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Fundamental differential equations are derived under the
unrestricted approximation of electrical neutrality that admits
trapping. Applied magnetic field is taken into account. The general
transport equations derived hold without explicit reference to
detailed trapping and recombination statistics. Modified ambi-
polar diffusivity, drift velocity, and lifetime function, which
depend on two phenomenological differential ‘‘trapping ratios,”
apply in the steady state. The same diffusion length is shown to
hold for both carriers, and a general ‘‘diffusion-length lifetime”
is defined. Mass-action statistics are considered for cases of (one
or) two energy levels. Certain “‘effective”—rather than physically
proper—electron and hole capture and release frequencies or
times that apply to concentration increments are defined, and a
restriction from detailed balance to which they are subject is
derived. Found widely useful is ‘“‘capture concentration,” the
concentration of centers at equilibrium that are occupied times
the fraction unoccupied. Criteria are given for minority-carrier
trapping, recombination, and majority-carrier trapping, and for
“shallow” and ‘‘deep” traps. Applications of the formulation

include: the diffusion-length lifetime corresponding to the
Shockley-Read electron and hole lifetimes, and that for recom-
bination centers in the presence of (nonrecombinative) traps;
linear and nonlinear steady-state and transient photoconductivity ;
the photomagnetoelectric effect; and drift of an injected pulse.
The small- and large-signal nonlinearities that may occur with
saturation of deep traps provide a single-level model for super-
linearity. Photomagnetoelectric current is found to be decreased
by minority-carrier trapping, through an increase in diffusion
length. A simple general criterion is given for the local direction
of drift of a concentration disturbance. With trapping, there may
be “‘reverse drift,” whose direction is normally that for the opposite
conductivity type. With solutions of one type obtained for drift
of an injected pulse, multiple trapping ultimately results in
Gaussian mobile-carrier distributions which spread as if through
diffusion and which drift at a fraction of the ambipolar velocity.
With solutions of another type, related to reverse drift is the
occurrence of local regions of mobile-carrier depletion which may
in practice extend over appreciable distances.

1. INTRODUCTION

HE space charge associated with carrier injection

in homogeneous semiconductors is frequently
quite negligible, and, in phenomenological transport
theory, implications of this local electrical neutrality
have been worked out in some detail. However, the
simple neutrality condition widely employed—that
of constant excess of one mobile-carrier concentration
over the other—is a restricted one that applies as an
approximation in some cases. Upon injection, changes
generally occur in concentrations of fixed charges
associated with various impurities or crystal imper-
fections, including those on which equilibrium conduc-
tivity and those on which equilibrium lifetime, as a
rule, largely depend. In a general sense, these concen-
tration changes constitute frapping. Extending results
previously reported,! this paper gives general ambipolar
theory based on the unrestricted neutrality condition
that admits trapping, with some theoretical appli-
cations to problems in transport and photoconduc-
tivity.?

In Sec. 2, fundamental differential equations are
derived that take into account diffusion, drift, recom-
bination and trapping and include an applied magnetic
field. This section also contains: a specialization to the
steady state, which exhibits how trapping (of arbitrary
statistics) modifies recombination and the transport
processes ; definitions of certain “effective” frequencies
and times that properly characterize trapping and
recombination as they apply to concentration incre-

1W. van Roosbroeck, Bull. Am. Phys. Soc. 2, 152 (1957).

2 For a more detailed and extended treatment with further
applications, see: W. van Roosbroeck, Bell System Tech. J. 39,
515 (1960).

ments above thermal equilibrium; certain fundamental
relations from detailed balance; and criteria for classi-
fying centers with respect to their trapping and re-
combination properties.

In Sec. 3, the general ambipolar formulation is
applied to investigate trapping in various connections.
From theory for the steady state, diffusion lengths and
lifetimes are evaluated, and the influence of trapping
on the photomagnetoelectric (PME) effect is deter-
mined. Small- and large-signal steady-state nonlineari-
ties are analyzed. A treatment of transient photocon-
ductivity is given; the present formulation provides
results of comparative formal simplicity. This treatment
involves a formalism that recurs in the theory of time-
dependent transport. An analysis is given of such
transport, namely, the drift with trapping of an
injected pulse.

2. GENERAL FORMULATION

The formulation is accomplished in two stages: In
Sec. 2.1, general differential equations for the transport
are derived along the lines of previous treatments.3:
These equations involve no specific reference to the
detailed trapping and recombination statistics. In Sec.
2.2, the formulation is completed with equations for
the time rates of change of concentrations of trapped
carriers.

2.1 The Transport Equations

The unrestricted neutrality condition is that the
total concentration of positive charges, the sum of the

3W. van Roosbroeck, Phys. Rev. 91, 282 (1953).
4 W. van_Roosbroeck, Phys. Rev. 101, 1713 (1956).
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CURRENT CARRIER TRANSPORT WITH TRAPPING

concentration p of mobile holes and the concentration
P of all fixed positive charges, is equal to the corre-
ponding concentration of negative charges:

m=p+p=n+4. (1)

For the total concentration m, two forms of continuity
equation may be written which are extensions of the
familiar (nonambipolar) continuity equations for holes
and for electrons that apply for no trapping:

Im/dt=0ap/di+08p/ot=—e* divl,+g—®Rm
=9n/0t+07/0t=e1 divl,+g— Rn. (2)

Here, I, and I, are the hole and electron current
densities, and the volume generation rate function g is
that for interband excitations. The volume rate ®,, is
associated with trapping and recombination. It depends
directly only on the various concentrations and not
explicitly on coordinates and time; ®,, plus dp/d¢ and
97/ 0t, respectively, gives volume rates ®, and ®, for
p and #n. The use of the same volume rate ®,, in each
of Egs. (2) is consistent with the neutrality condition
and with the condition®

divI=0, I=I,+1I, 3)

which applies in regions containing no sources or sinks
of (total) current.

Hole and electron current densities that include
the effect, for small Hall angles 6, and 6,, of steady
applied magnetic field are given by?®

Ip= Ip*+oplp* X k:

4)
In = In*+0nln* X k,

where k is a unit vector in the direction of the magnetic
field and I,* and L* are defined by’

I*=¢,E—eD, gradp,

IL,*=0,E+eD, gradn. ®)

Equations (4) and (5) hold under the assumption of
Boltzmann statistics. They result in

—divl,= —div(c,E)+eD, div gradp
—0,[grade,,E k] =divl,=div(s,E)
+eD,, div gradn+8,[grade,,Ek], (6)

in which the heavy brackets denote scalar triple
products.

The ambipolar continuity equation for m is obtained
by a procedure similar to that previously employed in

8 W. van Roosbroeck, Bell System Tech. J. 29, 560 (1950).

6 See reference 4. Small Hall angles are assumed partly because
appreciable magnetoresistance is otherwise involved. As indicated
in this reference, arbitrary Hall angles (and injection levels) could
suitably be taken into account by theory involving the phenome-
nological magnetoresistance without added carriers. Note that
small or moderate magnetic field will generally not affect the
occupation probabilities for the traps.

7 The notation employed is consistent with that of references 3
and 4.
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the no-trapping case®* except that, for the required
generality, p and # are treated formally as unrelated
variables: The respective forms of Eqs. (6) for divl,
and divl, are introduced into Eqs. (2). The two forms
for dm/dt that result are then multiplied, respectively,
by o. and ¢, and added, to eliminate divE; and E is
replaced by the expression obtained by solving for E
to the first order in Hall angles in

I=0E+¢ grad (D n— Dp)+ (0,0 p+0,0,) EXk
—e grad (0,D,p—0,D.n)Xk. (7)

Equation (7), the sum of the equations for I, and I,
exhibits the respective drift, Dember, Hall, and PME
contributions to total current density. To simplify the
result for dm/d¢, use is made of curlE=0; a time-
dependent contribution to magnetic field from time
dependence of I generally has quite negligible effect.
Use is also made of the proportionality of the hole and
electron mobilities u, and u, to the corresponding
diffusion constants D, and D, in accordance with
Einstein’s relation.

The continuity equation for # that results® may be
written in the form?

m/I—g+Rn=—e1divlp,—e ! divlp,

— vV, gradn—v,-gradp, (8)
which exhibits current densities Ip, and Ip, that
involve the diffusion of electrons and holes, respectively,
and velocity functions v, and v, that give their
drift:

Ip.=—eo{o,D, gradn
+[0,—30(05/0) Jo D gradn Xk},
Ip,=—eoc{o.D, gradp
+[on+%0(”n/‘7)]o'nl)p gradp)(k},
V= —eunpipo 2 p[I—0(0p/a)IXk],
Vo=epnuyo 2n[I+0(c,/a)IXk].

©)

Here 6=0,—0,.is the sum of the magnitudes of the Hall
angles. Tensor ambipolar diffusivities for electrons and
holes under the magnetic field may be written from
Ip. and Ip,. The vector-product contributions to these
current densities involve PME currents as well as the
combined action of the magnetic and Dember fields.
It is easily seen that the divergences of these vector
products vanish for the linear small-signal case; and,

8 This equation specialized to the case of Ap=0 and no applied
magnetic field can be shown to be consistent with a continuity
equation for Ap derived under the assumption of a common life-
time function for electrons and holes; E. S. Rittner, Photoconduc-
tivity Conference, edited by R. G. Breckenridge, B. R. Russell,
and E. E. Hahn (John Wiley & Sons, Inc., New York, 1956),
Chap. ITIA.

9 Compare with Eq. (21) of reference 2.

0 Tn Egs. (133) of reference 2, velocities v, and v, (written with
carets) are define which are for the linear small-signal case and no
applied magnetic field.
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containing [gradn, gradp, kJ as a factor, they vanish -
also whenever the concentration gradients are collinear,

as in the no-trapping case, or in the steady state, or in
certain cases of simple flow geometry.

The neutrality and continuity equations in conjunc-
tion with equations for the time rates of change of
concentrations of fixed charges at each of the various
trapping levels are equations equal in number to the
number of unknown concentrations. These equations
accordingly suffice as fundamental differential equations
provided I is a known function of the space coordinates
and time. If I must be determined from boundary
conditions, then use is made of the fundamental
differential equation, Eq. (3), which expresses the
solenoidal property of I. This may be written in terms
of E or electrostatic potential V as additional dependent
variable by use of Eq. (7); and I may then similarly be
eliminated from the continuity equation.

The current densities in ambipolar form obtained by
eliminating E may be written as

I:n= (UP/U)I"{‘IE: ng—i—AI, (10)
I,=(6./0)I-IF=1,—Al
with

IF=—eo ' (0,D. gradnt-o.D, gradp)
+0(0 10,/ I X k4€072(0,0 000 5)

- (6pDn gradn+o,.D, gradp) Xk, (11)

and

Al= 821.1.,,,111,0'0_10’_1 (WOAP— poA n)I
—eo Y (o,D,, gradn—+ae,D, gradp)
06202067 (0720~ 0 p0) (RoAp— poln)
—n2(Ac/a0)’+AnAp JIX k46672 (0,0 n+0n0 )
- (0D, gradn+to.D, gradp) Xk.  (12)
Subscripts zero denote equilibrium values, and Az, Ap,
and Ac¢ are increments above equilibrium; n2=ngp, is
independent of conductivity. The current densities for
equilibrium carrier concentrations are given by

Lo= (o p0/00) 4062 npu oI X k,

13
L.o= (0n0/00)I—062unpn o I X k. (13)

The current density I= represents the amount by
which the electron and hole flow densities exceed the
corresponding drift flow densities under I/s, the ohmic
contribution to the electrostatic field. The current
density Al is the current density of added mobile
carriers: For given I, it represents the amount by which
the electron and hole flow densities exceed their values
for no added carriers. It is easily seen that the right-
hand member of the continuity equation, Eq. (8), may
be written as —e ! divAI—Oeunumloi? curll-k, the
second term of which is a contribution from PME
circulating current,® associated with diffusion under
the magnetic field.
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2.11 Formulation for the Steady State

A number of results for the steady state can be
established from the general differential equations
without specifying in detail the trapping and recom-
bination statistics. Differential trapping ratios

ro=di/dm, r,=dp/dm, (14)
are introduced. These apply since, in the steady state,
# and p each depend directly only on total concen-
tration m of negative or positive charges. In the im-
mediate context, 7, and 7, will be considered simply as
factors which depend in general on m and which,
multiplying gradm, give grad# and gradp, respectively.
They apply, of course, for any number of trapping
levels.

With Egs. (14), it follows from Egs. (8) and (9) that
the continuity equation for the steady state may be
written as

div(D’ gradAm)—v'-gradAm~+Ag— Am/7,=0, (15)
in which D’ and v’ are modified ambipolar diffusivity
and drift velocity given by

D'=0"[(1=rp)Dyont (1—71)Duoy ]
= kT unupo [ (1=rp)n+(1—7,)p],

V'=eunupo  {[(1=rp)n— (1—r.)p ]l
+0(e/o)[(1—rp)unn®+ (1—r2)upp* XK},

and in which the net generation rate g—®,, has been
written as the increment Ag— Am/7,, in this rate over
thermal equilibrium, with Ag and Am the corresponding
increments in g and m and 7,, a lifetime function for
Am. The modified diffusivity and velocity do not apply
to time-dependent cases; v’ would, for example, give
the effect of applied field on apparent diffusion length,
but is not, for example, drift velocity for an injected
pulse. The current densities given by Egs. (10) may
be written for the steady state in accordance with

5= —eD’ gradAm~+-0(c,0,/0?)I Xk
46 (0,0 n+000,) D' gradAm X k.

(16)

(17)

The equilibrium lifetimes for electrons and holes
differ in general, but are nevertheless always associated
with the same diffusion length. This result follows
readily from Eq. (15), whose linear small-signal form is

(18)

the zero subscripts denoting thermal-equilibrium values.
The lifetime function 7., is here constant ; and since An
and Ap now equal (1—7,)Am and (1—r,)Am, with 7,
and 7, the thermal-equilibrium trapping ratios, Eq.
(18) implies

Dy div gradAm—vy - gradAm-+Ag— Am/ 7, =0,

(1—=r,)7' Dy’ div gradAn— (1—7,)" vy - gradAn

+Ag—An/(1—r)7n=0, (19)
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for electrons and a similar equation for holes. Thus,
for An the lifetime is 7, multiplied by (1—7.,), while—
as may be established in greater generality from Egs.
(14) and (15)—the diffusivity and velocity are those
for Am multiplied by the reciprocal of this factor, and
similarly for Ap. It follows, in particular, that the
product of equilibrium diffusivity and lifetime, which
is the square of Ly, the diffusion length, is the same for
An, Ap, and Am, independently of the particular
trapping and recombination statistics.! A “diffusion-
length lifetime” 7o, based on the unmodified ambipolar
diffusivity® Do= kT unup (ot po)/o0 may accordingly be
defined by

TOEL02/D0= (DOI/DO)Tm
=[1— (rpnot7apo)/ (ot po) Irm
= (nop+ pora)/ (no+po),

in which 7, and 7, are the equilibrium lifetimes for Ap
and An. The diffusion length and lifetime 7, that
correspond to the (equilibrium) Shockley-Read electron
and hole lifetimes as well as the 7o for recombination
in the presence of nonrecombinative traps are evaluated
in Sec. 3.

(20)

2.2 Mass-Action Theory

Relationships of the mass-action type provide a
simple? and general® basis for trapping and recom-
bination. Levels from two types of centers will be
considered and, partly by way of notational convention,
these will be taken as acceptor and donor levels. This
case, involving both negative and positive fixed charges,
is the simplest for which both steady-state trapping
ratios occur. With suitable interpretation of the no-
tation, the mass-action equations for this case apply
to (one or) two kinds of single-level centers in general.
An extension for centers of a single type but with two
energy levels will also be given. In multilevel cases,
two successive levels generally suffice for analysis of
the trapping at a given time. Levels appreciably lower
and higher than these may contribute to recombination,
but will not contribute to trapping, since the lower ones
remain full (or else saturated) and the higher ones
empty.

2.21 Single-Level Centers of Two Types

Mass-action equations for the two types of single-
level centers present together are:

1 R. N. Zitter, Phys. Rev. 112, 852 (1958), discusses phenome-
nological lifetime for any model derived from the PME effect (in
the thick slab). This is the same as 7o, and Zitter relates it to a
diffusion length.

2 A. Hoffmann, Halbleiterprobleme, edited by W. Schottky
(Friedrich Vieweg und Sohn, Braunschweig, 1955), Vol. IT, Chap.
5. See also; E. Spenke, Elektonische Halbleiter (Springer-Verlag,
Berlin, 1955), pp. 304-307.

BF. W. G. Rose, Proc. Phys. Soc. (London) B71, 699 (1958).
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g— ®n=g—Cinp—Cp[ pAi—p1(—#)]
—Cra[np—ns(9— p)],
R/t = Rn— Q= Cra[# (I — #) — m171] 1)

= Cpilpi—p1(Fu—7)],
0P/ dt=®p— Q= —Cno[ np—ns(Na—p) ]
FCpl p(Ta—p)— popp].

The first equation gives ®n, and it (as well as the other
two) is obtained by considering the photoconductive
case of uniform concentration and no transport, g— ®,
being the contribution to d#/9¢ which does not involve
transport. Four processes are taken into account for
each type of center. In the second equation, for example,
the term Cp1p7 is the volume rate of neutralization of
fixed negative charges by holes; C,1 is a phenome-
nological capture coefficient which depends in general
on temperature and not on concentration. The second
term in the same brackets gives the rate for the inverse
process, Cpip1 being the emission coefficient for hole
emission from a neutral acceptor center. Here 9; is the
total concentration of the acceptor centers, and the
concentration p;, constant at given temperature, is
defined by the condition that the quantity in brackets
vanish at thermal equilibrium, in accordance with
detailed balance. The brackets to the left relate to the
interactions of the same centers with electrons, the
term Crnn (9 —7) being the volume rate of capture of
electrons by the neutral acceptor centers, and Cnim
the coefficient for electron emission from the charged
ones. The concentrations #; and p; are those of the
Hall-Shockley-Read theory,*' and are here intro-
duced without explicit reference to Boltzmann sta-
tistics. The third equation expresses the dependence
of dp/dt on the analogous processes for the donor
centers. In the first equation, which includes the rate
Cinp of direct electron-hole recombination, are involved
only interactions which change the total concentration
m.
Though written symmetrically for fixed charges of
both signs, Egs. (21) may formally be transformed so
as to apply to two types of donor or acceptor centers.
This possibility is related to the circumstance that the
fixed charges are not properly considered as trapped
carriers in that the trapping processes are manifest
through changes in fixed-charge concentrations rather
than in these concentrations themselves. For example,
centers of the acceptor type function as electron or
hole traps according to whether the concentration of
the charged centers increases or decreases with carrier
injection.

For theoretical applications, it is desirable to replace
Egs. (21) by equations in concentration increments
above thermal equilibrium and to define, from the
latter equations, suitable capture and release fre-
quencies and times for mobile electrons and holes.

4R, N. Hall, Phys. Rev. 83, 228 (1951); 87, 387 (1952).
15 W. Shockley and W. T. Read, Phys. Rev. 87, 835 (1952).
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Subtracting from Egs. (21) the corresponding thermal-
equilibrium equations, in which the time derivatives
and the quantities in the various square brackets are
zero, gives equations for Ag—A®,, 9dA%A/dt, and
dAp/0t. From these, if volume generation and direct
recombination are neglected, it follows that the re-
spective contributions to dAn/d¢ and 9Ap/dt other
than the terms involving transport processes as such
are

~AGu= — AGy— IAR/ 31
= —Cni[ (1 —A0) An— noAfi— AnAR |+ C rimiAfR
— Cra[ poAn—+1Ap+AnAp ]+ roma (Fa— P),
—AR,=—AR,— AP/ It (22)
= —Cpi[ Ao p+ poAd+ApAAR+C pipiA (Fi—72)
= Cope (Mo— Po)Ap— poAp— ApAPT+Cpapaf.

In Egs. (22), the magnitudes of the contributions
involving brackets are capture rates, while the re-
maining terms on the right are release rates. The cap-
ture and release frequencies, introduced in accordance
with

- A(Rn= - Vg«,,,lAn"l- ngAﬁ
- Vm2A%+ Vyn2A (m2_ ﬁ)

- A(Rp= - V;plAﬁ—l' Vgp1A (974— ﬁ,)
— vipeAp+ Vgp2Aﬁ’

(23)

may be suitably identified by comparison with Egs.
(22). In both sets of equations, the top and bottom
rows of each right-hand member give contributions
associated, respectively, with the acceptor and donor
centers.

The capture and release frequencies must evidently
entail concentration dependence. As will appear, Egs.
(23) do not impose unique definitions with respect to
this dependence, while the uniquely determined con-
stant frequencies that apply near thermal equilibrium
are certain “effective” rather than physically proper
quantities. These circumstances result because the
capture rates, as they appear in Eqgs. (22), cannot be
written with An or Ap as a factor and thus expressed
in terms of capture frequencies. To obtain the physi-
cally proper capture frequencies would necessitate
solution of the particular problem; they would depend

in general on coordinates and time. The contributions -

to the capture rates that contain A7 and Ap as factors
are associated, however, with trap saturation: These
contributions, for carriers of given charge, represent
the decreases and increases in capture rate with the
filling of centers that assume, respectively, the same
and the opposite charges. They may, in a phenomeno-
logical sense, be deleted from the capture rates and
assigned to the release rates, by which the difference
between these rates for centers of each type remains
unchanged. Note that the quadratic terms also contain
An or Ap as a factor; assigning them entirely to the

W. VAN ROOSBROECK

release rates is a matter of convenience. The “‘effective”
capture and release frequencies and times are accord-
ingly as follows:

Electron capture by neutral acceptors:
V1= 71 =Cp1 (01— Ay),
Electron release from charged acceptors:
Vgn1= Tgnl”lECnl (%'H’Ll),
Hole capture by charged acceptors:
Vip1= T¢p1_lECp1ﬁo,
Hole release from neutral acceptors:
Ve =Tgp1 ' =Cp1(p+p1),

Electron capture by charged donors: (24)

Ving= TmflEcnzﬁo,
Electron release from neutral donors:
Vgna= Tgnz_lEan(%-l-%z),
Hole capture by neutral donors:
V1p2= T3 1=Cpa(M2— Po),
Hole release from charged donors:
Vo2 =Tgps ' =Cpa(ptp2).

Note, for example, that v is the “effective” average
frequency per electron of electron capture by a neutral
acceptor center and hence the reciprocal of the corre-
sponding electron capture or trapping time, 7:1; and
vgm1 is the “effective” average frequency per charged
center of electron release from a charged acceptor center
and hence the reciprocal of the corresponding electron
release time, 7,,1. The saturation terms that originate
from the true capture rates appear as the contributions
from » and p in the “effective” release frequencies,
while the “effective” capture frequencies do not depend
on the injection level.

These “effective” quantities are generally the ones
on which theoretical expressions depend. For example,
for the decay of photoconductivity associated with
trapped minority carriers, with recombination of com-
paratively short lifetime 7; entirely in other centers,
for which decay times are'S a release time 7, for nearly
full traps and 7, plus the multiple-trapping time
(r4/7¢)7s for nearly empty traps, ; and r, are cor-
rectly identified as equilibrium values of “effective”
capture and release times. Thus, 7, is in general not a
constant for the traps but depends also on conductivity,
which should be taken into account in calculating the
trapping level from the product of 7, and the capture
cross section.

18 J. A. Hornbeck and J. R. Haynes, Phys. Rev. 97, 311 (1955);
J. R. Haynes and J. A. Hornbeck, Photoconductivity Conference,
Chap. IIIF (reference 8).
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2.211 Thermal-Equilibrium Relationships
The definitions
m=no(F1—7o)/fo, p1= pofbe/ (F1— o),
na=nopo/ (Na—P), p2=po(INa— p0)/bo,

are required by detailed balance. It is evident from
these equations that

(25)

(26)

WiP1=NePa= Nopo=1n.2,

hold, where #; is the thermal-equilibrium electron or
hole concentration in intrinsic material. Note that Eqgs.
(26) state, in effect, that the product—(Cri#1) (Cp1p1)
or (Cuans) (Cpape)—of the electron and hole emission
coefficients equals #;? times the product of the corre-
sponding capture coefficients.”” It is readily found from
Egs. (25) that fractions of charged acceptor and donor
centers are given, respectively, by

Ao/Fu= 14a ™)™,  Po/INo= (14aa ™, (27)
with
a=no/m=pi/po, an=po/pa=mns/no. (28)

Through familiar considerations involving equi-
librium Boltzmann statistics, the concentrations #; or
#1 (and #s or ps) have been shown to equal electron
concentration in the conduction band or hole concen-
tration in the valence band for the Fermi level coin-
cident with the energy level of the centers.’® The
relationship

m=n2/pr=n; exp[ (61— 8)/kT]
o exple(@—1,) /T (29)

for acceptor centers is here employed, and a similar
one for donor centers. Here ¥;= —¢18; and &= —¢18
are the equivalent electrostatic potentials of the energy
level &; of the centers and the Fermi energy & for
intrinsic material. This relationship is more phenome-
nological than those involving the energies of the
conduction- and valence-band edges and which give
n; and p; in units of the effective densities of states in
the bands. Note that the temperature dependence of
the energy gap is involved through #;, while the differ-
ence between the effective densities of states or the
effective masses with nonspherical energy surfaces in
momentum space is reflected simply in a difference
between & and the midgap potential. If statistical
weights associated with spin degeneracy are taken into
account, then the definitions of Eqs. (25) are of course
retained, but Eqgs. (29) are modified. The right-hand
members (for #1) are multiplied by 2; the exponentials
for p1 are multiplied by %. In the similar result for donor
centers, the exponentials for #s and p. are multiplied
by % and 2, respectively. For given 7; and ., these

17 A. Hoffmann, reference 12; Chih-Tang Sah and W. Shockley,

Phys. Rev. 109, 1103 (1958); W. Shockley, Proc. Inst. Radio
Engrs. 46, 973 (1958).
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modifications!® produce comparatively minor changes
in & and &, or ¥; and ¥,. .

The four effective trapping and release times or
frequencies for each type of center satisfy a funda-
mental restriction, namely

TgniTtpi VingVpi Do 1+AP/(P0+PJ) 1 9
= = y J= 1, 4.
TniTopi  VoniVini Mo 1+An/(no+n;)

(30)

Thus, only three are independent. As will appear, this
restriction is widely useful for calculations and physical
interpretations. It is essentially a consequence of
detailed balance: For thermal equilibrium, it follows
readily from the definitions of Egs. (25), while the
factor on the right that depends on Az and Ap results
simply from the concentration dependence of the
effective release frequencies.

2.212 Trapping and Recombination Ranges;
Shallow and Deep Traps

Three linear small-signal ranges, respectively, charac-
terized primarily by minority-carrier trapping, re-
combination, and majority-carrier trapping may be
defined for each type of center by use of Eq. (30). The
“minority-carrier trapping range” is defined by the
condition that the equilibrium minority-carrier to
majority-carrier release frequency ratio exceeds unity.
In p-type material, this ratio, von;/vgps, i Cnti/Cpipo
=Cjno/Cpipj, from Egs. (24), (26), (27), and (28);
and from Eq. (30), vnj/vip; is larger by the factor
po/no. The “majority-carrier trapping range’ is defined
by the condition that the majority- to minority-carrier
capture frequency ratio exceeds unity, for which the
equilibrium majority- to minority-carrier release fre-
quency ratio is larger by the factor po/me for p-type
material, or #¢/po for n type. The “recombination
range” is defined as that not included in either trapping
range. Thus, the recombination range is given by
1o/ 1= p;/ o< Cnj/ Cpi < ps/mo=po/n; for p-type ma-
terial, the electron-trapping range by Ca;/Cpi> pi/n0
= po/n;, and the hole-trapping range by Cn;/Cpi<pi/po
=mno/n;. A “minority-carrier capture range,” which
includes the trapping and recombination ranges, may
be defined by v:n;/v:p;>1. Similar results, obtainable
by interchanging # and p, hold for #-type material.

The three ranges may be specified in terms of the
equality densities. These are the equilibrium carrier
concentrations for the Fermi level coincident with the
equality level.” They are defined in the present context

18 These are derived from: F. W. G. Rose, Proc. Phys. Soc.
(London) B70, 801 (1957). See also; P. T. Landsberg, Proc. Phys.
Soc. (London) A65, 604 (1952); C. H. Champness, Proc. Phys.
Soc. (London) B69, 1335 (1956).

19 This is the Fermi level for which the (equilibrium) rates of
electron and hole capture and release are all equal: Chih-Tang Sah
and W. Shockley, W. Shockley, reference 17. The equality level
is similar in purport to the demarcation level of Rose, which is
the trapping level for which the rates are equal: A. Rose, Phys.
Rev. 97, 322 (1955); Progress in Semiconductors, edited by A. F.

Gibscl)g (John Wiley & Sons, Inc., New York, 1957), Vol. II, pp.
111-136.
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by
0¥ =Cpipi/ Cuj= PV ipi/ Vini= N0V g5/ V gni

7 =Crin;/Cpj= 10V ini/ Vii= POV gni/ Vopis

€2y

in which the release frequencies are equilibrium values.
Thus, the recombination range is given by #,< p;*< po
or po=>ni*>mny for p-type material, the electron-
trapping range by #n;¥<n, or p;*>po, and the hole-
trapping range by 2> p, or ;¥ <n, and similarly for
n-type material. The ranges may evidently also be
specified in terms of the equality level, the Fermi level
& for intrinsic material, the actual Fermi level &7, and
the “reflected Fermi level” §p'=28— &, the reflection
of 8r about &: For the recombination range, the
equality level is between 8r and &5'; for the minority-
carrier trapping range, it is between &r and the edge
of the majority-carrier band; and for the majority-
carrier trapping range, it is between 8#" and the edge
of the minority-carrier band. Note that if the capture
coefficients are equal, then #*=p; (or p;*=n;) holds
and the respective trapping ranges are given by con-
ditions on the trapping level &; obtained by inter-
changing those on the equality level.

The volume rates of electron and of hole transitions
at equilibrium are, respectively, C 170 (91— 7o) =Cn1m1fi0
=NoVin1 and Cp1p0ﬁ0=cplp1(m1—ﬁo)=P0th1 fOI' ac-
ceptor-type centers. From Eq. (30), these rates are
proportional to vy, and vy, Hence each definition
given for a trapping range insures that the transition
rate at equilibrium for the particular carriers is the
larger, and also that the transition rate vy or vsp; per
mobile carrier is the larger too. The definitions for
minority- and majority-carrier trapping reflect the
circumstance that a transition rate will be the larger
if either the cross section or the concentration of the
particular carriers is sufficiently large. The recombi-
nation range is that for which a larger transition rate
per mobile minority carrier is associated with a total
transition rate for majority carriers which is the larger.

For shallow minority-carrier traps, since relatively
few are occupied by minority carriers at equilibrium
so that they can capture majority carriers, the condition
for the minority-carrier trapping range may be met
even though the capture coefficients are comparable in
magnitude. For deep traps, since relatively few can
capture minority carriers, the minority-carrier trapping
generally requires a minority-carrier capture coefficient
considerably the larger. Suitable conditions for “shal-
low” traps and ‘“deep” traps are, in view of the con-
dition on C,;/C,; for the electron-trapping range,
respectively, p;Kno (or n;>>po) and 7;Kpo (or p;i>>no)
in p-type material. That is; “shallow” and ‘“deep”
traps for minority carriers are appreciably removed
from the reflected Fermi level, 7/, towards the edges
of the minority- or majority-carrier bands, respectively.
Similarly, for majority-carrier trapping, “shallow” and
“deep” traps are appreciably removed from the Fermi
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level, &, towards the edges of the majority- or
minority-carrier bands, respectively. The proper cri-
teria are essentially that &7’ separates the “shallow”
and ‘““deep” traps for minority carriers and &7 separates
them for majority carriers. Thus, for minority carriers,
levels in extrinsic material considerably shallower than
the midgap may still be “deep” levels.

2.22 Centers with Two Energy Levels

The formalism for centers of two types is readily
modified to yield equations for one type of center with
two energy levels. With the assumption that the centers
can each assume single negative or positive charge or
be neutral, 7 and p denote concentrations of centers in
the respective charged states. It is thus clear that the
fundamental mass-action equations for this case are
formally the same as Eqs. (21) with the modification
that both 91,—# and 9,— p are replaced by 9t—7—p,
where 9 is the total concentration of the centers. The
equations in concentration increments that result if
direct recombination is neglected are accordingly

Ag— (th1+ th2)Am
F (Vine—vyp1— Cranz) Ak
+ (vip— Van2_Cp1P1)Aﬁ:
AR/t = (vin1—vip1)Am
— (Pen1Fvgmitvyp) AR
+ (Vip1— Crn—Cpip1) AP,
Ap/ o= (vep2— Vin2) Am
F (vine—Cpop—Crong) AL
— (vipetvypet-vgna) AD.

Effective capture and release frequencies are here
employed whose definitions are provided by Egs. (24)
if 90 —7y and Na— po are both replaced by N—7A— pq.
Aside from these modified definitions, Eqs. (32) are
formally identical with corresponding equations for
single-level centers of two types except for the addi-
tional “constraint” terms in which the capture co-
efficients appear explicitly.

For thermal equilibrium, definitions of 71, pi1, #s,
and p, apply which are Egs. (25) with both 9t;—#,
and 9s— P, replaced by 91— 7o— po. It follows that the
restriction

Ag—AR,=

(32)

ned/nine= p1ps/ po*="#o/ po, (33)

holds for this two-level case. As is easily verified, Eqgs.
(26) still apply, while the fractions of charged centers
are
Ao/ M= (14 n1/no+n1ns/ne) =

= (14 po/ pr+p/ p1p2) =10/ (1+arotas),
Bo/R=(1+p2/ pot-prp2/ p?) ™

= (14no/netnd/nims)'=as/ (1+aic+as),

with ayo and ag given, as before, by Egs. (28). Rela-

(34)
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tionships formally identical with Eqgs. (29) give 71 and
72 in terms of the two energy levels.

For this two-level case, the four effective trapping
and release times or frequencies associated with each
energy level satisfy the fundamental restriction that is
formally identical with Eq. (30). It is also easily
verified that the various conditions given for the
recombination and trapping ranges and for shallow and
deep traps apply without formal modification.

By suitable notational generalization of the funda-

mental mass-action equations, the results of this section
can be shown to apply to two-level centers in general,
whose states (differing successively by one electronic
charge) may include ones that are multiply charged,
either positively or negatively. Through use of the
phenomenological capture coefficients, statistical
weights associated with multiply charged states do not
enter explicitly.

3. SOME THEORETICAL APPLICATIONS

3.1 Linear Steady-State Photoconductivity;
Diffusion-Length Lifetimes

The mass-action equations written for the steady
state and linearized by neglect of the quadratic terms
give concentration increments that are proportional;
solving for A7/Am and Ap/Am provides the thermal-
equilibrium trapping ratios, and lifetimes 7., 7p, Tm,
and diffusion-length lifetime 7o are readily evaluated.
These procedures will be illustrated in detail for the
single-level case. .

For formal simplicity of the results in this connection
(and in various others as well), a concentration which
will be called the “capture concentration” is introduced.
For, say, acceptor centers, the capture concentration
N,* is defined as follows:

311*5311/(1—}-%1/%0) (1+P1/P0) :novtnl/ygnl
= Ppovip1/Vyp1= 1 (Ao/MN1) (1—Ao/N1). (35)

The various forms for 9,* are obtained by use of the
definitions of Eqgs. (24), the equilibrium relationships,
Egs. (25), (27), and (28), and the fundamental re-
striction, Eq. (30). As the last form shows, 91,* is the
concentration 9; of centers multiplied by the respective
equilibrium fractions of centers occupied and unoc-
cupied. Values of it which are small or large result,
respectively, in negligible capture frequencies or in
large capture frequencies with negligible release fre-
quencies. If the centers are nearly all ionized or un-
ionized, then 97;* is small; the last form shows that its
largest value is 191;, which it assumes for 7¢/90;=%,
that is, for the Fermi level coincident with the energy
level of the centers. Note also that the volume rates of
electron and hole transitions at equilibrium,® #ov¢n
and povip1, are equal to 9,* times the corresponding
effective release frequencies. With an obvious nota-

2 See Sec. 2.212.
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tional change, entirely similar results hold for donor
centers.

The trapping ratio for the case of acceptor centers
and the equilibrium lifetimes, which are the Shockley-
Read lifetimes,' are given by:

. Vin1i— Vip1
(——
3 70 (M1 — 7o) — Taoflo
- 70(I1— RoF-10+11) + 7o (po+ 1)
(= Tem)
(O )Tt porin
o= (1=72) 7= (Pep1tvep1tven)/Ar
o (7o potp1)+ 7 po(mo+11)

=1-— Tﬂ/TpJ

(36)
Na*+n0+po
_ (IU*+po) Ten1F 107151
TN*+no+ po
Tp=Tm™ (th1+ Vgnl—l" Vgpl)/Al
B 7p0 (N — Ro+10+11) + Tro(pot-p1)
N*+n0+po
3 (9*+10) Tep1+ PoTen
Iy*+mo+po .
Here, 7.0 and 7,0 given by
Tn0= (Cr1901) = (1—Ao/IN1) T4n1
= (+p1/p0)  1im1, (37)

7p0= (Cp191) ™' = (Ro/ 1) Tep1= (14-11/10) 741,

are the respective limiting lifetimes® in strongly
extrinsic p- and #-type materials (in which they are
also 741 and 7451) ; and A; given by

AIE thlygpl—i_ ththp1+ Vip1Vgn1

= CniCp I (N +not+po)  (38)

is always positive if neither Cn1 nor C,; is zero.

The diffusion length L, and lifetime 7, corresponding
to the Shockley-Read lifetimes may be evaluated from
Dy and 7, or from 7, and 7,, thus from Egs. (16) or
(20) and Egs. (36). These equations give

Li¢=Dy 7= Doro= Dol:l - rnPO/ (”0+?O)]Tp
= kT pnpyo0  (BoTip1t PoTint)
=gt (O’poDnTtn1+0'n0Dthp1) )

(39)

where a0 and o0 are eunro and eu,po. Other forms may
be written by expressing 7in1 and 71 in terms of 70
and 7,0 by use of Eqgs. (37). The diffusion-length life-

21 Conditions for these lifetimes are pe>IU*+p1+p1* and
no>>I*+-ny+nr.
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time for this case,

'7'0= (Vgnl+Vgp1)/(th1Vgp1+ thlVgnl)
= [7p0(not11)+ 7no(potp1) I/ (no+po)
= (o7 tp1+ poTin1)/ (ot po),

is formally similar to the familiar common lifetime!¢-15
for both electrons and holes for the limiting case of 9y
small, as inspection of Eqs. (36) serves to verify.?2 This
common lifetime otherwise applies as such only under
a condition restricting the capture concentration which
is frequently severe: The condition, obtained from
Egs. (36) by use of | 7,— 70| /7eK1 and | 7,— 70| /70K,
requires for the minority-carrier trapping range that
this concentration be small compared with the equi-
librium minority-carrier concentration.

A diffusion-length lifetime which is also of interest
is that for traps in conjunction with recombination
centers. For recombination centers in extrinsic material,
a lifetime 73 for minority carriers may be specified.
Assume negligible recombination in the traps them-
selves, so that, for p-type material, 7,,=7./(1—7,) is
73/ (1—7,). Then, for nonrecombinative electron traps
of the acceptor type, Egs. (36) give 7,=vs1/
(ven1+vgn1), 7,=0, and, from Egs. (16), D¢/Dy
=[1—poN*/ (no+ po) (M1*+n0) ] results. Or, if the
electron traps are of the donor type, then 7,=0,
7= —"Vin2/Vgn2, Do’/ Do=[14+9:*/ (no+po) J,and 7= 173
are obtained. Essentially the same diffusion-length
lifetime, namely

70= (Do'/ Do) 7= 1491/ (no+po) Irs,

results for both types of traps.?® Thus, minority-carrier
trapping increases diffusion-length lifetime.?* As the
analysis shows, this increase results directly from an
increase in the ambipolar minority-carrier diffusivity.
The effect is appreciable for capture concentration at
least comparable with the equilibrium concentration
of majority carriers. Similar analysis for nonrecom-
binative majority-carrier traps gives a 7o which is that
of Eq. (41) modified by division by 1491*/no for
n-type material or 1491*/po for p-type. Thus, ma-
jority-carrier trapping decreases diffusion-length life-
time, but only by a factor no smaller than (14 po/70)~*
or (14-no/po)~", respectively.

(40)

=12, (41)

2 As W. L. Brown has pointed out, this formal similarity must
hold because diffusion length does not depend on release times
but on the capture times, the times the carriers are free. It can
be shown that it holds for any number M of types of centers, for
which 7 is given by

M
['21 (07 19+ o7 en )1 T/ (o+po).
-

28 Equation (20) provides an equivalent derivation. It can be
shown that if different types of traps are present, the 9;* in Eq.
(41) is replaced by the sum of the respective capture
concentrations.

24 A. K. Jonscher, Proc. Phys. Soc. (London) B70, 230 (1957)
gives an increase of diffusion length with trap concentration which
is bounded and always essentially negligible, a result at variance
with that given here. See reference 2, footnote on p. 525,
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General conditions for the validity of the linear
analysis of this section may be formulated as conditions
for the neglect of the quadratic terms. For this purpose,
the steady-state equations for uniform concentrations
and volume generation rate Ag are employed. The
conditions are then obtained in a self-consistent manner
as restrictions on (positive) Ag or on concentration
increments by substituting for the concentration in-
crements their values from the linearized equations in
terms of Ag and the equilibrium capture and release
frequencies. It is thus found, for example, that for
nonrecombinative electron traps of the acceptor type,
Ap and A7 must be small compared with the concen-
tration 9;—#A¢ of unoccupied traps, and Az small
compared with #ze+#n;. These may be severe conditions
for p-type material. They could in practice require an
injection level much lower than small-signal ones
meeting the familiar condition® based on conductivity
change.

3.2 The Photomagnetoelectric Effect

The steady-state PME effect with trapping in an
infinite slab to the faces of which the applied magnetic
field is parallel will be considered for a linear small-
signal case. Equations (7), (10), and (17) for current
densities may be suitably specialized, as in the treat-
ment previously given for the no-trapping case,* and
the short-circuit PME current along the slab obtained
as an integral across the slab of the PME current
density. The latter is evaluated from the solution of the
suitably specialized continuity equation for boundary
conditions corresponding to recombination of carriers
at the respective surfaces with generation at the
illuminated one. The concentration variable is now
Am, the modified ambipolar diffusivity Dy’ is employed,
and a surface recombination velocity s, for Am implies
velocities s, for An and s, for Ap. These are clearly
such that spAm=s,An=s,Ap holds, from which the
relationships

Sm=1—=7n)sn=(1—7,)sp, (42)
SmTm=SnTn=SpTp=Ls
follow.

The increase AG in conductance of the slab is the

integral of Ag across the slab, or

AG=¢ f (nAri-Fu,AP)dy

—Yo

— e(untiay) f " (rofra)Amdy.  (43)

—Yo

The second form follows from An/r.=Ap/7,=Am/
Tm= Rm, With

TCEAG/8<Mn+Mp)Ag= (Mn7n+ﬂp7'p)/(#n+#p): (44)

a lifetime function that determines the conductivity
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increase As for the uniform volume generation rate
Ag= Rp.

The PME method of the high-recombination-
velocity dark surface is best employed, since it generally
provides better accuracy for the conductance change
than does the thick-slab method which it otherwise
subsumes as a limiting case.?” Optimum slab thickness
is about one or two diffusion lengths. For large dark-
surface recombination velocity, the small-signal results
for no trapping?® give, for the present case,

169 = —9eLLo(S1+coth2¥ )
= —0(untup) " (Lo/7c) (cothV))AG,  (45)

in which Lo= (Do70)? is the diffusion length, ¥ is ¢/ Lo,
and S1 is smiLo/Do' = Ls1/ Lo, subscript 1 referring to
the illuminated surface. Note that AG now involves 7.
as a factor.

For nonrecombinative traps in extrinsic material
with recombination of lifetime 73 in other centers,? 7o
is given by Eq. (41). For AG, Egs. (43) hold with
7o/ Tm=L(1=70)pnt (1—7p)p ]/ (4ntup) for the linear
small-signal case. The solution for Am is readily ob-
tained by comparison with that for the corresponding
no-trapping case,?® and

AG=K ge(pn~+up) TsL(cosh2V o—1)/

(S1 sinh2¥,+cosh2V,) (46)
results for the present linear small-signal case, where,
for p-type material, K¢=17./73s is given by
Ke=1+(b+1)"191*/no (electron trapping)

Keo=[14+1+57)79*/po]/[ 1491/ o]
(hole trapping).

(47)

For hole and electron trapping, respectively, in #n-type
material, 7o and po in these equations are interchanged
and d=pu./u, replaced by its reciprocal. Note that the
expression which K¢ multiplies also depends on
trapping, since Lo does.

Dimensionless PME current-conductance ratio

9/ (AG/Go)=—290(untup) [ /0DoAG

= (K,»/KG)ZY() COthYo (48)
follows from Egs. (45) and (46), with
K =ro/m3=1491*/ (no+po), (49)

for nonrecombinative minority-carrier traps; for ma-
jority-carrier traps, this K, is modified as in connection
with Eq. (41). Apparent lifetime 7, on the assumption
of no trapping, obtained by equating 9/(AG/Go) to

25 Reference 4, Sec. 3.42.

26 Reference 4, Eq. (50).

27 This case has been treated by A. Amith, Bull. Am. Phys.
Soc. 4, 28 (1959); Phys. Rev. 116, 793 (1959). See also reference
11

28 71n Eq. (44) of reference 4, Ap is replaced by Am; the D, that
appears explicitly originates from the boundary conditions and
is replaced by Dy’ and Sy is sm1Lo/Dy'=Ls1/Lo.
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[2y0/ (Do7,)¥] coth[yo/ (Dor,)¥], is accordingly given by
- tanh?[ yo/ (Do)} = (K¢*/K ;)73 tanh?¥,, and equals
(K¢*/K,)r3 for the thick slab. As trap concentration
increases, diffusion length increases and a slab of any
given thickness becomes a ‘“thin” slab, for which
YocothVo~1; and 9/AG/G,) approaches a constant
value which is independent of the thickness. For ex-
ample, if the half-thickness yq is of order (Dor3)3, then
K,>>1 or 9*>ne+po also gives small V. From the
expressions for K, and Eqs. (47) for K¢ it is found
that 9/(AG/Go) - approaches 2(b+1)no/ (no+po) for
electron trapping and 2(b-+1)pe/b(nmo+po) for hole
trapping, regardless of conductivity type. On the other
hand, if the slab is so thick that y¢»>Do7390*/ (10+ po)
holds, then the condition 91*>>ne+po for large trap
concentration gives® 73/7, equal to K./Kg or
b41)n¢/ (no+po);*  for electron trapping and
(64+1)2po/b*(mo+po) for hole trapping in p-type
material, with similar results for n-type obtained as
in connection with Eqgs. (47).

The recombination lifetime 73 can be determined
from suitable measurements with traps saturated.
With 73 known, measurement of 9/(AG/G,) serves to
determine 7, since, from Eqgs. (47) and (49), K./Kg¢
may be written as (b-+1)no[ 70+ po— (po— bno) 3/ 70"
for electron trapping in p-type material, or as an
analogous expression for hole trapping in #-type. If the
equilibrium concentration of empty traps and the
release time (which, if 75 is comparatively short, is the
photoconductive decay time for the traps nearly full)
are also determined, then trap concentration, energy
level, and capture cross section can easily be calculated.

3.3 Nonlinear Steady-State Photoconductivity

Lifetime functions 7, and 7, for Az and Ap resulting
from arbitrary steady-state injection levels may be
evaluated from Q.. For centers of the acceptor type
and no direct recombination, Eqgs. (21) give

A/ T =Ap/Tp=Rpn=Cri[n(I1—7A) — 117
=Cplphi—p1(Fu—#)]
np—mn?
(k) Fran (o2

The familiar last form,'® which results from elimination
of % and use of Egs. (37), provides expressions for 7,
and 7, in terms of Az and Ap. Certain other forms?
result if both # and p are eliminated instead by use also
of the neutrality condition. Then 7, and 7, as well as

(50)

2 Amith (reference 27 and private communication) has pointed
out that trapping usually influences the PME current-con-
ductance ratio mainly through the effect on conductance. For
minority-carrier trapping in the thick slab, 73/7, is proportional
to IU;72 in the intermediate range in which 9T ;* is large compared
with minority-carrier concentration 7y or po but small compared
with po or # so that the change in diffusion length may be neg-
lected. For majority-carrier trapping in general, 73 and 7, are
substantially equal in this range.
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An and Ap are written in terms of A7 as a single
independent parameter which can be related to the
steady generation rate Ag= ®n.

The lifetime function's for | A7 |<KAn~Ap=Am,

7p0(oF114Ap) F 7o (Po+ P11+ AP)
notpot-Ap ’

(1)

T~ Tp™~

follows readily from Egs. (50). That this lifetime
function apply in general requires |A7%| relatively
small for all Ap, a condition which subsumes, as may
be expected, equilibrium lifetimes substantially equal
to 7o. This common lifetime then applies for low in-
jection levels for which the condition Ap<K(vgu1+vgp1)/
(Cu1+Cp1) holds, in which equilibrium release fre-
quencies are employed. In the minority-carrier trapping

" range, both conditions may be severe: Equilibrium
lifetimes are 7o for 91;* small compared with minority-
carrier concentration no or po; and 7o then applies for
Ap small compared with n¢4#, or po+ p1, which follows
also from the condition of Sec. 3.1 for neglect of
CuAnAf or CpApA# suitably specialized. If the con-
dition on Ap is not met, then (with the condition on
9N,*) Eq. (51) gives a lifetime which increases rapidly
with injection level at low injection levels.®* But such
observed behavior with extrinsic material, as these
considerations indicate, cannot usually be properly
analyzed by use of Eq. (51). The 7, and 7, in the small-
signal range generally either result primarily from
recombination or majority-carrier trapping and are
both 79 and substantially constant, or else have differing
equilibrium values given by Egs. (36). Thus, unless
trap concentration is quite small, Eq. (51) has sig-
nificant application in the former case only to the
transition from 7o to the lifetime 704750 for the
large-signal range.

It can be shown? that in the latter case of differing
lifetimes small-signal trap saturation generally obtains
with which apparent diffusion-length lifetime increases
to a value given by 74, for n-type material or 7,4, for
p-type. Further increase then occurs in the approach
to a large-signal lifetime which is substantially 7,0 for
n-type material or 7, for p type, that is, the (small-
signal) lifetime in the limit of strongly extrinsic material
of the opposite conductivity type. Such increases of
lifetime can account for certain cases of superlinearity,
or the more-rapid-than-linear increase of photocon-
ductivity with injection level, on the basis of a single
trapping level.3

30 As a result of saturation of centers available for minority-
carrier capture, this lifetime increases essentially linearly in the
small-signal range from the equilibrium value 7,0(no+#n1)/po or
Tao(potp1)/m0 and asymptotically to the large-signal value 7p0
O~ Tno.

3 A multilevel model for superlinearity has been given by
A. Rose, R C A Rev. 12, 362 (1951); Phys. Rev. 97, 322 (1955);
Proc. Inst. Radio Engrs. 43, 1850 (1955); Photoconductivity
Conference, Chap. 1A (reference 8). See also: R. H. Bube, J. Phys.
Chem. Solids 1, 234 (1957).
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The steady-state fractions of ionized centers can be
represented by simple formal generalizations of the
equilibrium relationships of Egs. (27) and (34) for
single- and two-level centers: In these equations, 7
and p are replaced by # and $ and @10 and as by

Crrt+Cpipr 14+An/ (no+n.*)

= =q10 ,
Corp+Curni  1+4p/ (portp1*) o
Cp217+cn2’ﬂ2‘_ 1+Ap/ (potp2*)

Il

«a

s ,
CotttCospr 1+ (ro+n*)

as can readily be shown® by solving for the ionized
fractions from Egs. (21) and also from the corresponding
two-level equations of Sec. 2.22.

3.4 Time-Dependent Photoconductivity

The decay of photoconductivity is governed in the
general case by nonlinear differential equations which
are rather intractable analytically.® Solutions? of the
nonlinear equations are obtainable in closed form,
however, for cases of nonrecombinative trapping and
for sufficiently small concentration of centers or large
concentrations of mobile excess carriers such that the
steady-state lifetimes are substantially equal. The
latter solution has the restricted general application of
the lifetime function of Eq. (51), since it is the inte-
grated form corresponding to this function.

With the neglect of direct recombination, the
limiting large-signal equations are linear and give an
exponential decay with lifetime equal to the steady-
state large-signal lifetime. During this decay, the
concentrations of carriers in traps remain constant.
The lifetime for centers of a single type is 7x0+7po,
and the concentration in the centers is AZ= (Vi1 —vip1)/
(Cn1+Cp1) or Aﬁ= (Vgpg—vtng)/(cn2+cp2). If single-
level centers of the acceptor and donor types are present
together, then these values of A% and Ap clearly still
apply; and the lifetime is the harmonic mean of the
lifetimes 7.0+ 750 for each type of center. For two-level
centers, on the other hand, Eqgs. (32) give

A= CiC2I/ (CurCratCusCoprtCpiCpn) — flo
and

Ap=Cp1C psN/ (Cn1CratCoC p1+C p1C p2) — Po,
with large-signal lifetime equal to

(1+C7L1/Cp1+cp2/cn2>/ (Cn1+Cp2)m-

3 The equation given in the abstract of the paper of Sah and
Shockley (reference 17) rewritten in the present notation yields
A/ (N—A—p)=a; and (N—7A—p)/p=ar!, from which the
ionized fractions for the two-level case here given follow as
solutions of simultaneous linear equations.

3 Certain analytical approximations have been considered by
W.-H. Isay, Ann. Physik 13, 327 (1953). A treatment which
includes numerically computed solutions has been given by K. C.
Nomura and J. S. Blakemore, Phys. Rev. 112, 1607 (1958).
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In the linear small-signal case, the photoconductive
decay is given by a sum of exponential modes with
(real and positive) decay constants whose number
exceeds by one the number of types of centers present.
This decay will here be considered for centers of a
single type.’2:#—% The solution for centers of the ac-
ceptor type is readily found to be given by

2 2
Am=Ap=3_ Ajeit, AA=3 rydieit,  (33)

=1 =1

in which 4; are constants determined by the initial
conditions; the 7,; are trapping ratios for the respective
decay modes determined by

— Vi1V Vgp17n;=0,

(54)

Vin1— th1+ (_ Vinl™ Vgn1— Vgp1+ Vj)rnj= 07

with the decay constants »; the roots of the equation
obtained by equating to zero the determinant of Egs.
(54). The 4; are found in terms of the trapping ratios
and the initial concentrations Am,, A#y, and Ap; by
setting ¢ equal to zero in Egs. (53) and solving. The
trapping ratios are thus given by

Ynj= (thl_ thl)/ (th1+ Von1t+ Vgpl1— Vj)

= (Vi—vep1)/Vop1, (35)
and the decay constants by
ij%[(_l)];lv‘r_i'Vs]) j=1’ 2’ (56)
with
1, = (v2—4A ) = (Vem1tVgn1— Vip1— Vp1)?
+4Vﬂﬂlyﬂp]]%) (57)

V= th1+ Vgn1+ th1+ Vgpl,

and A; defined by Eq. (38). Equilibrium values of the
effective release frequencies are, of course, employed.
The corresponding time constants 71=v;! and 7o= 7!
are also equal, respectively, to »3/A; and »;/A;. Non-
oscillatory decay is easily verified for this case: The
second form for », shows that the v; are real; and since
v, <v,, the v; are positive.

A subcase that provides some physical interpre-
tations is that of 9%; sufficiently small so that capture
frequencies are small compared with release frequencies.
As Egs. (38) and (57) show, the condition »2>4A,

#H. VY. Fan, Phys. Rev. 92, 1424 (1953); 93, 1434 (1954).

3 E. S. Rittner, reference 8. This reference includes some
nonlinear cases.

3 E. I. Adirovich and G. M. Guro, Doklady Akad. Nauk
S.S.S.R. 108, 417 (1956) [translation: Soviet Phys. Doklady 1,
306 (1956)].

37D. J. Sandiford, Phys. Rev. 105, 524 (1957).

3 D. H. Clarke, J. Electronics and Control 3, 375 (1957).

3 W. Shockley, reference 17.

4 G. K. Wertheim, Phys. Rev. 109, 1086 (1958).
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then holds, and expansion of the radical gives

T~V = 1T g1/ (Ten1t7p1)

Lro~vy/ Ay~ (58)
Thus, for this subcase, 72 is the steady-state lifetime36—38
79 of Eq. (40). Tt is large compared with 7;, the time
constant for the adjustment of A% to a fixed fraction
of Ap substantially equal to the equilibrium trapping
ratio, 7. This interpretation of 7, follows readily from
7n2~ (Vin1— Vep1)/ (Vgn1vgp1) ~7x. If the initial trapping
ratio is 7,, then the trapping mode does not occur in
An, A#, or Ap; it does not occur either for “critical
recombination” with which A7 remains identically zero
as result of equal capture frequencies v, and vy or,
for this subcase, equal capture rates for Az and Ap.
For small 97, the capture rates are in all cases sub-
stantially in the ratio v¢a1/vip1. In linear cases, they also
decay in the lifetime mode after this mode predomi-
nates. The release rates behave similarly, their ratio
being equal to v ui/vgp, or to (me/po) (Win1/vip1) in
accordance with Eq. (30).

The condition for neglect of the capture frequencies
may be severe : For the minority-carrier trapping range,
the condition vin1+v:p1<&Kvgn1+vyp1 for the approximate
form of », (which subsumes 91,*&#o+ po for neglect of
ViniVipr in Ay and, generally, »2>4A; as well) is the
same as that for steady-state lifetimes equal to 7o; it
requires 90,* small compared with minority-carrier
concentration 7, or po.

The release frequencies may be neglected under the
condition 9y*>>ne+po. The solution is then simply#
An/Any=exp(—1/7in1) and Ap/Ap1=exp(—1/7ip1). For
I;* large, Eqgs. (36) show that 7in1 and 71 are, re-
spectively, the steady-state lifetimes?*®3® 7, and r,.
The condition »23>4A, is accordingly %(7./7p+7p/7a)
+3>>1, namely that one of 7, or 7, be small compared
with the other. If 7, or 7, is the smaller, then sub-
stantially all of An or Ap, respectively, is transformed
comparatively rapidly into positive or negative A#,
after which a slower recombinative decay of A7 and
the concentration of the other mobile carriers takes
place as these carriers are captured.

The condition »2>4A; implies 71<K7e, with 7
essentially a characteristic time for trapping and 7,
essentially a lifetime. This interpretation does not
apply if »2 and 4A, are comparable so that 7; and 7,
do not differ by much. For small 9%; and the recom-
bination or majority-carrier trapping range, for
example, 71~ 73 may hold. The case of »2~4A,; for I,
large, for which 71, 72, Ten1, Tip1, T, and 7, are all
substantially equal, is a case of recombination with but
slight trapping.

The general trapping time and lifetime, obtained

4 This result easily follows directly from the differential
equations. )Or, note that the quantity in brackets in Eqs. (57) is
(thl_‘l'tpl 2.
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from Eq. (56) and related equations, are®”

Ti=v = 7071170p1/[ (ml*/PO_I" 1)7'0"1
+ (U / o+ 17 ,p1]
= Tm1Tp1/ [ (14 Do/ N*) Tem1

+ (1410/I™) Tep1]

Kre=vy/Ar1= (N* 1o+ po) o7 gn1+ poTom
F02(7gn1t7gp1)/1*]

= (I 10+ o) (¥ + o) Ten
+ (U *+n0)Tip1 ]

Comparison with Egs. (36) and (40) shows that this
lifetime 79 is larger than the steady-state lifetimes 7.,
70, and 7o; all are equal in the limit of 97; small. For
9, large in intrinsic material, 75 equals 27o. Further-
more, these lifetimes all decrease monotonically to zero
as 9 increases indefinitely.

The decrease of 7, with increasing 91; may, however,
proceed essentially in two ranges, with approximate
constancy of 7, in an intermediate range.” From the
first form for 75 of Egs. (59), this intermediate range
occurs provided there are capture concentrations 9,*
that are small compared with #n¢+po and also large
compared with (vgu14vyp1)/ (vgn1/10+Fvep1/ po), that is,
if the strong inequality

Tem T 7o < < < (10/po) 7 gn1t (po/M0)Tgp1  (60)

holds. It can hold for sufficiently strongly extrinsic
material if the majority-carrier release time is not too
small. For small 97y, 7o varies inversely with 91, as
Egs. (40) for 7o show. For large 91; such that
N *>no+po, T2 varies similarly, equalling the value
(moT gm1tporop1)/ (mo+po) of approximate constancy
divided by 9U:*/ (#o+ po). With the second or third form
for 9t1* of Egs. (35), this 72 reduces to 71+ 7:p1. Since
7y for large 9t;* is the harmonic mean of 7,1 and 74,1,
71 is the smaller of these capture times and 7, the
larger, as previously discussed for this case. It can be
shown that, for the minority-carrier trapping range,
the inequalities that 91;* must satisfy for approximate
constancy of 7s generally imply the condition v, Z3>4A,
on which the calculation is based. A similar situation
has been shown to obtain with the inequality for the
case of negligible capture frequencies. But since this
case involves a condition for neglect of the capture
frequencies which is usually severe for the minority-
carrier trapping range, it is the present case which would
usually apply in practice in this range.

The decay times associated with a small-amplitude
pulse of added carriers above a steady generation level
Ag are readily evaluated. The equations for dén/dt and
dép/dt linear in the concentration increments 6z and
dp resulting from the pulse may be obtained from Egs.
(23) and (24). Written with capture and release fre-
quencies that are concentration-dependent, they are

(59)

 The approach to constancy with increasing concentration of
centers is discussed in reference 40.
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formally the same as the linear small-signal ones for
dAn/dt and dAp/dt. For the release frequencies, the
definitions of Egs. (24) apply; for the capture frequen-
cies, 7o and p¢ in these definitions are replaced by 7
and p. The condition »,23>4A; of this section generalized
in this way is the condition for a lifetime 7, for 6» and
dp which is equal to the generalized ratio »,/A; and
which is large compared with the corresponding time
constant for trapping. The lifetime 7, depends on the
steady-state values of An, A%, and Ap; it reduces to
79 of Egs. (59) for the linear small-signal case and to
Ta0+7p0 for Ag large.

3.5 Transport of Injected Carriers

Steady-state transport as well as drift of an injected
pulse will be considered in this section on the basis of
general differential equations of Sec. 2 specialized to
the linear small-signal case for centers of a single type
and no applied magnetic field. After this readily effected
specialization, A7 for centers of the acceptor type may
be eliminated between the continuity equation in
Am=Ap and the mass-action equation for 9A7/d:.
With the introduction of 97,* and A; from Egs. (35)
and (38), the following third-order equation results:

&Ap/ 32— Dy div grad(9Ap/dt)+ve-grad (dAp/ 61)
+v,0Ap/di—vpDy div gradAp+v,vo-gradAp
+A1Aj)=8Ag/6H— (Vs—thl)Ag. (61)

Here, Doy= kT,un,up(ﬂo‘l‘j)o)/O'o and Vo= e,un[.tp(no—po)l/tf()2
are the equilibrium ambipolar diffusivity and velocity;
v, is defined in Egs. (57) and »p and », by

vp=[14+90*/ (no+po) J(Vgn1tv,p1),

Vo=Vt vgp1t (Vgn1— v p1) 0¥/ (no—po).  (62)

The frequency », will be referred to as the “straggle
constant.” I't is readily shown that the linear differential
equations which Az and A7 satisfy are entirely similar
to Eq. (61) except for suitable modifications of the
right-hand member; all the concentrations satisfy the
same equation if there is no volume generation. For
An it suffices to replace »;p; where it occurs explicitly
by i1, while for A7 only the generation term
(ven1—vip1)Ag occurs, dAg/dt being absent. It can also
be shown that recombination of lifetime 73 in other
centers in extrinsic material can be taken into account
by adding 757! to the coefficient v, of dAn/d¢ and
AAp/dt and (vs—wip1)/7s or (v¢—win1)/7s for m- or
p-type material to the coefficient A; of Az and Ap.

3.51 Steady-State Transport; Reverse Drift

A simple case which yields qualitative information
of interest is that of injection into a filament in the
steady state with applied field. For this case,

VDDodzAP/dO\C?“‘ Vq,'l)odAp/dx*— AlAP= 0 (63)
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is to be solved for, say, Ap zero for distance x along the
filament negatively or positively infinite and con-
tinuous at the origin at which there is carrier injection
with zero injected total-current density. Equation (63)
is easily shown to be equivalent to Egs. (15) and (16)
specialized for no volume generation and acceptor
centers only; »p and », are vs— vy times Dy'/Dg and
99'/vo, respectively, and 7, from Egs. (36) is
(vs—vep1)/Ar

The solutions in the semi-infinite regions separated
by the origin are exp(rix) and exp(rsx) where 7, and 7,
are given by

(71) = %[Vv'vo/VDDo:I:[(Vvvo/VDDo)2+4A1/VDD0:|%:|

72
Vﬂ)o/ VDDO
~( ).
- A1/Vv7)o

as obtained from Eq. (63). The case of recombination
without appreciable trapping® presents no unfamiliar
features; the approximation given will accordingly be
considered, which is that for A; small, as may result
from one of the capture coefficients small. The mag-
nitude of 7; is thus large compared with that of 7.
With the condition 9,>0, which may be assumed
without loss of generality, exp(rix) gives the familiar
sharply varying field-opposing solution to the left of
the origin and exp(rsx) gives the corresponding gradu-
ally varying field-aiding solution to the right, provided
v, 1s positive; thus 7, and r, are, respectively, positive
and negative. But negative », can occur, for which an
anomalous behavior obtains, the field-opposing and
field-aiding solutions then being, respectively, the
gradually and sharply varying exponentials exp(rsx)
and exp(rix). For this case, in the limit of no diffusion,
added carrier concentration appears only in the direc-
tion opposite to that of the ambipolar drift velocity,
that is, opposite to the direction of drift normally
determined by conductivity type.

This “reverse drift” associated with trapping may
be understood in terms of properties of the current
density Al of added carriers. From Eq. (12), added
carriers drift in the direction of the total current
density, or the contribution to Al from drift has the
sign of I, if noAp— poAn or Ap/An— po/n, is positive,
that is, if injection results in proportionately more
holes than electrons than is the case at thermal equi-
librium. This behavior is, of course, that which nor-
mally occurs in n-type material; with no trapping,
Ap/An equals unity and added carriers drift with or
opposite to I according to whether the semiconductor
is n-type or p-type, with no drift in intrinsic material.®-6
Thus, the normal behavior requires the conditions that
Ap/An— po/no be positive in n-type material and nega-
tive in p-type. It is easily shown by writing these condi-
tions by means of Eqgs. (36) for the steady-state value
(1—7r,)" of Ap/An that both are tantamount in the
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steady state to the single condition, »,>0. This con-
dition clearly always holds for the majority-carrier
trapping range, while reverse drift results for sufficient
minority-carrier trapping in not too strongly extrinsic
material. From Egs. (62), »,>0 gives

Po—10> (Vgn1— v4p1) M1 */ (vym+ Vﬂpl) (65)

for p-type material, and a similar inequality for n-type
obtainable by changing the sign of each side. Equating
the two sides gives the condition for no drift which,
for no trapping, holds for intrinsic material. For
electron trapping without recombination, the right-
hand side reduces to 91,*; for this case, since 9;* equals
Noven1/ven1 from Egs. (35), reverse drift obtains if
7o/ po In p-type material exceeds 7ini/ (Ten1+7401), the
fraction of the time electrons are free. A similar result
holds for hole trapping in #-type material.

3.52 Drift of an Injected Pulse

The differential equation for drift with negligible
diffusion and no volume generation in one Cartesian
dimension with trapping by centers of a single type is

AP/ 9L+v00°Ap/ Ixdl+v,0Ap/ Ot
+2,000Ap/ 024+ A1Ap=0, (66)

from Eq. (61). To solve Eq. (66) for a pulse of carriers
injected into a doubly infinite filament, for which a
suitable technique is that of the bilateral or two-sided
Laplace transform with respect to the distance variable,
the equation is put into a particular dimensionless form :
Independent variables

X=x/L, U=i/7, (67)

are introduced, and with distance and time units given
by
LEvUT: T= (I V2I )—%y
v=4v,(v;—v,)—A1]
=412 (Vin1— vip1)? (Po—10) 2

L@t vip1) (Po—n0)/ (Vi1 — vep1)*—17],
subject to the restrictions »*#0 and 705 po, the reduced
equation

AP/ dU+Ap/ X OU+dAp/ U

(68)

+3E+x)0Ap/0X 45 (*—*F1)Ap=0, (69)
results, where x and { are the parameters
k= 2v,—vs)7=[Vym+v,pm
+ (ot po) (em—vep1)/ (mo—po) I7,  (70)

§=v7= (Ven1tVgmitvip1tvyp) >0,

Coefficient unity for the second term of Eq. (69)
results from the definition of L. The double sign in the
last term of the equation results from the necessity of
defining a real (and positive) 7, the upper and lower
signs applying, respectively, for positive and negative »2.
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Solutions for the initial delta pulse at the origin of
® carrier pairs injected per unit area of cross section
are, as may be verified without difficulty,

APEAP/(G’/L)={eXp[KX—%(s“+x)U]}{5(U—X)

Al o Cxw-xom I exw-nm

Y e X)]} (1)
’[X<U—17>?] ’

AN=A%/(®/L)=}(t—n){exp(kX— 3+ UT}

D exw-xmxw-x,

where £ and 7 are the parameters

= (vs—2vip1)7, M= (vs—2vtn1)T. (72)

For AN=An(®/L), £ in AP is replaced by #. The
modified Bessel functions 7, and 7; apply for the upper
sign in Eq. (69), that is, for » real, while the Bessel
functions Jy and J; apply for » imaginary. The term in
AP and AN with the delta function §(U—X)=uvr
-0(vof—x) represents a contribution that drifts at
velocity vo. The continuous distributions are confined
to the interval 0<x<vyt, 1[ X (U—X) ]=1[x(vot—x) ]
being the step function that is, respectively, zero and
unity for negative and positive values of its
argument, -4

An illustrative case of minority-carrier trapping in
strongly extrinsic material, for which » is real and the
interpretation comparatively straightforward, will be
presented first. For strongly extrinsic material, since
the parameter £ or 5 for minority carriers is substan-
tially equal to x, the minority-carrier concentration
does not include the term with the Bessel function 7.
If, also, the trapping is nonrecombinative, then
$=(,+v)r and k= (v,—»;)7 hold with »=4dvw,,
where v, and v, are vin1 OF vip1 and vgay OF vyp1, TEspec-
tively, and refer to the minority carrier. Figure 1 shows
distributions of mobile minority carriers for {=5/4
and k= —23/4, as for release time equal to 4 times the
trapping time. The continuous distribution is shown
for different times after injection at the origin of the
neutral delta pulse. This distribution is led by a delta
pulse which drifts at the ambipolar velocity v,. This
remnant of the initial pulse is composed of untrapped
carriers; it is attenuated comparatively rapidly by the

4 Fan (reference 34 and private communication) has given a
solution of this drift problem which applies for negligible majority-
carrier capture frequency. Clarke (reference 38) has, in effect,
pointed out this restriction, to which solutions in references 34
and 35 for the decay of photoconductivity are also subject.

4 A. K. Jonscher, Proc. Phys. Soc. (London) B70, 223 (1957)
has given solutions for drift of minority carriers with recombi-
nation and nonrecombinative trapping at variance with solutions
given here. See reference 2, footnote on pp. 526, 527.
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F1c. 1. Continuous concentration distributions at different
times of mobile minority carriers from an injected neutral delta
pulse for drift with trapping. A strongly extrinsic semiconductor
and {=5/4, k= —3/4 are assumed, as for nonrecombinative trap-
ping with release time, 74, equal to 4 times the trapping time, 7,.

exponential factor [exp(—U) for the particular values
of the parameters] as the area under the distribution
of actual concentration increases asymptotically, as
can be shown,? to @, the initial pulse strength multi-
plied by the fraction of the time the carriers are free.
The abrupt front of the distribution for the shorter
times results from most carriers having been trapped
only slightly—at least once, but not much more. A
relative maximum within the drift range appears com-
paratively soon, and the abrupt front then progressively
disappears as a result of multiple trapping. Further-
more, there is a reduction of apparent mobility: The
maximum drifts, as will be shown, at a velocity which
decreases asymptotically to vy, the fraction of v, equal
to the fraction of the time the carriers are free. It
appears from the figure that this limiting velocity is
approached comparatively slowly. By suitable approxi-
mation involving large U, it is readily shown that the
distribution also becomes increasingly Gaussian in
shape, particularly about its maximum, spreading as
if the carriers were subject only to drift and diffusion
with diffusivity (for nonrecombinative trapping) given
by vL/43=vvw,/ (vitv,)d.

Some of these results depend on certain general
properties of the parameters. From the first forms for
k and ¢ of Egs. (70) and the definitions of 7 and »* of
Eqgs. (68),

¢= (@£ 1440, 1> (1) (73)

follows. The inequality sign is associated with recom-
bination, A; being zero for nonrecombinative trapping.
The parameter { is real and never negative. For »
imaginary, so that the lower sign applies, a similar

4 Use is made of the approximations

Iy(g)~I(z)~Q2mz)texp(z) for |z) large.
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calculation gives

=14+ (2—4A)?>1, »*<0; (74)
the condition »22—4A;>0 implies real decay constants
and holds from Egs. (57). For » real, « is not restricted.
For example, for nonrecombinative trapping in strongly
extrinsic material « is 3[ (v,/ve)*— (v4/v4)*] and can be
zero or have any positive or negative value. Thus, {>1
holds for » real and {>0 holds for » imaginary. Also,
for nonrecombinative trapping, the parameters do not
depend on the capture coefficient and {= (x24=1)}
equals £ or g according to whether electrons or holes
are trapped.

The maxima for sufficiently large U of the con-
tinuous distributions of mobile and trapped carriers
for cases of real » occur substantially together. They are
found to be given by* X/U=ux/vt=3%[1+4x/(24+1)}],
from Egs. (71). It is easily seen that for nonrecombina-
tive traps real » implies minority-carrier trapping with
positive », and (x®+1)* equal to {. From Egs. (35),
(62), and (70), X/U for the maximum and large U
accordingly reduces to v,/ (vi+v,), which is

[7in1—n07gn1/ (po—10) 1/ (Ten14Tgn1)

for electron trapping or
Lremi— porgn1/ (mo—po) I/ (Tep1t74p1)

for hole trapping. Hence this X/U, the factor by which
the apparent mobility is smaller than the magnitude
of the ambipolar pseudomobility,® is in general less
than 7,/(7:47,), the fraction of the time minority
carriers are free; but this X/U is substantially equal
to the free-time fraction’® under the condition
| mo— po| >91.*, obtained with the use of Egs. (35).
As |no— po| approaches 91:* in the nonrecombinative
case, X/U approaches zero. Recombination reduces
the distance for a maximum at given time, and thus
reduces the apparent mobility, since for nonrecom-
binative traps with recombination of lifetime 73 in
other centers the distribution of the mobile carriers
subject to trapping is simply that for no recombination
multiplied by the decay factor exp(—x/vors). This
factor applies because the carriers which arrive at %
at whatever time have drifted in the conduction band
for time x/7,.

The decay constant for the straggle effect, or the
limiting decay time at fixed « for the tail of the distri-
bution after the maximum has drifted past, is readily
evaluated. With the condition X<<U for the tail of the
distribution, this decay constant is clearly the co-
efficient of ¢ in the exponent of Egs. (71). It is thus
2(¢+«)/7=v,, and v, has accordingly been named the

4 Fan (reference 34) has shown from his solution that for

relatively small trap concentration X/U for the maximum ap-
proaches the free-time fraction.
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Fic. 2. Continuous concentration distributions at different
times of mobile minority carriers from an injected neutral delta
pulse for drift with trapping in the reverse-drift range. Equi-
librium majority-carrier concentration is taken as 5#; and non-
recombinative trapping is assumed with 90:*>3>|#no—po|, whence
0.17,>>7=2.47; and {=2.4, k=—2.6 hold, with 0.1 the coefficient
of the term in J,.

“straggle constant.” It is easily seen from Egs. (35)
and (62) that », for strongly extrinsic material is sub-
stantially vgn1+v,p1 plus either vin1, for 20>>p, or vips,
fOI‘ ﬁo>>no.

Imaginary » obtains with x>1 over the majority-
carrier trapping range, and it obtains with x<—1 over
a range which includes the reverse-drift range, as can
be shown? from Egs. (62) and (68). With recombina-
tion in the centers, the reverse-drift range applies for
the finite range, «,<¢<—1. For nonrecombinative
trapping, k< —1 (with imaginary ») gives the reverse-
drift range. This case is illustrated in Fig. 2, which
shows the continuous distribution of mobile minority
carriers at differing times for majority-carrier concen-
tration zo or po equal to 5u; and I *>|no—pol,
namely 7,3247,; the delta pulse of untrapped mobile
carriers that leads the distribution is rapidly at-



652

tenuated by the factor exp(—2.5U). As the figure
shows, the distribution crowds towards the injection
point as its maximum excursions both above and below
the axis increase with time: There is local carrier
depletion, the distribution being negative over part
of the drift range after a certain time.*” The distribution
approaches a pulse at the injection point of strength
equal, for nonrecombinative trapping, to the initial
strength times the free-time fraction. It does not
exhibit essentially unidirectional drift: The drift of
added carriers, initially in the direction of the ambi-
polar velocity, is largely in the opposite direction after
some trapping has taken place. Numerical estimate of
the effect of diffusion indicates that negative added-
carrier concentrations can occur over appreciable
distances under conditions which can be realized in
practice.*8

For a pulse injected in more strongly extrinsic
material under the condition of large 9:* or 7, which
gives reverse drift, smaller concentration changes
occur more slowly with U and are appreciable over a
smaller fraction of the drift range.*® For strongly
extrinsic material, the exponential factor limits the
solution to small X, since k and ¢ are large in magnitude.
Approximating the Bessel functions for small values of
their argument then gives, for p-type material,

AN =[(n:/2p0) exp(n:U/2po) J(1—2/v07 1)

-exp(—x/voren1).  (75)

This approximate solution bears out the statements
made: Because of % (12:/po) Tgni>>7="2%(po/1:i— 15/ po) Ttn1,
an increase in po for given = requires larger 7,441 and, in
particular, decreases 7:n1 as well as 7;/2po. A curve
from Eq. (75) of AN versus /971 is qualitatively
similar in shape to the curves of Fig. 2: AN decreases
to a negative relative minimum at x/vo7,,1=2 and then
asymptotically approaches zero.

The current density Al of added carriers provides
further interpretations. From Egs. (12) and (71), this

47W. Kaiser (private communication) has suggested that
negative added-carrier concentrations which were observed with
localized optical injection in silicon under applied field may be
accounted for through these results. A theoretical discussion of
carrier depletion is included in reference 3.

% For po=>5n; and electron and hole mobilities of 1500 and
570 cm? volt™ sec™, as for silicon at 300°K, L=u,r is 0.12 cm for
7=2.414,1=107% sec and an applied field of 10 volt cm™. The
diffusion distance (Do)} for 107 is 0.06 cm, which is appreciably
smaller than the approximate distance 2L=0.24 cm over which
negative added-carrier concentrations occur.

4 See Fig. 3 of reference 2, which shows a more nearly intrinsic
reverse-drift case.
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is given by
AT = unupog 2T (®/ L) (n0AP— poAN)
=evy(®/L){exp[xX —5({+)U I}
+30

B R VAU e

ALX(U-X)] (76)

for the present case of one-dimensional drift with no
applied magnetic field. That the Bessel functions of
order zero do not occur follows from the easily verified
relationship #of— pon= (10— po)x. These functions are
accordingly associated with carriers that neutralize
the charge of trapped carriers or with the trapped
carriers themselves, while those of order one are
associated with the drift of, in effect, carrier pairs. The
direction of drift of a mobile-carrier distribution con-
sidered in its entirety depends on the sign of the net A7,
or Al integrated over the drift range. For nonrecom-
binative trapping and large U, the integral over the
drift range of the concentration of mobile carriers that
are subject to trapping equals @ times the free-time
fraction. The corresponding value of the integral of AT
with respect to X for electron trapping is therefore
evo(®/L), the initial A7, times® v,/ (vin1+vgn1). Thus,
as may be expected, the limiting value of the integral
for large U has the sign of v, or the opposite sign
according to whether », is positive or negative. This
result supports the conclusion that, for the reverse-
drift case, the distribution from an injected pulse
ultimately crowds towards the origin, where AI=0
holds.

4. ACKNOWLEDGMENTS

The author is indebted to J. A. Burton and to W. H.
Brattain for discussions to which this work owes its
inception, and is pleased to acknowledge their helpful
interest and that of many others, among whom are
included G. Bemski, W. L. Brown, T. M. Buck, R. J.
Collins, C. G. B. Garrett, G. W. Gobeli, J. R. Haynes,
J. J. Hopfield, H. J. Hrostowski, W. Kaiser, M. Lax,
C. A. Lee, F. J. Morin, W. T. Read, R. G. Shulman,
W. G. Spitzer, G. H. Wannier, G. K. Wertheim, and
P. A. Wolff. Some were of assistance in particular
connections, as was H. Y. Fan, with a communication
concerning his treatment of drift with trapping, and
H. O. Pollak, who provided a method for evaulating
the integral over the drift range of mobile-carrier
concentration.

% For real », which implies positive », and p-type material,

this factor is the limiting value of X/U for the maximum of the
mobile-electron distribution.



