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1. INTRODUCTION

J.HE application of semiconductors has as its physical
basis processes which are, thermodynamically, non-
equilibrium ones, and which are caused by external in-
fluences (illumination, non-uniform heating, exposure
to radioactivity, injection, etc.). To describe these
processes the concept of minority carrier lifetime τ
has been introduced as a fundamental characteristic.1"3

The lifetime т е of a non-equilibrium electron is
usually defined as the mean time, as determined by the
recombination process, for which a free excess elec-
tron exists at a given point in a crystal. By the con-
centration of free excess (non-equilibrium) electrons
n' is meant that part of the general conduction elec-
tron concentration η which is in excess of the concen-
tration щ at thermodynamic equilibrium:

n' = n~nn. (1.1)

Thus, we arrive at the relationship:

(1.2)

where R e is the recombination rate for electrons.
Similarly, the lifetime of non-equilibrium holes is
given by

^ t (1·3)

Both theoretical considerations2"4 and the analysis of
experimental data4"10 show that there is practically no
electron-hole recombination (band-to-band electron
transitions) in an ideal lattice, and that recombina-
tion occurs only at certain structural defects which
act as recombination centers (Fig. 1). In this case
the energy released in the act of electron-hole re-
combination is as a rule converted into energy of
thermal oscillations (radiationless recombination).*

In references 6 —10 it is shown that foreign atoms
of a number of metals (copper, nickel, iron, cobalt,
gold, etc.) form in semiconductors recombination and
trapping centers for electrons and holes — such cen-
ters having levels in the forbidden band. The centers
formed by these impurities are usually (depending on

*The probability of radiative recombination, according to cal-
culations made in reference 11, corresponds to lifetimes in ger-
manium of = 1 sec, while the observed lifetimes do not exceed 10~2

sec. This type of recombination is involved in semiconductors with
small forbidden energy gaps, for example, in InSb, where its contri-
bution amounts to 20% of all recombinations.
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FIG. 1

the temperature) both trapping centers (the center
interacting only with one carrier type) and recombi-
nation centers (interaction takes place with both car-
rier types). Usually at a given temperature only one
of the levels in such centers is effective. As a rule
the deepest level is recombinative. Besides impuri-
ties, dislocations and other mechanical imperfections
of the crystalline lattice can be recombination cen-
ters. 1 3 ' 1 4

We remark that, besides the radiationless transition
mechanism discussed in references 16 and 17 (the en-
ergy given out in the recombination process being
transformed into thermal energy of lattice vibrations),
there are also other mechanisms in semiconductors.

Bonch-Bruevich18 has discussed the exciton mechan-
ism of radiationless recombination. In addition, " im-
pact" or three-body recombination19·20 takes place,
where the energy released is given to a free electron
or hole which is close to the defect. Finally, the en-
ergy can be given to the entire assembly of free car-
riers surrounding the defect21 (transformation into
energy of plasma oscillations). The last two mechan-
isms play an important part at large free carrier
concentrations.

It should be noted that, according to (1.2) and (1.3),
the lifetime depends in the general case on the genera-
tion level [ τ = f (n\ p')]. In the majority of cases the
measured lifetime is constant, which corresponds to
monomolecular recombination. However, in other re-
combination modes (for example, bimolecular) τ can
depend on the concentration of non-equilibrium car-
riers.

It should also be noted that recombination centers
can be provided not only by volume imperfections of
the lattice, but also by defects and contamination at
the semiconductor surface.22'23 If the surface is not
treated carefully enough, surface recombination domi-
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nates. The volume lifetimes are, therefore, upper
limits of the possible lifetimes in a semiconductor in
a given state, i.e., the limiting theoretical character-
istics which can be obtained experimentally, with care
ful etching of the surface and with such dimensions of
the specimen that surface effects can be neglected in
comparison with volume effects.

The basic theoretical papers in which the kinetics
of non-equilibrium electronic processes in semicon-
ductors are treated are those of Shockley and Read2

and Hoffman.3 Shockley and Read start by considering
for electrons and holes* the separate acts of capture
by and thermal escape from centers (Fig. 1). After
averaging over all free carrier states (free carriers
are taken to have a Boltzmann distribution, but car-
riers captured by centers are assumed to have a
Fermi distribution), the authors arrive at a system
of equations for the absolute capture rates for elec-
trons (R e) and holes (Rh), which are equal for sta-
tionary processes to the recombination rate R. These
equations are written in the form:

(1.4)
Re=R = AJVJ^n - Ae!Vtftni,

Rh=R = AhNtftP - ΑΗΝ%1«Ρι,

where ft and fvt are, respectively, the fractions of
filled and empty centers. The system (1.4) gives the
recombination rate of non-equilibrium electron-hole
pairs as

R =
—n oPo)

(1.5)

where Nj is the concentration of recombination cen-
ters, Ae and An are, respectively, the mean values
of the capture coefficients for electrons and holes,
and n t and p1 are constants which have the dimen-
sions of concentrations and are given by the equations:

(1.6)

Here m e and m n are the effective masses of electrons
and holes, E2 is the lower edge of the conduction band,
E t is the upper edge of the valence band, Et is the en-
ergy level of the centers (see Fig. 1). We remark that
the entire Shockley-Read treatment is carried out only
for stationary processes occurring during uniform
generation. By considering the electron processes for
small recombination center concentrations, i.e., when
the neutrality condition can be written in the form

and using the relationships (1.2) and (1.3) and assuming
that Re = Rh = R = G for steady-state generation of
non-equilibrium pairs, where G is the generation rate

*Shockley and Read assume that all the recombination centers
ate of one type, i.e., have a common energy level E t and are de-
scribed by the same capture coefficient Ae and the same Aj,.

of non-equilibrium pairs, Shockley and Read obtain an
expression for the lifetime in the form

ηο + "' + "ι ι
P» Ро + Ло + я' " ·" "

Po + (1.7)

For small concentrations n' the expression for τ
takes the form

χ —χ "o + "i ι χ Po + Pi ц g\

The other limiting case n' — °° gives

(1.9)

where
1 τ - l

Ι Λ 7 . > T " n ~

If the concentration of centers Щ is large, (1.7)
does not apply and it is necessary to proceed from the
expressions (1.4) for the recombination rates Re and
Rh·

By separating in (1.4) the concentrations of non-
equilibrium carriers (p = p0 + ρ', η = n0 + n', ft = fto
+ oft) and assuming that at any point in the semicon-
ductor the neutrality condition is satisfied (uniform
generation) and that the departure from thermody-
namic equilibrium is small, we obtain a system of
equations linear in n' and p':

e = R = AJft [(1 _/ t 0) n' - K + nj o/t], |
b=R = AhNt[ftOp' + (Pa + Pl){>ft), (1.10)

p' — n' = n't = Nt6ft. J

is the concentration of non-equilibriumHere nt
electrons captured by the centers.

By solving (1.10) using (1.2) and (1.3), we obtain the
following expressions for the electron and hole life-
times:

st
T e = , (1.11)

s t = P_
h д -

(1.12)

We note first of all that, because n' and p' are not
equal to one another, the lifetimes for electrons (τ|^)
and holes (Tyf) are different. But experimentally one
lifetime is always observed. Shockley and Read there-
fore assume that the measured lifetime is that of the
minority carriers and determines the recombination
process. Consequently, the graph showing the varia-
tion of lifetime with the position of the Fermi level F
in the forbidden gap (Fig. 2) will have a step at the
point corresponding to intrinsic conductivity. In fact,
we have two different graphs: T | * ( F ) for the ρ-type
and τ^( F) for the η-type semiconductor, which join
at the point corresponding to intrinsic conductivity.
Leaving aside the fact that under the assumption stated
the lifetime of the intrinsic semiconductor is not well
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FIG. 2

defined, since the concept of minority carriers loses
its meaning, it is not even clear whether the assump-
tion that the measured lifetime is тщ п > C - (the mi-
nority carrier lifetime) will be true.

It should be noted that the agreement obtained in
reference 6 between τ (F) and the measured life-

time proves nothing; because of the limited accuracy

of the measurements it is impossible to determine

whether, in fact, the experimental curve has the step

mentioned (Fig. 3). Apart from this, it should be

pointed out that in this work the lifetime was deter-

mined from diffusion length measurements, i.e.,
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FIG. 3

under conditions of non-uniform generation [ G

= f (x, y, z), but not G = const]. Therefore, the con-

ditions under which the Shockley-Read relationships

would be true (uniform generation) are not satisfied

in the method of measurement, and, consequently, the

measured values of the lifetime cannot be compared

with the analogous quantities given by (1.11) and (1.12).

Thus, stationary electronic processes during uni-

form generation are described by two times: т§ ала
т|[*. The inequality т | 4 * rff corresponds to the in-
equality η' ^ p', i.e., it is due to the capture of car-

riers by the centers (p' = n' + n£ * n', n{ * 0).

Hoffman3 has worked on these problems. Starting

from the theory of chemical reaction kinetics proposed

by Schottky,24 he proceeds to a detailed analysis of the

electromc processes in semiconductors both for direct

recombination of free electrons and holes (band-to-

band transitions) and for recombination occurring at

centers (transitions through an intermediate level).

He assumes that free electrons and holes have a Boltz-

mann distribution (nondegenerate semiconductors),

and that the law of mass action is true; this leads to

equations for the lifetime agreeing with the analogous

formulae of Shockley and Read.

Schottky's basic idea is that the reaction param-

eters are both the concentrations of the separate com-

ponents nj and their rate of change nj. This viewpoint

allows the "expectation times" of the separate compo-

nents Tj = nj / | nj | to be introduced; for small depar-

tures from thermodynamic equilibrium these are con-

stants for a given reaction. As Schottky remarks,

these times do not coincide in most cases with the

usually considered "lifetimes" in semiconductors,

which are determined by the capture processes for

non-equilibrium carriers or by diffusion. In the gen-

eral case the lifetimes are functions of all the times

Tj, but are not equal to any of these times (they de-

scribe processes in which all carrier types partici-

pate and all the TJ ).

In view of the complexity of the problem, Schottky

limits himself to a detailed consideration of the case

when a single characteristic reaction time can be in-

troduced. In fact he shows, like Shockley and Read,

that this is possible if the processes at defects can

be neglected, i.e., if the concentration of carriers in

defects and their rate of change can be assumed small

and if the space charge is also small. In the other

cases Hoffman considers that only the separate TJ

= nj / | nj | have meaning. Using these ideas, Hoffman

discusses the kinetics of electronic processes. He

divides all electronic processes in semiconductors

into two classes: steady-state and non-steady-state.

Hoffman starts with the simplest case of the direct

recombination of free electron-hole pairs. In this

case the lifetime is given by the relationships

R = r (np — nopo)

(1.13)

:r(no + pg)n', (1.14)

where r is the recombination coefficient, which is the

same for electrons and holes.

We first note that at small generation rates G

[when the product n'p' in the recombination equation

(1.14) is small] the recombination process can be con-

sidered as the superposition of two parallel processes:

the recombination of a non-equilibrium hole with an

equilibrium electron (p'n0) and of a non-equilibrium

electron with an equilibrium hole (n'p0).

Let us suppose that the majority carriers are elec-

trons (n0 » p0). Then, according to (1.14), the re-

combination rate is determined by the most rapid

process —the recombination of non-equilibrium holes

with equilibrium electrons — since n'p0 « p'n0 (n' = p',

there are no trapping centers). In this case the mi-

nority carriers (holes) thus play a dominant part in

the recombination process. Correspondingly, the life-

time will be determined by the lifetime of minority

carriers. In fact, according to (1.13) and (1.14), τ
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и l/rn0 i.e., the lifetime of a non-equilibrium hole.
This comprises the physical meaning of the term
"minority carrier lifetime". Consequently, for direct
recombination the lifetime is always determined by
the recombination of minority carriers ("minority-
carrier lifetime'').

We note that when recombination occurs at special
centers there is no general recombination coefficient
r, but capture coefficients Ae for electrons and Ajj
for holes. The lifetime is no longer determined by
the recombination of minority carriers. In fact, fol-
lowing Hoffman and retaining (1.13) for lifetime,
where now

we obtain, when pj » n0 » p0 »

and, consequently,

Pi

"•o + Po n0

(1.15)

The presence of the coefficient Ae shows that we are
dealing with the recombination of electrons (majority
carriers).

The analysis presented thus shows that it may be
incorrect to assume that the lifetime is determined by
the recombination of minority carriers in the case
mentioned (transition through an intermediate level),
and that an additional investigation is needed.

For steady-state processes Hoffman obtains for
the lifetimes expressions that agree with т|* and т^*
[formulae (1.11) and (1.12)], and he assumes, as did
Shockley and Read, that the measured quantity is the
lifetime of minority carriers. Hoffman therefore
considers that the lifetime determined experimentally
by measuring the diffusion length is also i"§£ilb c —
one of the times for stationary processes during uni-
form generation (Vp = Vn = 0) discussed by Shockley
and Read, i.e., under conditions which exclude any
carrier diffusion.

For non-steady-state processes Hoffman obtains
two characteristic times, Tj and т2, from the kinetic
equations. Without giving accurate expressions
for them, he shows -that these times are functions of
r | t and T§t. According to Hoffman, only in the case
of extremely large center concentrations do we have

Independently of Hoffman, it has been shown in refer-
ence 25 that a semiconductor possesses not one char-
acteristic time (т^ ш _ с > ) , irrespective of the condi-
tions that destroy thermodynamic equilibrium, but
has several characteristic times, each of which be-
comes dominant under definite external conditions.

*This corresponds to the case when the recombination-center
levels and the levels of the dominant impurity are in different
halves of the forbidden gap.

So far we have considered semiconductors contain-
ing only recombination centers.2'3 But it has been
shown26·27'28 that germanium and silicon also contain
centers that interact only with one carrier type
(trapping centers).

Experimental evidence of the existence of trapping
centers was obtained in investigations of photocon-
ductivity26·29 and carrier drift27'30 at low temperatures.
The work of Fan and co-workers26'29 showed that in
germanium at low temperatures (Τ ~ 200° К) the
photoconductivity has two components: a fast one
(decay time ~ 20 — 30 μββο), which varied linearly
with the illumination intensity, and a slow one (decay
time ~ 1000 μββο), which saturated as the illumination
intensity increased. With additional specimen illumi-
nation (artificial filling, which makes the centers in-
effective) the slow component disappears. The slow
component mentioned had an anomalous variation of
time constant with temperature (it increased as the
temperature was decreased).

Clearer evidence of the existence of trapping
centers is provided by investigations of carrier drift
at low temperatures in germanium27 and at room tem-
peratures in silicon.30

Pulses of long duration (~ 0.1 sec for silicon at
room temperature) were observed at the collector
(Fig. 4) in reference 30, whereas the injecting pulses
were short. In reference 27 the decay constant of
non-equilibrium conductivity in germanium was de-
termined by measuring the variation of collector

FIG. 4

signal amplitude with the field applied to the speci-
men. This constant was anomalously large (~ 1000
μββο). The collector signals observed had an unusual
shape: the front was comparatively sharp and the rear
slowly declining. With additional illumination or at
higher temperature, both the effects mentioned dis-
appeared; the usual symmetrical pulse shape of in-
jected non-equilibrium carriers, but distorted by
diffusion, appeared, and the time constant agreed with
the lifetime measured by other methods. Thus, the
long-duration pulse of the collector was caused by the
gradual release of carriers captured by centers. All
this proves the existence of centers where carriers
are captured.

The distinction between trapping and recombination
centers can be based either on the rates of capture and
thermal release of carriers3 1 or on the ratio of the
capture cross sections for electrons and holes.30·32 If
it is assumed that these cross sections are approxi-
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mately equal for holes and electrons, then, following
the first terminology, all centers with energy levels
close to the band edges will be trapping centers (ther-
mal release back into the band is more probable than
capture of carriers of opposite sign), but centers with
levels situated near the middle of the forbidden gap
("deep levels") will be recombination centers. How-
ever, if there is a marked difference in the capture
cross sections for electrons and holes, then centers
with "deep levels"30»32 can also be trapping centers.

In this review the classification of centers into
trapping centers and recombination centers will be
made on the basis of the ratio of cross sections only;
a center is a recombination center if it interacts with
both electrons and holes (AeAh * 0), irrespective of
the position of the energy level in the forbidden gap,
and, correspondingly, a center will be a trapping
center if interaction takes place either only with
holes or only with electrons (AgA^ = 0).

We note that both the carrier capture cross sec-
tions and the parameters of thermal release [ the con-
stants щ and p t in (1.8)] depend on the temperature.33

Therefore, the division of centers into trapping cen-
ters and recombination centers depends on the condi-
tions. For example, it has been shown34 that copper
atoms introduced into germanium are recombination
centers at room temperature and trapping centers for
holes at low temperatures.

The basic work, in which the kinetics of carrier
capture processes by trapping and recombination cen-
ters are discussed, is that of Fan and co-workers,29'35

devoted to trapping centers in germanium, and that of
Haynes and Hornbeck,30·32 where this phenomenon is
considered in silicon.

Fan considered the saturation of steady-state photo-
conductivity due to carriers captured by centers, as
well as non-steady-state processes associated with
carrier capture. By introducing a recombination time
т г, determined by centers of other types, and by as-
suming that minority carriers are captured, Fan35 ob-
tains an expression for the non-equilibrium conductiv-
ity of η-type material

(1.17)

where, according to the Shockley-Read formulae,

oP'—AePton' (1.18)

and pto are, respectively, the equilibrium concen-
trations of full and empty centers).

Since Ah » Ae (the centers trap only holes),

Pt ю nt0 7 an<^ P' ~ GTr> s o that we finally
Po + Pi + ΡPo + Pi + Ρ

obtain

p't як rct0 , «* «to, G t r > Pa + Pi-
l + °Gxr '

Thus we do, in fact, have two components, one of which

tends to a constant value as the illumination intensity
increases.

It is, however, impossible to agree with Fan that
the saturation effect occurs only for trapping centers:
a similar phenomenon also occurs at recombination
centers. Indeed, the relationship (1.18) remains true
in this case also, but the limiting occupation is now
determined (see reference 36) by the expression

o=AePt о
Pt =

since p' » |p£| and n' » | n£ | as G—- °°. Fan's
mistake (the conclusion that capture at recombination
centers does not give saturation) arises because he
obtains the variation of non-equilibrium carrier con-
centration with illumination intensity valid for p' and
n' « n0, which he then substitutes in the expression
for p£. Thus he does not obtain saturation, since his
expression for p£ becomes untrue for large G.

Fan also treats non-steady-state processes (the
growth and decay of photoconductivity). By analyzing
the solutions of the system of kinetic equations for the
case in question:

dp'
dt dt

dn[_p- t

dt ~Tr~
r

he finds that the growth and decay curves for photo-
conductivity at small generation levels are determined
by two exponential terms with exponents

T / t

where
ι

is the lifetime of a captured hole,
_ ι

is the time required for recombination of a captured
hole with a conduction electron,

is the capture time of a free hole, and т г is the re-
combination time of non-equilibrium carriers deter-
mined by centers of a different type.

At low temperatures29

α 2

and

/ 1 I , 1 Λ 1 . 1 I / I , l Л 1
1 I t r t/ ίι t, ' τΓ ' 2 x3 ντ,τ; ' xrxt)ax

At the limit of very low temperatures

i i ι
τ,. ι ι

(1.19)

For not too low temperatures (A^ » Ae,
Aen0)
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(1.20)

Expressions (1.19) and (1.20) lead to a growth of Ts
with decreasing temperature (it is assumed5 that т г

varies little with temperature), which is also proof
of the existence of trapping centers (the diminishing
rate of thermal release of carriers into band as the
temperature is lowered). We note that the tempera-
ture variation of the recombination time т г does not
give an increase at low temperatures.

Fan's assumption concerning the capture of minor-
ity carriers only was proved by the work of Haynes
and Hornbeck,30 who studied the decay of non-equilib-
rium photoconductivity with and without additional
illumination. In fact, by comparing the non-equilib-
rium conductivity pulse amplitudes with additional
illumination:

(1.21)

and without it:

Δσ3 =
', if holes are captured
', if electrons are captured'

Д.22)

it is possible to determined from the ratio Δσι/Δσ2

which carrier type is captured.
Measurements made on p-type silicon30 gave

^ i ~ 3 =
Δσ2 ~" μ1ι

Such measurements, according to Haynes and Hornbeck,
prove that in silicon always minority carriers are cap-
tured (electrons in p-type and holes in η-type mate-
rial).

By studying the photoconductive decay in p- and n-
type silicon, Haynes and Hornbeck discovered that both
types have a whole system of centers with different
levels. Thus, in p-type silicon non-exponential photo-
conductive decay was observed. Haynes and Hornbeck
explain this non-exponential variation as due to re-
peated capture (carriers released from the center
are captured again before they recombine; this occurs
for т г » r t) . This effect also explains the different
minority carrier capture cross sections in p-type ma-
terial (S = 10~13 cm2), where there is repeated cap-
ture, and in η-type material (S = 10~18 cm2), where
there is not. By analyzing the temperature variation
of the lifetime of captured carriers Tf, they conclude
that recombination as well as capture occurs at cen-
ters with "deep levels" (the temperature variation of
l/Tf shows a break and has two slopes). Therefore,
in place of

, (1.23)
xt.

they introduce τ, defined by the expression

The assertion of Haynes and Hornbeck, that the re-
lationship (1.23), obtained from detailed-balance con-
ditions, determines the lifetime of carriers in centers,
is untrue. In fact, according to Fan,35 the process of
non-equilibrium conductivity decay which takes place
is described, not by the equations of detailed balance,
which are true at thermodynamic equilibrium, but by
the corresponding kinetic equations. As Fan has
shown,35 this leads to a different expression for Tf,
and instead of (1.23) we obtain

•~ = Ah(Po + Pi)·

For our case the Fermi level is close to the level of
the centers (F = 0.30 ev from the valence band edge,
Ej — Ej ~ 0.35 ev) i.e., Po ~ Pi, and, consequently,
this effect makes a significant contribution, masking
the recombination. Therefore, all the evidence of
Haynes and Hornbeck relating to three-body (impact)
recombination in silicon must be regarded as unreli-
able.

A detailed analysis of the electronic processes in
semiconductors having a system of centers with dif-
ferent levels has been made by Kalashnikov.37 By
considering steady-state processes for the case when
the concentration of only one type of center is large,
he showed that when recombination centers with dif-
ferent energy levels are present, the recombination
does not remain additive; in other words, the effec-
tive lifetime т ^ п с of a steady-state process is
given by the expression

where 1/TJ is the probability of recombination through
centers with the j-th level and | 0 describes the effect
on one another of centers of a different type. The au-
thor shows that when the concentration of centers is
small (n' « p'), the recombination probability is al-
ways additive, i.e.,

— carrier recombination through each type of center
proceeding independently of the presence of the others.
As is revealed by the treatment, the appearance of ξ0

is caused by the fact that the fractional occupation of
centers of a given type is changed by the presence of
the other centers.

Expressions were obtained in reference 38 for the
times T|t and т?* in the general case of a semicon-
ductor having a system of centers of different types
with different energy levels. If the semiconductor
has a small concentration of recombination centers
of one type [ n^1', p[1 } ] and a large concentration of
trapping centers [e.g., for electrons p[2), ia^)]> then
the expressions for τ§* and τ?* take the form:38
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ι
"to.

nC2)

h - 1 ° " (1.24)

(Fig. 5), where the expression for τ0 agrees with (1.8)
obtained by Shockley and Read for small concentrations
of centers of one type (recombination centers — AeAn

^ 0 ) . Therefore, for the case in question we have τ0

= Tr, i.e., the recombination time introduced by Fan.35

It is assumed that the lifetime for steady-state
processes ( TS^, see reference 2) is determined either
by measuring the steady-state photoconductivity39 or
the diffusion length.40 As indicated, a number of au-
thors 1 '3 '4 1"4 4 assume that the lifetime determined by
measuring the diffusion length is equal to T^jm< c_.
Leaving aside the fact that such an assumption is in-
correct (the times are obtained under conditions
which exclude diffusion), it is not clear what lifetime
will determine diffusion in semiconductors with in-
trinsic conductivity.

It is, therefore, necessary to make a special study
of the diffusion of electrons and holes in semiconduc-
tors. A simplified analysis has been made by van
Roosbroeck45 and Hoffman3 for the case η' = ρ', when
the diffusion of carriers of both types in semiconduc-
tors can be treated in an analogous manner to ambi-
polar diffusion46»47 in gases and plasmas (the fluxes
and concentrations of both types of carrier are equal).
In this case the expression for the diffusion length
l/K2 has the form

where

D = (1.25)

is the ambipolar diffusion coefficient and τ is the
common lifetime for electrons and holes.

Thus, when n' = p', there occurs not independent
diffusion of electrons and holes in the semiconductor,
but diffusion of electron-hole pairs, just as in ambi-

polar diffusion. The electrical field created by the
motion of carriers slows down the rapid particles and
accelerates the slow ones. We note that the motion of
electrons and holes, considered separately for each
type of particle, is due both to diffusion and to the field
created by the motion (diffusion and field terms are
present in the expressions for the electron and hole
currents).

Lashkarev,48'49 by considering steady-state proc-
esses in semiconductors with mixed conductivity,
showed that the diffusion of electrons and holes is de-
termined by a common characteristic length ("the
diffusive displacement length'' 1/KO). He obtained the
value of l/K0 in the general case when trapping and
recombination centers were present as

_Po_ (1.26)

where С is some constant determined by the recom-
bination law. Lashkarev, in considering the variation
of the constant С with the semiconductor parameters,
limits himself to a special case. In fact he considers
the case of almost filled donor centers and almost
empty centers, i.e., when the acceptor levels are situ-
ated somewhat above the donors. In the majority of
cases just the opposite occurs: the donors are just
below the conduction band and the acceptors just above
the valence band, i.e., far below the donors (Fig. 6).

FIG. 6.

- Donors

Acceptors

acceptors.• donors, NA

By considering the one-dimensional case, Lashkarev
showed that the diffusion of electrons and holes in the
absence of an external field is determined by the equa-
tion

^--KIF = O, (1.27)

where F = pon' + p'n0.*
In this way Lashkarev showed that in semiconduc-

tors with an arbitrary concentration of centers, diffu-
sion is always bipolar and is described by (1.27) and
by the characteristic length l/K0, which is the same
for electrons and holes. Thus, he shows that electrons

•Lashkarev obtains the distribution of holes and electrons in
the quasi-neutral region from the equations

where s describes the filling of the centers and u is proportional
to the value of the space charge. The variables F and u have
been written in our notation.
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and holes should have a common effective lifetime,
which can be determined from l/K0 by assuming that
the carrier diffusion in semiconductors is character-
ized by a common effective mobility for holes and
electrons, i.e.,

1 /k,T

Therefore, according to Lashkarev, the diffusion of
electrons and holes in semiconductors, as distinct
from the steady-state processes of Shockley and Read,2

has a single characteristic time which is completely
determined by the kinetic equations and does not re-
quire the introduction of an additional hypothesis about
minority carriers.

The essential property of bipolar diffusion is the
absenc'"VjOf charge transfer (Ig + I n = 0) and the ex-
istence of a gradient of generated non-equilibrium
pairs (non-uniform generation). Consequently, the
fact that the concentrations of free non-equilibrium
electrons and holes are not equal (the condition for
ambipolar diffusion) does not mean that bipolar dif-
fusion (the diffusion of non-equilibrium electron-hole
pairs with arbitrary ratio of n' and p') is absent. In
fact, in both cases non-equilibrium pairs are always
generated in one part of the semiconductor and re-
combined in another. Therefore, because a concen-
tration gradient of generated pairs is present and
charge transfer is absent (Ig + I n = 0), diffusive mo-
tion of non-equilibrium pairs (bipolar diffusion) al-
ways proceeds independently of carrier capture
(p' ^ n', n£ * 0). Haynes and Hornbeck30 have shown
experimentally that on the whole the diffusion length
is not changed by the presence of trapping centers.

Jonscher50 has considered theoretically the effect
of carrier capture on the diffusion process. The anal-
ysis he made of the continuity equation for minority
carriers in a quasi-neutral region of a semiconductor51

shows that carrier capture has an important effect on

the drift term μ Θ Ε-^- (in the field Ε created during

diffusion). He thus concludes that the greatest effect
of carrier capture occurs at large injection levels
(n' ~ n0 + p 0 ), and appears as an increase of the dif-
fusion length by a factor of A/2~ . However, it should
be pointed out that the problem has been incorrectly
solved by Jonscher. In point of fact he considers that
the diffusion length is constant at large injection levels,
which, according to reference 45, is not the case. The
very concept of a diffusion length has meaning only
when it is a constant, and thus can only be true at
small injection levels, i.e., when it is appropriate to
neglect the drift term [it is of the order p'/(no + p o )].*

an
ax ~ Р + ь,\дх " дх ) дх

( -г- ) , where η' = \ne

Comparison with the remaining terms of the continuity equation for
electrons also gives the value of [р'/(п„ + ρο)1·

Therefore, following Jonscher, it can be assumed that
carrier capture in no way affects carrier diffusion in
the absence of an external field.

The analysis of the main papers on non-equilibrium
processes thus leads us to the conclusion that there is
not a single characteristic time for electronic proc-
esses in semiconductors which is independent of the
conditions which destroy thermodynamic equilibrium
(Tmin с )· ^ *^ е c o n t r a r v > semiconductors are com-
plex systems which contain charge carriers of two
types, as well as localized centers of different nature,
and should have several characteristic times for elec-
tronic processes. Depending on the external conditions,
one or other of these times dominates. Shockley43 and
Bemsky44 arrived at similar conclusions in their re-
cent reviews. They, however, started by dividing all
non-equilibrium processes into steady-state and non-
steady-state, and considered that T g J i n c < is deter-
mined by measuring the diffusion length.

It should be pointed out that such a simplified divi-
sion of all electronic processes in semiconductors into
steady-state and non-steady-state ones does not em-
brace all the diversities of these processes. Such a
division does not, in fact, take into account the proc-
esses by which carriers spread through the volume
of the semiconductor (diffusion, drift) due to non-
uniform generation and external field. Such processes
take place under both steady-state and non-steady-state
conditions.

It is, therefore, more correct to divide the elec-
tronic processes occurring in semiconductors into
the following groups:

1) steady-state processes under conditions of uni-
form generation (the times τ?*, τ|*) (Shockley and
Read,2 Hoffman,3 Kalashnikov37);

2) steady-state processes with non-uniform gener-
ation (bipolar diffusion, the basic parameter being the
diffusion length) (Lashkarev,48·49 van Roosbroeck45);

3) non-steady-state processes with uniform gener-
ation;

4) non-steady-state processes with non-uniform
generation.

The consideration of these processes presents us
with the following problems:

1. The majority of the authors mentioned consider
that the lifetime of any steady-state process is deter-
mined by measuring the diffusion length. It is assumed
that this time is T ^ i n > c , i.e., the time that character-
izes processes which exclude diffusion. Consequently,
by considering bipolar diffusion, it is necessary to find
in the general case the characteristic time that deter-
mines the diffusion of carriers in semiconductors with
a system of centers having different levels.

2. When studying the growth and decay of non-equi-
librium carriers under conditions of uniform genera-
tion, most authors either introduce а т not connected
with the semiconductor parameters, or limit them-
selves to a simplified treatment of particular cases.29»
30,32,35 I t i s o f interest, therefore, to consider non-
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steady-state processes occurring under conditions of
uniform generation in the general form, to obtain the
characteristic times, and to analyze them in detail for
a number of cases of special interest, in particular:
a) when the semiconductor has centers of only one
type with a common energy level; b) when the semi-
conductor has many types of centers, but the concen-
tration of one type of center predominates and the con-
centration of the remaining types is small; c) when the
concentrations of all the centers contained in the semi-
condutor are small.

3. As remarked, the greatest interest attaches to
non-equilibrium processes at small generation levels,
when the lifetimes are constants which characterize
the semiconductor (monomolecular recombination).
However, by studying the variation of lifetime on non-
equilibrium carrier concentration, the possibility
arises of determining the different recombination
modes (monomolecular, bimolecular, et al.). It is,
therefore, of interest to obtain in a general form the
decay law of the non-equilibrium carrier concentration
in semiconductors which also determines τ (n'). A
rigorous solution of the problems mentioned has been
given in references 25, 36, 38, and 52. They also con-
stitute the principal contents of the second and third
portions of the present review.

2. CHARACTERISTIC TIMES DETERMINED FROM
THE DIFFUSION LENGTH

The conditions of uniform and steady-state genera-
tion as considered in references 2 and 3 are not, in
fact, satisfied. Under steady-state conditions genera-
tion is almost always non-uniform throughout the vol-
ume of the semiconductor (e.g., the formation of non-
equilibrium carriers by light). In this case the basic
parameter of the electronic processes is the diffusion
length and the characteristic times associated with it.
The kinetic equations describing these processes are
(see reference 52):

3=1

= Σ

— I e = μβ«Ε + De grad n,

= 1, 2, . . . , m,

(2.1a)

(2.1b)

(2.1c)

(2. Id)

where

are the thermal release constants for electrons and

holes from centers (see Fig. 1), AJ, Â  are the cap-

ture coefficients for electrons and holes, Щ are the

total concentration of centers, Ы and nj are the con-

centration of full and empty centers. The superscript
j , which all the enumerated quantities have, indicates
the center type (all centers of the j-th type have a
common energy level Ε j); nj and p | are given by

formulae (1.6); I e, Ijj are the current densities for
electrons and holes; μθ, De, μ ,̂ Djj are mobilities
and diffusion coefficients for electrons and holes, Ε
is the field strength inside the semiconductor, e is
the dielectric constant, q is the magnitude of the elec-
tronic charge, G is the generation rate (or level) for
non-equilibrium pairs, N^ is the concentration of
donors of the i-th type (having an energy level ΕΪ).

By rewriting the system of equations (2.1) in terms

of the non-equilibrium carrier concentrations n' and

p' (n = n0 + η', ρ = Po + p', n| = nJfl + n' etc.), by

linearizing* and transforming to the variables:

(2.2a)

(2.2b)

"ο+Λι

η = Τ·
Eqs. (2.1) transform to the system

ν2η — кщ = — M\\,

with the boundary condition

= - "ο? ίσ. J ^ = 0,

(2.3)

(2.4)

where l/k t and l/k2 are the Debye and diffusion
lengths with

kl=

and D is the ambipolar diffusion coefficient (n' = p')
introduced by van Roosbroeck.45 aQ = S/D, where S
is the surface recombination rate for non-equilibrium
pairs, M\ is a constant having the dimensions of
charge and depending on the concentration of centers.
Finally, Θ/8Ν signifies differentiation in the direction
normal to the boundary surface σ. The time τ0 is
given by

, .

and Bj

b= AIP\

*Linearization is possible: 1) for non-equilibrium carrier con-
centrations small in comparison with the concentration of majority
equilibrium carriers:

2) for small space charge:

Я
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We note that the time T | agrees with the Shockley-

Read formula obtained for the particular case of a

small concentration of one type of center [Eq. (1.8)].

As shown in references 38 and 52, the variable ξ

is the effective concentration of non-equilibrium pairs,

and η is some potential determining the bipolar diffu-

sion field V77.

The kinetics of steady-state processes with non-

uniform generation are thus described by two equa-

tions [the pair (2.3)]. The first of these expresses

the diffusion, recombination, and generation processes

of non-equilibrium pairs, and the second expresses the

space charge formation and relaxation processes.

The solution of these equations in the one-dimen-

sional case (semi-infinite specimen) for a semicon-

ductor illuminated by visible light (λ » k2, G = G o e"^,

kt » k2),5 3* in the quasi-neutral region51 is:

ι * —(
q e "

η' =в GeffTe , (2.7)

where λ is the absorption coefficient for the light.

Consideration of the solutions (2.7) shows that along

with processes described by the times TQ and τ|[ ,

bipolar diffusion takes place, which is expressed in

the exponential variation of Geff with specimen thick-

ness. In the photoelectric method of measuring the

lifetime,40 the absorption path of a non-equilibrium

pair 1A2 is determined from measurements of

Geff (x). and there is a common diffusion length for

electrons and holes. Because the non-equilibrium

processes are steady-state ones, carrier capture

(n£ * 0) has no effect on the bipolar diffusion. This

is expressed in the fact that the basic parameter, the

absorption path of a non-equilibrium pair l/k2 = VDT,

does not explicitly dependt on the presence and state

of trapping centers (A·) A^ = 0). Consequently, the
e η

lifetime r0 determined by measuring the diffusion

length does not depend on the presence and state of

the trapping centers in the semiconductor.

Non-uniform generation causes carrier motion

(diffusion), due to which space charge is formed.

This space charge attains its maximum magnitude

close to the surface at a depth of the order of the

Debye length. At large depths it becomes small (the

quasi-neutral region),51 and in this case

qn'

rrel
« 1 , (2.8)

•The inequality k t » kj (diffusion length much greater than the
Debye length) means the neglect of the space charge region51 formed
close to the illuminated surface. According to reference 54,
l/kx ig 7 χ 10~5 cm, which gives a lower limit for the value of
тОцО^/Ю), of 10-'sec.

tFor large concentrations of centers the mobilities /xe and μ^
change because of the additional scattering at these centers.

GURO

where

and те and т^ are given by (2.5). The value of the
space charge is related to the greatest concentration
of non-equilibrium carriers and the corresponding
times те, T^. From the expression for the space
charge*

it follows that when

= т е , I

(2.9)

(2.10)

the semiconductor is neutral at any point. In this case
the diffusion fluxes of electrons and holes are equal
(the electrons, which move more rapidly, are cap-
tured more, while the holes, which move more
slowly, are captured less).

When the filling of the centers is arbitrary [ Eq.
(2.10) is not satisfied], the space charge formed sus-
tains bipolar diffusion; the equality of electron and hole

is preserved due to the appear-fluxes — ]
q

ance of conduction currents. The field VTJ formed
holds back the rapid and weakly captured carriers, and
speeds up the slow carriers strongly captured by the
centers. Carrier capture by centers strongly affects
the value of the field and can even change its sign,
since it changes the times Tg and τ|^. But we also

note that the field VTJ, created by the motion of non-

equilibrium electrons and holes relative to one another,

is so small that it does not change the bipolar diffusion

at any depth in the semiconductor [see (2.3)].

Thus, in the general case of semiconductors with a

system of centers of different types, steady-state proc-

esses are determined both by the times τ§ and τ[| ,

and by the time τ0, which does not depend on the con-

centration of trapping centers. The times τ|* and τ|^

can be determined by measurements of the photo-e.m.f.

(the Dember-effect voltage55 — η |χ=ο) and the non-

equilibrium conductivity of the specimen (if μ6, μ ,̂

and Go are known). The time τ0 is calculated from

measurements of the diffusion length.

The times т е and т^ determine the conditions dur-
ing the fulfilling of which the semiconductor remains
neutral at every point in the case of non-uniform gen-
eration.

•Equation (2.10) is obtained from the expressions for the space

charge — = -2· and the identity
q 4i7q djr

r ~ ~ ^ = 1-
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3. NON-STEADY-STATE PROCESSES

As shown in reference 38, the kinetic equations
which describe non-steady-state electronic processes
occuring during uniform generation of non-equilibrium
carriers can, for the general case of a semiconductor
with a system of centers of different types, be written
in the following form:

where

dn

~dt
= G - (np - nopo)

~ Ά Άι

-£ = G - (np - nopo)

-Σ
3 = 1

- Aln{n[) - [A[n[p -

/ = 1 , 2 , ...,m;
j=m i—k

p-n= Σ η[-Σ№·
j l ' i l °

. dp>

ί>-5Γ
(3.1a)

(3.1b)

(3.1c)

After separating all the concentrations into equilib-
rium and non-equilibrium parts (n = n0 + η', ρ = p0 + p',

n£ = n£0 + ny), and discarding terms quadratic in the

non-equilibrium concentrations, we arrive at a system
of equations linear in n', p', and aU.

We consider the solutions of such a linearized sys-
tem for the special cases of most importance. Let the

concentrations N! of all types of centers be small, with

the exception of one (j = 1). Then, for Tt « τ2, the
solution giving the non-equilibrium carrier concentra-
tion decay (G = 0) with initial conditions correspond-
ing to the steady-state situation is

(3.2)

ι
"ii*

The solution obtained contains four time param-
eters. Two of them: т|* and те* — characterize

νί LI

steady-state processes occurring during uniform gen-
eration. The two other time parameters are

J - = A'epl о + Al

hn
l

t о + Ai (n0 + n\) + Al {pa + p\) + ±, (3.3)

(3.4)

•The concentrations of non-equilibrium carriers n'y captured by
centers of the remaining types NJ (j £ 1), can be neglected.

— - У —
3—2,
зф-i

and the sum is taken over all types of center except
the first. If the capturing centers (Ae, A^, Ni) are
so effective that in the denominator of (3.4) 1/TQ can
be neglected, the expressions given for Tt and τ2 co-
incide with the analogous formulae obtained when the
semiconductor has centers of only one type.25 How-
ever T0, which enters into the relationships mentioned,
has a different meaning. In (3.4) τ0 is determined by
recombinations through all the centers. Therefore,

as well as recombination centers (A^ Ai ^ 0 ) , it is

possible in a semiconductor to have trapping centers

(AgAi = 0) which can be capturing centers (these

centers will not contribute to τ0). For a semiconduc-
tor with only one type of center this does not occur.
Analysis made in reference 38 shows that for large
concentrations of capturing centers the relaxation
time of the non-equilibrium excess τ2 (the larger
time) is smaller than the lifetime of carriers in cen-
ters Tf.35 For this reason, after the disappearance
of the excess n' and p', thermodynamic equilibrium
is established not at once, but after the re-establish-
ment of the concentration of minority equilibrium car-
riers captured by centers, which occurs after a time
Tf » T2.

Thus, when there are large concentrations of trap-
ping centers, a decrease of the conductivity should
occur during pulsed illumination of the semiconductor
by visible light (negative photoconductivity56).

If the concentrations of all types of centers are
small, then, as shown in references 25 and 38

and

η -=a p' =& (ϊτοβ τ«,

(3.5)

i.e., a single lifetime exists for electrons and holes.
The smaller time τ0

25'38 is the time to establish
quasi-steady-state decay,57 and the larger time τ2 is
the relaxation time of the generated excesses n' and
p'. This time is strongly dependent on the presence
of trapping centers in the semiconductor. Such a time
is also measured in experiment, e.g., when measuring
the lifetime by the pulse method.58 Non-steady-state
processes with uniform generation are realized in all
cases when the decay or growth of non-equilibrium
carrier concentration occurs, and diffusive carrier
motion in the semiconductor can be neglected.

Therefore, as is seen from formula (3.4), all meth-
ods using the decay of non-equilibrium carrier con-
centrations in semiconductors give lifetimes greatly
dependent on the presence and state of trapping cen-
ters in the semiconductor.

For the case of small concentrations of one type of



906 G. M. GURO

center (η' « ρ ' ) , Eqs. (3.1) give a decay law36

Λ | "» + /Ί)

An /

, (3.6)

which is valid for any generation levels. Here Δη

= n'lt=o·
bi certain ranges simple kinetic recombination

modes dominate the non-equilibrium carrier concen-
tration change; this leads to approximately exponential,
hyperbolic, or linear decay laws. Besides the well-
known monomolecular (τ = const) and bimolecular
(τ = A/n') recombination modes in semiconductors,
constant recombination rate occurs, which corresponds
to a lifetime proportional to the non-equilibrium car-
rier concentration: τ = An'. This mode of recombina-
tion occurs at low temperatures in semiconductors for
which the capture cross section of minority carriers is
much greater than the majority carrier cross section.
When there are definite relationships between the con-
stants and the temperature, given by τ0 = Tp0 + τη0,
the non-equilibrium carrier concentration decay pro-
ceeds according to a monomolecular mode throughout
its entire duration.

We thus complete the analysis of the characteristic
times of the principal electronic processes in semi-
conductors. We now proceed to consider the various
experimental methods of determining these times.

4. EXPERIMENTAL METHODS OF DETERMINING
THE LIFETIME

It should be pointed out that the different methods
of measuring the lifetime ought in the general case to
determine different characteristic times. In other
words, the lifetime τ, measured on the same speci-
men by different methods, will have different values.
The methods of measuring τ are, therefore, divided
into the following groups, according to the non-equi-
librium processes to which they correspond:

1. Methods based on steady-state processes oc-
curring during uniform generation of non-equilibrium
carriers (e.g., the determination of τ from measure-
ments of the steady-state conductivity). These meth-
ods measure τ|* and τ§*.

2. The use of steady-state diffusion processes for
measuring the lifetime τ0 —the characteristic life-
time of steady-state processes during non-uniform
generation.

3. Methods of determining the lifetime of non-
steady-state processes occurring during uniform gen-
eration of non-equilibrium carriers in the volume of
the semiconductor —the growth and decay constants of
non-equilibrium carrier concentrations (the time τ2).

4. Methods in which non-steady-state processes
under conditions of non-uniform generation are used
for determining the lifetime. To this group belong

all methods in which the drift of injected carriers is
used, and a number of others.

The simplest method of determining the lifetime
from diffusion length measurements (processes of
the second group; time τ0) is the photoelectric method,
where the diffusion length of non-equilibrium carriers
created in the semiconductor by light is found by meas-
uring the distribution in the depth of the semiconductor
either of the photo-emf59·60'61 or of the photoconductiv-
ity40 (Fig. 7). In both cases the results are distorted
by the effect of metallic contacts.

Light

FIG. 7

Harrick62»63 developed a variant of the contactless
photoelectric method. He made use of the change in
the transparency of germanium in the infrared region
of the spectrum64·65 caused by the scattering of light at
free carriers. Thus a measurement of the distribution
of the transmission coefficient along a specimen gives
us the distribution of non-equilibrium carriers in the
volume of the semiconductor, i.e., the diffusion length
(Fig. 8) without any distortion introduced by probe con-
tacts. The author showed that measurements of the
transmission coefficient perpendicular to the direction
of diffusion (the change of transmission in the direc-
tion of diffusion — detector A) determined the lifetime
of bulk recombination (in this case surface recombina-
tion plays an insignificant part), while measurements
of the transmission along the direction of carrier dif-
fusion (detector B) can give the surface recombina-
tion rate at the side faces of the specimen. The con-
tactless photoelectric method thus allows separate de-
terminations to be made63 of the bulk lifetime and the
surface recombination velocity S.

Other modifications of the photoelectric method
are those in which quantities are measured which
depend on the diffusion length. Such a method is the

Source of infra-red
radiation

Infra-red detector

FIG. 8
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determination of the lifetime from measurements of
the transverse Kikoin-Noskov66"70 photomagnetic ef-
fect voltage VH (Fig. 9)

(4.1)

where с е and c n are the Hall angles for electrons
and holes, which are, respectively,

A*eH> MhH a r e t n e Hall mobilities for electrons and
holes, В is the magnetic induction, I is the width of
the specimen, and d is the thickness of the specimen.

An interesting modification of the photoelectric
method was proposed by Smirnov.71 He developed a
method of determining the lifetime by measuring the
collection coefficient a* in a photocell with a plane
p-n junction. For small surface recombination rates
and small diffusion lengths LQ (d/L^ > 2)

where d is the distance between the illuminated sur-
face and the p-n junction (Fig. 10). We note that this
method can measure lifetimes of the order 10~8 sec
(the lower limit is determined by the ability to meas-
ure small currents).

Light

FIG. 9

Light

FIG. 10.

The lifetimes of steady-state processes with uni-
form generation (τ{[ , т§ ) are measured directly
from the steady-state photoconductivity of the speci-
men

Δσ = q (μ β τ| ι -f- μ Η τ^) G e{{ ™ ъ g ( μ β + μ,,) Go τ ^ (4.2)

(if the concentration of centers is small), where W
is the volume of the semiconductor, and I is the length
of the specimen.

*0t i s the ratio of the number of carriers providing the short cir-
cuit current to the number of carriers created by the light close to
the illuminated surface.

In reference 72 a similar method was developed in
detail, and more accurate formulae were obtained in
which the effect of surface recombination is taken into
account:

Here Zo is the thickness of the specimen, Ln is the
diffusion length of non-equilibrium holes (minority
carriers), and S is the surface recombination velocity.

It should be noted that the steady-state photoconduc-
tivity method can also measure small times, which is
impossible by the usual photoelectric method, because
of inhomogeneities in the volume of the semiconductor
(as Lashkarev58 has shown, to use the photoelectric
method it is necessary for the diffusion length to be
much larger than the dimensions of the collector re-
gion, which gives lengths greater than 4 χ 10~3 cm or
times exceeding 2.5 χ 10"7 sec. The steady-state
photoconductivity method has the shortcoming that it
is applicable either for the condition n' = p', or when
one of the carrier types is almost completely captured
(p' » n' or n' » p ') . In the general form the prob-
lem becomes indeterminate because

st it.IC
Δσ = ?6(μβτ| Ι + μ ^ ) - ^

(i.e., there is one relation to determine two quantities,
T |* and т ^ ) . In concluding the consideration of meth-
ods using steady-state processes (the first and second
groups), we point out that in fact non-steady-state
processes are used for convenience in all these meth-
ods, since the generation of carriers is modulated, but,
because the length of the generation pulse is chosen to
be much greater than any of the characteristic times,
it can be taken that a steady state is established in
the course of a single pulse.

It should also be pointed out that the method pro-
posed by Adam73 (see Fig. 7), using the motion of an
illuminating spot, does not in the general case meas-
ure the lifetime of steady-state processes (more ac-
curately, the time т0). The idea of this method is that
during the motion of the illuminating slit, the instanta-
neous distribution of non-equilibrium conductivity
(characteristic lengths Lj, L2) becomes asymmet-
rical on either side of the slit, and it therefore be-
comes possible to determine both the diffusion coeffi-
cient D and the lifetime т. The formulae obtained
by Adam:

L· — Lo r, ν
τ = — - , D= —j - ,

where ν is the speed with which the light spot (slit)
moves, are true only under the assumption that the
time required to establish a quasi-steady-state dis-
tribution of free electrons and holes is small com-

*It i s here assumed that uniform generation of non-equilibrium
carriers takes place through the entire volume of the semiconductor,
i.e., the thickness of the specimen must be small in comparison
with l/λ (the penetration depth of the light) or G = const = Geff.
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pared with the lifetime. We know that this is always
fulfilled only when n' и p ' . We note, however, that
if, for a large concentration of centers, the time T^
= 1/Aepto* which is the time taken to establish a
quasi-steady state, is much less than the lifetime
τ = т г , determined from the diffusion length, and in
addition the time taken for the spot to traverse the
entire length of the semiconductor t w is much less
than the lifetime of carr iers in centers Tf, then the
formulae given for D and τ are also applicable. The
transition from a steady state to a quasi-steady state
actually occurs after a time T^ = l/AePt0. After this
time there is established in a given volume element
non-equilibrium filling of the centers, the change of
which is determined by the time Tf » τ^. If in this
case Tf » τ » τ ,̂ then for spot motion with a veloc-
ity of the order of the diffusive spreading rate VD

V~DT~
= , the quasi-steady state (i.e., the instantaneous

distribution of carr iers throughout the volume) can
be established in each volume element of the semicon-
ductor. Because the time is small in comparison with
the lifetime of carr iers in centers Tf, carr ier capture
does not change this distribution, i.e., as in steady-
state processes it will not affect carr ier diffusion
(the establishment of the instantaneous distribution
proceeds much more rapidly than diffusive spreading,
which, in its turn, also proceeds much more rapidly
than the release of carr ier s from centers; t w « Tf).
In reference 30 an exactly analogous case is consid-
ered for silicon (Tt ss 10"7 sec, Tf Ζ 10~3 sec, τ ~ 10
sec, t w ~ 10"4 sec) .

The measurement of the characteristic times of
non-steady-state processes (the time τ2) is in the
simplest case performed by a pulse method.5 8 In this
method non-equilibrium carr ier s are injected into the
specimen by an external field. The time during which
these carr iers spread out throughout the volume (the
duration of the injecting pulse Ti) should be much
less than the lifetime. After the cessation of the
pulse (the establishment of a uniform distribution),
the decay of non-equilibrium conductivity proceeds
only due to recombination and capture, which is de-
termined by the time τ2. One variety of the pulse
method is the determination of the lifetime by the
decay of photoconductivity created by penetrating r a -
diation (for example, infrared radiation 3 0).

A large group of methods are used under conditions
of non-steady-state and non-uniform generation. Such
methods are, for example, the determination of the
lifetime by photoconductive decay in the presence of
the usual surface generation of non-equilibrium pairs. 7 4

In the paper quoted the case is considered of the semi-
conductor with no centers (n' « р ' ) , and the effects of
afield Ε (the presence of electrical current) and of

*In the case taken the semiconductor has trapping centers that
capture electrons.

-5

surface recombination are taken into account. In the
simplest case (Fig. 11) the expression for the decay
constant agrees with the well-known Shockley formula:1

since A » В and A » С Thus, taking into account
non-uniform generation and non-steady-state proc-
esses increases the decay due to the absorption of
carriers at the surfaces of the semiconductor (sur-
face recombination).

Modulated light

Oscillograph

FIG. 11

Another method in which the processes mentioned
occur was proposed by Many.75 In this method the
non-equilibrium conductivity is created by a voltage
pulse applied to a specimen contact. But, in distinc-
tion from the pulse method,58 the duration of the in-
jecting pulse is here chosen to be much greater than
the lifetime (Ti » τ), Straightforward calculations
lead to the following relationship for determining the
lifetime:

Ασ
σ

(6 + 1) γ/τ -(1-е"'' (4.3)
q (bno-\-p0)

where σ is the specimen conductivity in the absence
of the injecting current pulse Ι, Δσ is the excess
(non-equilibrium) conductivity created by the pulse
of injected non-equilibrium carriers, and γ is the
injection coefficient. Thus, by measuring the growth
of non-equilibrium conductivity, we determine the life-
time. We note that the picture considered is, accord-
ing to Shockley1* true when carrier diffusion is neg-
lected (equilibrium is established between the con-
centration of carriers drawn in by the field and re-
combination in the bulk). This puts both upper and
lower limits on the measurable values of т. The con-
dition that diffusive smearing can be neglected actually
determines the lower limit of the injecting field: VJJ
= VD/τ < μΕ, which leads to

k T l I
q V μ £ "

(4.4)

where V is the voltage applied to the specimen, I is
the specimen length. This gives the lower limit of
measurable values as τ ~ 10~6 sec. On the other hand,

*As Shockley showed,1 when diffusion is neglected, the non-
equilibrium conductivity depends only on the total number of in-
jected carriers, but not on their distribution throughout the volume
of the semiconductor.
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in the Many method, τ is determined by measuring the
growth of non-equilibrium conductivity in the specimen
[see (4.3)]. Consequently,

т<Г. =JL. (4.5)

Therefore, the limits of measured values of τ for
the Many method are given by the inequalities

— — — < τ <z— (4 6)
g V \ιΕ μβ '

We note that the upper limit of the inequality (4.6) de-
pends essentially on the surface recombination velocity
S, since

Ί\ Τ o r S < μΕ, (4.7)

which is the condition for neglecting S in comparison
with bulk recombination.

Thus, the absence of diffusion ( VQ « μΕ) ensures
conditions equivalent to uniform generation of non-
equilibrium carriers in the bulk of the semiconductor,
and the large spreading time (Tj » τ) allows the re-
laxation of non-equilibrium carriers to be considered
to occur only due to their capture and recombination.
Thus Tj should remain small [see the inequality (4.7)]
so that the surface recombination velocity can still be
neglected. In fact, for large values of the time t
(t > Tj) we obtain

When t < T^ and diffusion is neglected, relaxation
also occurs by recombination and capture, since the
non-equilibrium carriers fill only part of the specimen
volume. For stronger fields, when the spreading time
Ti is comparable with the lifetime, and also for large
surface recombination velocities, calculations76'77 show
that the lifetime measured by the decay of non-equilib-
rium conductivity will depend also on the field and the
surface recombination velocity.

Another very well known method of this type is the
drift method78 (see Fig. 4). In this method one meas-
ures the variation of signal amplitude at the collector
with the time the carriers take to cross between the
collector and the emitter, i.e., with the value of the
field which moves them. Neglecting the diffusive
spread of the injected carriers, it can be assumed
that the change of collector signal amplitude is caused
only by recombination and capture processes. Thus,
in this method, too, the conditions correspond to uni-
form and non-steady-state generation.

Another modification of this method was proposed
by Spitzer79 — the conductivity modulation method. The
use of only one point contact (Fig. 12) makes it possible
to measure the distribution of τ throughout the volume
of the specimen (each time the lifetime is determined
in a small region adjacent to this contact). By making
a detailed analysis of this method, Iglitsyn and co-
workers80 obtained a relationship between the meas-

FIG. 12

ured quantities (the current through the contact, the
lifetime, the minority carrier mobility, the resistance);
when this is satisfied, the conditions are equivalent to
uniform non-steady-state generation.

Thus, both the drift method and Many's method
measure the time τ2 which characterizes non-steady-
state electronic processes under uniform generation.
This time depends strongly on the presence and state
of trapping centers in the semiconductors.

Of the other well-known methods of measurement,
mention should be made of the determination of the
lifetime by measuring the storage (the recovery time
tR) of a forward current pulse If on instantaneously
reversing the diode voltage (Fig. 13)81"85 and also the
phase86-87·89 and frequency88 methods.

We remark that only in particular cases (for ex-
ample, in the drift and Many methods), when the
spreading of carriers due to diffusion can be neglected,
are conditions established in the semiconductor which
approximate uniform non-steady-state generation.
In the general case, to determine the characteristic
times of these processes (non-uniform and non-steady-
state generation), a rigorous solution of the kinetic
equations is necessary.

It should also be pointed out that the work of Sah
and Shockley90 is not included in this review. They*
studied the recombination statistics when centers with

FIG. 13

*S. G. Kalashnikov and co-workers did similar work, independ-
ently of Shockley and Sab, and they also obtained experimental
support for the theory.91
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several levels were present. In the majority of cases
of practical interest the distance between the energy
levels of a given center is much greater than kT.
From the theory of Sah and Shockley it follows that
the levels then act independently, i.e., similarly to
the case in which each center has only one energy level.
Consequently, under the usual conditions of bulk re-
combination, this theory gives nothing new as com-
pared with the Shockley-Read treatment.

CONCLUSION

The survey of the electronic processes in semicon-
ductors allows the following conclusions:

1. A semiconductor is a complex system, containing
charge carriers of both types, as well as localized cen-
ters of various natures, and has several characteristic
times. Each of these times corresponds to a definite
electronic process, and is completely determined from
the kinetic equations of these processes.

Electronic processes in semiconductors can be di-
vided into the following main groups: steady-state proc-
esses occurring under conditions of both uniform gen-
eration (G = const) and non-uniform generation [ G
= f (x, y, z)] of non-equilibrium carr iers, as well as
non-steady-state occurring under the same two gener-
ation conditions.

2. Electronic processes which occur under condi-
tions of uniform and steady-state generation are char-
acterized by the times т | 4 , Tst2,37,38 j ^ a n u m b e r of
cases these times can be determined by measuring
the steady-state photoconductivity.60'72

3. The analysis given of the solutions of the equa-
tions which describe steady-state non-equilibrium
processes occurring under conditions of non-uniform
generation shows that in this case, in addition to processes
determined by the times т | and т^ .bipolar diffusion
(motion of non-equilibrium pairs) occurs, which is
characterized by the length l/k2, equal for electrons
and holes (the absorption path of non-equilibrium
pairs) . This absorption path (diffusion length) is
determined by the ambipolar diffusion coefficient

DeDh (n0 + p 0)
D = ~~^ iC

D en 0

by 2. 3 8 · 5 2

j

perimentally,58 gives its variation on the state and
presence of trapping centers in semiconductors.

and the time τη which is given

A'A'

The quantity т0 does not here depend on the concen-
tration of trapping centers. Therefore, all methods
based on measuring the diffusion length determine a
lifetime which does not depend on the presence and
state of trapping centers in the semiconductor.

4. The consideration of the kinetic equation solu-
tions for non-steady-state processes in the most im-
portant particular cases38 shows that Τγ and τ2 are
the characteristic times of these processes. The for-
mula38 for the larger time τ2, which is measured ex-

% . Shockley, Theory of Electronic Semiconductors,

[Russ. Transl.], M., IL, 1953, p. 371; W. Shockley and

J. R. Haynes, Phys. Rev. 81, 835 (1951).
2W. Shockley and W. R. Read Jr. , Phys. Rev. 87, 835

(1952).
3A. Hoffman, Halbleiterprobleme 2, 106 (1955).

*E. I. Adirovich, Некоторые вопросы теории
люминесценции кристаллов (Some Problems in the
Theory of Crystal Luminescence) Chap. VI, M.,
Gostekhizdat, 1951.

5 R. N. Hall, Phys. Rev. 87, 387 (1952).
6 Burton, Hull, Morin, and Severiens, J. Phys. Chem.

57, 853 (1953).
7W. W. Tyler and Η. Η. Woodbury, Phys. Rev. 96,

874 (1954).
8W. W. Tyler and R. Newman, Phys. Rev. 98, 961

(1955).
9 Tyler, Newman, and Woodbury, Phys. Rev. 98,

461 (1955).
10W. С Dunlap Jr., Phys. Rev. 97, 614 (1955).
11W. van Roosbroeck and W. Shockley, Phys. Rev.

94, 1558 (1954).
1 2 Moss, Hawkins, and Smith, Report of the meeting

on Semiconductors, (London Physical Society, 1956)
p. 133.

1 3Pearson, Read, and Morin, Phys. Rev. 93, 666
(1954).

U W. Read, Phil. Mag. 45, 775, 1119 (1954); Lipson,
Burstein, and Smith, Phys. Rev. 99, 444 (1955).

1 5 R. A. Logan, Phys. Rev. 91, 757 (1953).
1 6 M. A. Krivoglaz, JETP 25, 191 (1953).
1 7 H. Gummel and M. Lax, Phys. Rev. 97, 1469

(1955); K. Huang and A. Rhys, Proc. Roy. Soc. 204,
406 (1950).

1 8 V. L. Bonch-Bruevich, JETP 32, 1470 (1957),
Soviet Phys. JETP 5, 1196 (1957).

1 9 N. Sclar and E. Burstein, Phys. Rev. 98, 1757
(1955).

2 0 L. Bess, Phys. Rev. 105, 1469 (1957).
21V. L. Bonch-Bruevich, Izv. Akad. Nauk SSSR, Ser.

Fiz. 21, 87 (1957).
2 2 W. H. Brattain and J. Bardeen, Bell System

Tech. J. 32, 1 (1953).
2 3 D. T. Stevenson and R. Keyes, Physica 20, 1041

(1954).
2 4 W. Schottky, Halbleiterprobleme 2, 95 (1955).
2 5 Ε. I. Adirovich and G. M. Guro, Doklady Akad.

Nauk SSSR 108, 417 (1956), Soviet Phys.-Doklady 1,

306 (1957).
2 6Gebbie, Niesehoff, and Fan, Phys. Rev. 91, 230

(1954).
2 7 Η. Υ. Fan and D. Navon, Phys. Rev. 93, 911 (1954).
2 8 J. R. Haynes and J. A. Hornbeck, Phys. Rev. 90,

152 (1953).
2 9 Fan, Navon, and Gebbie, Physica 20, 855 (1954).



CHARACTERISTIC TIMES OF ELECTRONIC PROCESSES IN SEMICONDUCTORS 911

30
 J. A. Hornbeck and J. R. Haynes, Phys. Rev. 97,

311 (1955).
31
 A. Rose, Phys. Rev. 97, 322 (1955).

32
 J. R. Haynes and J. A. Hornbeck, Phys. Rev. 100,

606 (1955).
3 3
R. M. Baum and J. F. Battey, Phys. Rev. 98, 923

(1955).
3 4
R. G. Shulman and B. J. Wyluda, Phys. Rev. 102,

1455 (1956).
35
 Η. Υ. Fan, Phys. Rev. 92, 1424 (1953).

3 6 G . M. Guro, JETP 33, 158 (1957), Soviet Phys.

JETP 6, 123 (1958).
3 7 S. G. Kalashnikov, J. Tech. Phys. (U.S.S.R.) 26,

241 (1956), Soviet Phys.-Tech. Phys. 1, 237 (1956).
3 8 G . M. Guro, Dissertation, Phys. Inst. Acad. Sci.

(1958).
3 8 J . S. Goucher, Phys. Rev. 78, 816 (1950).
4 0 L. B. Valdes, Proc. Inst. Radio Engrs. 40, 1420

(1952).
4 1 F. W. G. Rose and D. J. Sandiford, Proc. Phys.

Soc. 68B, 894 (1955); D. J. Sandiford, Proc. Phys.

Soc. B71, 1002 (1958).
4 2 E . Burstein and P. Egli, Adv. Electron. 7, 53

(1955).
43W. Shockley, Proc. Inst. Radio Engrs. 46, 973

(1958).
4 4 G . Bemski, Proc. Inst. Radio Engrs. 46, 990 (1958).
45W. van Roosbroeck, Phys. Rev. 91, 282 (1953).
4 6K. Rompe and M. Steenbeck, Usp. Fiz. Nauk 25,

191 (1941).
47W. Schottky, Physik Z. 25, 342, 635 (1934).
4 8 V. E. Lashkarev, Труды Ин-та физики АН УССР(Ргос.

Inst. of Physics, Acad. Sciences of Ukrainian S.S.R.)
3, 3 (1952).

4 9 V. E. Lashkarev, Izv. Akad. Nauk SSSR, Ser. Fiz.
16, 186 (1952).

50A. K. Jonscher, Proc. Phys. Soc. B70, 230 (1957).
5 1 E . I. Adirovich and V. G. Kolotilova, JETP 26, 281

(1954).
5 2 G. M. Guro, Физика твердого тела 1, 3 (1959),

Soviet Phys.-Solid State 1, 1 (1959).
53W. H. Brattain and Η. Β. Briggs, Phys. Rev. 75,

1705 (1949).
5 4 W. Shockley, Bell System Tech. J. 28 (3), 441

(1949).
5 5 H. Dember, Physik Z. 32, 554, 756 (1931); 33, 207

(1932).
5 6 R. Newman, Phys. Rev. 94, 278 (1954).
5 7 E. I. Adirovich, op. cit. ref. 4, Chap. IV.
58 Navon, Bray, and Fan, Proc. Inst. Radio Engrs.

40, 1342 (1952).
5 9 V. E. Lashkarev, JETP 18, 953 (1948).
6 0 F. S. Goucher, Phys. Rev. 81, 475 (1951).
61V. S. Vavilov, Phys. Inst. Acad. Sci. Report (1952).
6 2 N. J. Harrick, J. Appl. Phys. 127, 1439 (1956);

Phys. Rev. 101, 491 (1956).

6 3 N. J. Harrick, Phys. Rev. 103, 1173 (1956).
6 4A. F. Gibson, Proc. Phys. Soc. 66B, 588 (1953).
6 5 H. B. Briggs and R. С Fletcher, Phys. Rev. 91,

1342 (1953).
6 6 1 . K. Kikoin and M. M. Noskov, Physik Z. Sowjet-

union 5, 586 (1934).
6 7Moss, Pincherle, and Woodward, Proc. Phys. Soc.

66B, 743 (1953).
6 8 H. Bulliard, Ann. physique 9, 52 (1954).
6 9 T. S. Moss, Proc. Phys. Soc. 66B, 993 (1953).
70W. van Roosbroeck, Phys. Rev. 101, 1714 (1956).
7 1 L . S. Smirnov, J. Tech. Phys. (U.S.S.R.) 27, 2469

(1957), Soviet Phys.-Tech. Phys. 2, 2299 (1958).
7 2 Glinchuk, Miselyuk, and Rashba, J. Tech. Phys.

(U.S.S.R.) 26, 2607 (1956), Soviet Phys.-Tech. Phys. 1,
2521 (1957).

7 3 G . Adam, Physica 20, 1037 (1954).
74Stevenson, Keyes, and Fan, J. Appl. Phys. 26, 2607

(1956).
7 5A. Many, Proc. Phys. Soc. B67, 9 (1954).
7 6 E. I. Rashba, J. Tech. Phys. (U.S.S.R.) 26, 1415

(1956), Soviet Phys.-Tech. Phys. 1, 1384 (1957).
7 7 H. Gevers, Physica 21, 888 (1955).
78W. Shockley and J. R. Haynes, Phys. Rev. 75, 691

(1949); Shockley, Pearson, and Haynes, Bell System
Tech. J. 28, 344 (1949).

7 9Spitzer, Firle, Cutler, Shulman, and Becker,
J. Appl. Phys. 26, 414 (1955).

8 0 Iglitsyn, Kontsevoi, Kudin, and Meier, J. Tech.
Phys. (U.S.S.R.) 27, 1414 (1957), Soviet Phys.-Tech.
Phys. 2, 1306 (1958).

8 1 Ε. Μ. Pell, Phys. Rev. 90, 278 (1953).
8 2 B . Lax and S. F. Neustadter, J. Appl. Phys. 25,

1148 (1954).
8 3K. H. Kingston, Proc. Inst. Radio Engrs. 42, 829

(1954).
8 4 M. Byczkowski and J. R. Madigan, J. Appl. Phys.

28, 878 (1957).
8 5 E . M. Pell, J. Appl. Phys. 26, 658 (1955).
8 6 P . Aigrain, Progress in Semiconductors (London,

Heywood and Co., 1956) 1, 175.
8 7 B. D. Kopylovskn, Приборы и техника эксперимента

(Instr. and Exptl. Techn.) 2, 75 (1959).
8 8 S. G. Kalashnikov and N. A. Penin, J. Tech. Phys.

(U.S.S.R.) 25, 1111 (1956).
8 9 Ё. I. Adirovich, Физика твердого тела 1, 1115 (1959),

Soviet Phys.-Solid State 1, 1019 (1960).
9 0 С. Т. Sah and W. Shockley, Phys. Rev. 109, 1103

(1958).
8 1 Zhdanova, Kalashnikov, and Morozov, Физика

твердого тела 1, 535 (1959), Soviet Phys.-Solid State
1, 481 (1959).

Translated by K. F. Hulme


