validity
of the measurements. The beam switching was
achieved by electrostatic deflection with a
switching time of 3 ns. The trailing edge of the
light pulse was then measured using a fast photo-
multiplier and a storage oscilloscope with a
sampling amplifier. By applying a logarithmic
amplifier to the received signal, the exponentiality
of the decay was checked and the exponential
decay time determined. The temperature of the
samples, mounted in indium on the cold finger
of a Dewar containing liquid nitrogen, was
controlled using conventional techniques in the
temperature range 100-350 K.

It should be emphasized that the experimental
conditions used were carefully chosen to be con-
sistent with the theoretically modeled situations,
and on occasion this was tested by dramatically
changing the experimental parameters. For
example, the excited volume has to be large
compared with the carrier diffusion length; other -
wise, carrier spread can alter the decay kinetics.
As another example, the true exponential decay
transient (¢ —~>) was measured, rather than the
initial part of the transient which approximates to
the steady-state lifetime. These parameters are
not equivalent in the situations modeled and care
was taken to isolate the £—>~ component.

IV. RESULTS AND DISCUSSION
A. Plane sink—diffusion-limited lifetime in filaments

1. Concentration dependence

Earlier work® has shown that the free surfaces
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FIG. 3. The variation of transient hole lifetime with filament thickness in# ~GaP for three sample temperatures.
Values for the hole diffusion coefficient are obtained from the slopes of the fitted lines.

and epitaxy-substrate interfaces of layers give
rise to high values of S such that S -« conditions
apply. Two samples were selected for this work
and low-angle bevels were produced such that the
epitaxy formed a wedge bounded by the lapped
surface and the epitaxial interface. Both samples
(1 and 2) were grown by the isothermal liquid-
phase epitaxy (LPE)technique and at room temper-
ature they exhibited bulk lifetimes of 1500 and 300
ns, respectively. The lifetime was measured, at
different points scanning up the wedge so that
lifetime (T) versus thickness (6) data were ob-
tained. The measurements were made at three
temperatures (300, 140, and 100 K). The data are
shown in Fig. 3 and as expected for diffusion-
limited recombination [Eq. (8)], the square-root
dependence of lifetime on thickness is confirmed
at all temperatures. The slight departure of the
data below the linear relationship at larger thick-
nesses is due to interference from the bulk life-
time, as was confirmed by extending the mea-
surements to much larger values of 6.

2. Temperature dependence

As outlined earlier, the temperature dependence
of the diffusion-limited lifetime 7y, depends only
on the minority hole diffusion coefficient which
can be obtained from the slope of the lines in
Fig. 3. But in order to verify these values of D
some independent data are required. We can ob-

tain such data from majority carrier mobility
measurements.

The scattering processes encountered in such
measurements in GaP involve lattice phonons and
charged impurity ions, as has been discussed
by Rode'® and Wiley.?° The minority hole in #-
type GaP will be screened by the majority elec-
trons and the ionized impurity scattering will be
reduced from that observed in p-type material
of the same majority carrier concentration, to
a level closer to that observed for electrons.
When one adds to this the fact that the ionized
donor concentration is progressively reduced by
carrier freeze-out as the temperature falls from
300 to 100 K, it becomes reasonable to assume
that the ionized impurity scattering of minority
holes is negligible in the samples studied
(10'® em™® <N, =N, <10" e¢m™3). The minority
hole mobility can thus be predicted to be controlled
by lattice scattering and equivalent to that ob-
served in high-purity p -type material. Casey et
al.® have obtained accurate data for this lattice-
limited mobility and find that®°

H,~130(300/T)*2 cm? V~'s™!, (28)

where T is the absolute temperature. Using the
Einstein relationship the minority hole diffusion
coefficient D can be obtained:

D~3.3(300/T)2 cm?® s*. (29)
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The values of D obtained from Fig. 3 are compared
with this relationship in Fig. 4, where the data
points from Casey’s work have been reproduced.
The uncertainty in our measured values are
rather high because the diffusion coefficient
appears as a squafe root in the analysis of the
slopes in Fig. 3. Also the precision of locating
the zero-thickness points in the data is not high,
adding further to the uncertainty. However, the
agreement is very satisfactory and we conclude
that (1) the diffusion-limited case has been
verified and (2) that the values of D predicted

10°F
L T=Ty, (EQUATION 15, D=3.3cm?s’
- r=1x10%m)
0%
3 f
£ L
- L
" L
= 103:—
w E
[ E
p} L
w i
o L T‘[
I
102 )
E \
[ e SEPARATE GROWTHS
| & DATA OBTAINED ON ONE SAMPLE
10 ol v 1l e ol PR |
10° 104 10% 108 107

DISLOCATION DENSITY, p, (cmi2)

FIG. 5. The dependence of transient lifetime (300 K)
on dislocation density inz-GaP. The data are fitted
using the diffusion-limited theory [Eq. (L5)], with a
residual (bulk) lifetime of 3.0 us.

from mobility can be applied in the analyses that
follow. (We choose to do this because of the
greater precision of the mobility data.)

B. Line sink—diffusion-limited recombination

1. Concentration dependence

Room-temperature data taken from a range of
isothermal LPE samples have been previously
published® and are reproduced in Fig. 5. Data
obtained on one sample which showed a wide
variation of p;, across its surface are included
and the dislocation densities were counted in
carefully defined 500-u m diameter regions on this
sample. In Fig. 3 the dislocation density varies
in the range 1 X 10*~1x 10° cm™2, and at high
dislocation densities the lifetime follows Eq. (15)
for 7,5, the diffusion-limited lifetime.

A good fit is obtained by setting 7,=1Xx10"* e¢m
and using the value of D=3.3 cm? s~! obtained in
Sec. IV A, but it should be noted that a +20%
change in D with a concurrent 30% change in 7,
can be accommodated without materially affecting
the fit. At low dislocation densities the lifetime
ceases to be dislocation controlled and a value
of 3.0 us for this residual lifetime (7,) has been
used to fit the data, following the expression for
parallel processes:

'r=(—1-+—1—>-1. (30)

Tr 1'-ID

This value for 7, is presumed to be set by the
concentration of residual point defects, because
sample thicknesses (= 300 L m) predict a surface-
controlled lifetime of about 20 s using Eq. (9).
The large value of 7, is indicative of defect at-
mosphere around the dislocation core, and it is
important to note that the downward: curvature in
the data at the highest dislocation densities results
from the fact that 7, is becoming significant with
respect to the mean dislocation spacing. This
value of 7, is also much greater than the mean
free path (~6X10"7 cm) and is therefore con-
sistent with the diffusion-limited kinetic theory.
These D, 7,, and 7, values are altered from those
deduced in the earlier publication® which included
a few data points taken from other workers’
publications. (We have chosen to analyze only
our data in the present treatment.)

2. Temperature dependence

Having established all of the necessary param-
eters from the room-temperature data and other
independent sources we can now use the tempera-
ture dependence as a positive test of the theory.
The sample with well defined regions of uniform
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but different dislocation densities (see Fig. 5)
was used for these measurements. The lifetime
was carefully measured in two regions on this
sample, one where the lifetime was dislocation
controlled (o, =3.8 X 10° cm~?) and the other
where the residual lifetime was becoming domi-
nant (pp <1X10* cm™2), and the sample tempera-
ture was varied in the range 100-350 K. The
data are shown in Fig. 6 plotted on the axes often
used to deduce activation energies. It is clear
that the residual lifetime remains much larger
than that from the highly dislocated region
throughout the temperature range studied. As-
suming that the interference from the residual
lifetime in the dislocated region is negligible
(which seems reasonable on inspecting Fig. 5),
values for T,, were obtained from the high-dis-
location-density region. The values of D, ob-
tained from Fig. 4, and 7,=1.0x10"* cm were
inserted into Eq. (15) for 7,, and are compared
with the experimental data in Fig. 7. Because
the data point for the measurement at 300 K (7
=255 ns, pp=3.8X10°) does not lie exactly on the
fitted line in Fig. 5, the lifetime data in Fig. 7
been normalized to the 300-K lifetime, and

the agreement is excellent. We have therefore
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FIG. 6. The variation of transient lifetime with tem-
perature in»-GaP for low and high dislocation density
material. The data were obtained at different locations
on the sample shown in Fig. 5 (4). The low dislocation
density data give the behavior of the residual lifetime
and the high dislocation density data are used to test
the diffusion-limited theory.
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FIG. 7. The temperature dependence of transient,
dislocation-controlled lifetime in % -GaP compared with
the diffusion-limited theory (7;p).

confirmed the diffusion-limited theory.

Figure 7 is plotted on logarithmic axes and
demonstrates that the power law is precisely
obeyed. One could reasonably fit the data of Fig.
6 to find an exponential activation energy which
is clearly an erroneous procedure. This high-
lights the danger of the common practice of as-
suming exponential temperature dependences. A
very wide range of temperatures or very precise
data are necessary to establish such behavior.

If we consider the residual lifetime data in Fig.
6, some comments can be made: The data do
not fit the power -law dependence expected for
surface- or dislocation-controlled lifetime, nor
do they fit the power -law dependence obtained
for the 0.75-eV hole trap (see Sec. IVC). One
might consider that it could be fit by a combina-
tion of these processes but this is also not pos-
sible because of the shape of the dependence, i.e.,
fitting the low-temperature region to a T*'*2
dependence is not consistent with obtaining longer
0.75-eV point-sink~controlled lifetime near room
temperature. We therefore suggest that in this
sample the residual lifetime is controlled by un-
known, probably point defect recombination in
the bulk of the sample.

C. Point sink—lifetime controlled by recombination
at 0.75-eV deep level centers

The dependence of lifetime on the concentration
of 0.75-eV defect states has been established in
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FIG. 8. The variation of transient hole lifetime (300 K)
in» -GaP with the concentration of 0.75 eV deeprlevel
(point) defects. A value of 6x10~14 cm? is obtained
from the fitted line (SR theory).

earlier work.? The experimental results for
cool-down LPE materials are reproduced in Fig.
8 and the expected inverse dependence is observed.
From these data and independent MCC analysis
a value of about 6 X 107! ¢m? (,=1.4x 10" cm)
has been deduced for the hole capture cross sec-
tion (0’) at 300 K, under SR kinetics. This value
of 7,, although fairly close to the value of x (6
x10"7 ¢m), is significantly small for the SR
kinetic arguments to be valid, and the diffusion-
limited kinetics of Sec. II should not apply.

2. Temperature dependence

The experimental results showing the tempera-
ture dependence have been presented in earlier
publications.*?? Three sets of measurements
were in fair agreement: (1) direct measurements
using the CL decay technique, (2) values deduced
from diffusion-length measurements, and (3)
values calculated using o, data obtained from
MCC measurements under SR theory.

Earlier attempts to analyze the temperature
dependence® sought exponential dependences by
the usual In versus reciprocal-temperature plots,
but relatively poor fits were obtained (see Fig.

4, Ref. 22). In order to obtain the most precise
temperature-dependence data for the purposes of
this paper, we have selected the value of 7 (300 K)
obtained from Fig. 8 for a point defect concentra-
tion of 10"2/cm® and ascribed to it the tempera-
ture dependence measured using the MCC tech-
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FIG. 9. The temperature dependence of point defect-
controlled, transient lifetime in n-GaP. The concen-
tration of 0.75 eV deep-level defects was 10~1%2 cm=3
and the temperature dependence is that obtained from
hole-capture cross section data. The “modified Lax”
theory recombination at negatively charged defects is
shown for the singly (Z =1) and doubly charged (Z =2)
state.

niques. The reasons for this selection are as
follows: (1) Since this paper attempts to analyze
the lifetime observed in neutral crystals, the
300-K data of Fig. 8 are most appropriate. (2)
The direct assessment of the temperature de-
pendence of T was compromised by an additional
de-trapping component in the luminescence decay
signal at lower temperatures, so these were re-
jected. There were also considerable uncer-
tainties in the diffusion length data, so the more
precise o, measurements obtained by deep-level
analysis (Fig. 5, Ref. 4) represent the best ex-
perimental data on the temperature dependence.
Figure 9 shows the temperature dependence of
lifetime obtained in this way, plotted on loga-
rithmic axes. A clear power-law dependence is
observed (7o T*+4#01) and taking m* =0.6m, to
calculate the thermal velocity, o, has been set to
5.5X 10"'* em? at 300 K, in good agreement with
the average value obtained by the direct MCC
measurements (6 X 10°'* cm?). It is tempting to
try to analyze the power -law dependence using
diffusion theory. Clearly the simple theories for
neutral defects presented in Sec. II will not predict
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a T?+* dependence in the diffusion limit. Also a
brief consideration of the simple diffusion limit
for a negatively charged defect does not pro-
duce a tenable interpretation. [I.e., as fol-
lows: If one considers that the particle is ac-
celerated by the Coulomb field at the defect
(ro<7<2) and that the diffusion field is largely
unaltered, one could argue that the velocity at
the recombination site is significantly increased
above the thermal velocity, and using Eq. (27) the
recombination could become limited by the dif-
fusion term. This lifetime is too short to agree
with experiment and the temperature dependence
(T*2-9) also disagrees with the observed behavior.
The above case ignores the fact that the par-
ticle is losing energy as it diffuses toward the
charged center and later in the text we turn to
the Lax theory to quantify the behavior when this
energy loss is included. ]

A number of quantitative treatments of non-
radiative recombination are available, which are
epitomized by those due to Lax' and Henry and
Lang.® The latter authors predict temperature
dependences for multiphonon transitions to the
ground states of deep defects [i.e., processes
(3) or (6) in Fig. 1] which contain exponential
functions of temperature and are inconsistent with
the present data. On the other hand, Lax considers
phonon cascade processes through the very closely
spaced high excited states of a Coulomb-attractive
center [i.e., processes (2) and (5) in Fig. 1] and
predicts a power -law temperature dependence.
Recently, Abakumov and Yassievich? have pre-
sented a simpler treatment of the Lax theory and
have pointed out errors in the original author’s
treatment. They producev an expression for the
capture cross section based on the interaction
of low-energy acoustic phonons with the recombin-
ing carrier:

e?Z \ 3 m* E?
=8 bt}
[od g-(eokT) pﬁ4 (31)

where eZ (Z =1) is the electronic charge on the
defect, e, is the dielectric constant (11.1), m*

is the averaged effective mass for the recombin-
ing carrier (0.6m,), p is the crystal density
(4.1g/cc), and E, is the deformation-potential
constant of the valence band for acoustic mode
vibrations (?eV). The values in parentheses are
those judged to be most reliable for holes in GaP.
The choice of E, deserves some discussion be-
cause many authors have suggested widely dif-
ferent values, usually in attempts to analyze
majority carrier mobility in GaP. Casey et al.?*
propose a value of 1.0 eV, Wiley*® 3-8 eV,
Diguet®® 12.7 eV, Somogyi** 18 eV, Cohen and
Bedard®® 21.7 €V, and Haga and Kimura®® 55 eV,

We could be assisted in our choice by noting that
the sum of the valence-band and conduction-band
deformation-potential constants is equal to the
change in the band gap per unit strain, which is
small (~1.0 eV2*?"), This implies that the two
deformation-potential constants are no more than
1.0 eV different from each other. For the con-
duction band of GaP we can take a value of 13 eV
following Rode'® and, noting that Koscis*® deduces
a value (8-10 eV), in fair agreement. We could
thus select a value of ~13 eV for E,, but would
have to put a very large uncertainty on it. We
will avoid this problem by making an assumption
which is very much in keeping with the theme of
this paper. If we assume that the low-energy
phonon-interaction mechanisms embodied in Eq.
(31) are approximately quantified in the minority
carrier mobility data we have deduced from
Casey’s work, the deformation-potential constant
can be obtained from the standard equation for
carrier mobility due to acoustic-phonon scatter -

ing.21, 23

- V8rek*oC? _ 5.8 x 107
“”‘_3(m*)572(kT)3’2Ef,_(m*/mo)s/"’EiTW? s

in units of cm? V-!s"! where C is the longitudinal
velocity of sound (6.2 X 10° ¢m/s, Ref. 19) and
the other parameters have been defined earlier.
This assumption is directly justified if the hole
mobility is dominated by acoustic-phonon proces-
ses, but of course the expected T-'+5 dependence
is not observed in the experimental data. How-
ever, some authors (Wiley,?° Diguet®®) agree that
this #s the case at temperatures near 100 K, and
we will make the same assumption. So inserting
100 =1500 cm2V-'s-! at T =100 K (Ref. 20) in
Eq. (32), we can obtain a value of E,=11.8 €V in
reasonable agreement with the earlier estimate,
and insert it in Eq. (31) to obtain

0=1.0x10""/T3, (33)

(32)

in units of cm?®.

We now need to develop this result to obtain the
lifetime. There is a critical radius (r,) embodied
in Eq. (31) at which the rate limitation occurs.
This radius (~2000 A) can be calculated by as-
suming that excited states of depths ~m*u® (~0.2
meV), where u is the velocity of sound, play the
principal role as suggested by Abakumov and
Yassievich.? .In the absence of a Coulomb field,

a constant minority carrier concentration might

be assumed for v greater than ,. However, as
has been recognized by earlier workers in the

field of gas kinetics®® and semiconductor recom-
bination theory,*® the attractive field generates

a local increase in the minority carrier concentra-
tion, and following Pekar® the recombination
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rate per cc should be enhanced by a factor
exp[-eV(r,)/kT], where V(r,) is the potential at
¥, ¥, 1s solarge in our case that this concentra-
tion factor is negligible in the temperature range

100-300 K, so we can simply obtain, in seconds,

1 -
T=—e—=8.5 X 10712725 | (34)

—PTVU

which is the SR expression for a defect con-
centration of 10** em™3, taking V=2x107 cm/s at
300 K. Equation (34) is reproduced in Fig. 9 and
it is seen that the temperature dependence is in
good agreement and the absolute magnitude of

the lifetime is predicted to within one order of
magnitude. This is considered to be a tolerable
agreement in view of the assumptions embodied

in Eq. (31). The agreement would be very close
(see Fig. 9) if a double negative charge on the
defect were assumed (Z =2) in Eq. (31). This
would imply a very small majority carrier capture
cross section because of Coulomb repulsion. This
electron cross section has been measured to be
~2%10"'" em? (300 K) and it could be that this is
small enough to be consistent with a Coulomb
repulsive center, so this interpretation is prefer-
red.

V. CONCLUSIONS

We have presented a complete theoretical
treatment for the analysis of recombination at
neutral defects in semiconductors with particular
reference to large recombination-rate limits.
When the capture distance exceeds the mean free
path of the minority carrier, the recombination
kinetics become controlled by diffusion, the con-
centration and temperature dependences change,
and the SR kinetic theory is violated. Using ex-
perimental data on the temperature dependence
of lifetime in #»-GaP as a positive test of the
theory, a completely satisfactory agreement has
been obtained in the case of plane and line defects.
The experimental values for the 300-K lifetime for
a defect spacing of 10 um are indicated in Fig.

2. In the point-defect case the capture distance is
a little less than the mean free path and the dif-
fusion limit for neutral defects does not apply.

If the point defect is assumed to be doubly nega-
tively charged, however, a good agreement is
found in both the magnitude and temperature de-
pendence of the lifetime, using a modified “Lax
theory”.? We can deduce that in the plane- and
line-sink cases, the observed behavior represents
a fundamental lower limit to the observed life-

time regardless of the strength of the recombina-
tion center. For the charged point defect at 300 K
a capture distance of ~15 A is measured. So
(following the simple theory on which this paper
is based), for larger capture distances which do
not exceed the distance at which the “bottleneck”
occurs (~2000 f*.) , the recombination is governed
by the “diffusion” kinetics in the Coulomb field
around the defect, and a similar lifetime limita-
tion applies. Although we have obtained very good
agreement for the doubly charged point sink and
the resulting interpretation appears sounder than
previous analyses of the 0.75-eV state in »-GaP,
a further positive test is needed before the results
can be viewed with the same confidence as those
obtained for plane and line sinks. Failing this,
we require a more rigorous treatment for the
modified Lax theory, incorporating a complete
description of all of the relevant phonon inter-
actions in the n-type GaP material, which might
be obtained from an improved analysis of the
mobility data.

A cursory survey of the literature on plane- and
line -sink recombination in other semiconductors
indicates: (1) Diffusion-limited conditions are
observed for plane sinks in high-quality material,
especially for large values of the defect spacing,
but temperature-dependence data are seldom
reported. (2) Diffusion-limited lifetime is not
observed for line sinks in Si where the sinks
appear to be very weak.*’ (3) For dislocations
in Ge the sink strength is much larger, and two
publications®'3® present a power-law temperature
dependence for the dislocation-controlled life-
time in p-type Ge for the temperature range 100—
300 K. The lifetimes observed in the control
samples in their work have a very similar tem-
perature dependence and might be interpreted
under the diffusion-limited theory for plane sinks,
as in the present work. However, the Ge data
cannot be brought into qQantitative agreement
with the diffusion theory unless very speculative
assumptions are made about the behavior of the
minority electron diffusion coefficient and its
temperature dependence. (4) Recombination at
dislocations in p -type GaAs seems to be diffusion
limited®! but the temperature dependence has not
been reported.
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