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An analytic theory of recombination domains in semiconductors with mobile electrons and holes is developed making allowance
for hole trapping. The theory applies to “band-band” illumination and to double injection. It is shown that holes may increase
strongly the velocity of domains and the thickness of their walls even at low illumination levels when the density of free electrons
is close to the value in darkness. Since holes are not generated by illumination with light whose frequency is less than the
forbidden band width, the influence of illumination on the domain parameters is determined not only by the intensity but also

by the frequency of light.
1. INTRODUCTION

HIGH-F]:ELD recombination domains, associated with
the field-dependent carrier trapping, have already been
observed in many materials: gold-doped n-type Ge,(*]
copper-doped n-type Ge,'®?? GaAs doped with various
impurities,t®™%7 CdS, ¢ etc. As a rule, recombination
domains are observed during illumination and the veloc-
ity of these domains may increase by several orders of
magnitude when the intensity of illumination is in-
creased. An analytic theory of recombination domains
developed in {7781 explains the dependence of the veloc-
ity and the shape of recombination domains on the illu-
mination level, the lattice temperature, and the param-
eters of a sample in the case when mobile carriers of
only one sign (specifically, electrons) exist in a sample.
(References to earlier theories of recombination do-
mains can be found in Volkov and Kogan’s review.[®1)
However, if the frequency of the incident light exceeds
the forbidden band width, mobile holes may be gener-
ated. We shall show that the presence of holes may in-
crease strongly the velocity of domains and the thick-
ness of their walls even at low illumination levels when
the density of electrons in the conduction band is almost
equal to the density in darkness. In the absence of holes
such a low illumination level would not change the do-
main parameters. This means that the influence of il-
lumination depends strongly not only on the intensity
but also on the frequency of the incident light because
holes are formed when the frequency exceeds the for-
bidden band width.

2. BASIC EQUATIONS AND FORMULATION OF THE
PROBLEM

We shall use the following equations, which are writ-
ten in a coordinate system z = x — ut moving at a veloc-
ity u equal to the domain velocity:

env,(E)+ eD, j:—up,.=emvn(El)"——‘-]'"(Ex)y (1)
dn u dp, _n n, 1
T YT E o o) e le@ntelen (2)

d d
d—z{pupE —D, d’; — Py —u(p— py) }= —vo(p—p), (3)
— udN,/dz = v,(p — py), (4)
dE 4 4
E:-—:pE—i[e(p—p,)—f—e(lvp—Nm)-*‘ 0.l (5)
€

Here, jn(E) is the density of electrons in a homogene-

ous sample; v,(E) is the average drift velocity of elec-
trons; E is the electric field;, py is the electron space
charge; p is the total space charge; a(E) is the elec-
tron trapping coefficient of the centers presentin a
sample; N§ is the concentration of vacant electron-
trapping centers in a homogeneous sample; 7p(E)

= [@(E)N3] ™*; n and p are the densities of electrons
and holes; D, and Dp are the diffusion coefficients of
electrons and holes; € is the permittivity; g is the re-
ciprocal time of liberation of electrons from the trap-
ping centers; up is the mobility of holes; vp is the fre-
quency of hole trapping by the centers whose concentra-
tion is Np. The subscript 1 represents the values out-
side a domain. In the absence of holes, the system (1)-
(5) reduces to the standard system of equations em-
ployed in the description of recombination domains (see,
for example, {7"%1), In deriving Eq. (2) we have as-
sumed that n << Ng because the trapping is postulated
to occur in a compensated semiconductor.

For the sake of simplicity we have derived Eq. (3)
on the assumption that the recombination of holes at the
trapping centers is a linear process, which is justified
if the concentration of the hole-trapping centers is high
compared with the density of free holes. We have also
assumed that holes and electrons are captured by dif-
ferent centers. The charge in a domain is determined
almost completely by the deviation of the concentration
of the occupied centers from its equilibrium value (the
relevant estimates are given in {71). Moreover, since
oscillations of the electron charge p, are small com-
pared with the value of eN8,”3l it follows that the sys-
tem (1)—(4) can be solved by iteration if it is assumed
that pp =py’ +pf” and n =n'” +n". In the zeroth
approximation we can ignore the displacement current
and the diffusion current of electrons in Eq. (1). Then
the system (1)—(4) can be rewritten in the form

1O (E) = nwa(Ey), (6)
dnu () dp,.m _ n® o (7)
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The charge of holes is ignored in Eqgs. (6) and (7) but
it will be included in the higher approximations. The
exact criteria of the smallness of the hole charge will
be derived later.

The solution of Egs. (6) and (7) is of the form
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where

JalE)= ev, (E)nyt.(E)/ . (0).

It follows from Eq. (8) that, depending on the sign of
u, we can have either high-field or low-field domains.
If u <0 (this corresponds to the motion of a domain
from the cathode to the anode), only the high-field do-
mains can exist, whereas if u > 0, only the low-field
domains can form (Fig. 1). The extremal field E,;, ina
domain (the maximum field in a high-field domain and
the minimum field in a low-field domain) is found from
the equal-areas rule for the reci 2procal of the current,
corresponding to the condition p“(E,) =0:["]

1 1
,j:dE[fn(E.) julE) ] =0.

The velocity of a domain can be determined by solving
the system (1)—(5) in the next approximation. The solu-
tion (8) is of the same form as the solution which de-
scribes a recombination domain in the absence of holes
(cf. Eq. (15) in ["1), However, since the value of u in
a sample which contains only electrons may differ con-
siderably from the velocity of a domain in the presence
of holes, the electron charge oscillations may also be
greatly affected (compared with the case of a sample
containing electrons only), in spite of the fact that the
hole charge is small.

In the first approximation Egs. (1) and (2) are of the
form
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where p =e(p + Np— p1— Np,) is the hole charge.

Eliminating n‘® from Eqs. (9) and (10) and substituting
n‘® from Eq. (6), we obtain
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If we integrate Eq. (11) and use Eq. (8), we find that
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At the point E,, the following relationship should be
satisfied to within terms of the first order:

0O(En)+ o“(En) = 0. (12a)

Since the function p®'(E) is double-valued, Eq. (12a)
represents effectively two conditions because it should
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FIG. 1. Equal-areas rule for the reciprocal of the current: a) depend-

ence j(E); b) equal-areas rule for reciprocal currents in the case of high-
field domains (u < 0); ¢) equal-areas rule for reciprocal currents in the
case of low-field domains (u > 0). The field distributions along a sample
with a high-field and a low-field domain are shown schematically on the
right in Figs. 1b and 1¢. The arrows show the direction of motion of
these domains. C is the cathode, A is the anode, and Ey, is the extremal
field in a domain.

be written for both walls of a domain. These two condi-
tions determine the domain velocity and the first-order
correction to the maximum field in the domain. How-
ever, if p‘®(z) is an odd function of z (the origin of co-
ordinates is assumed to lie at the domain peak), as in
the case we are considering, and the function p'*’ (z) is
an even function of z, it follows from the two conditions
of Eq. (12a) that p'*(E,,) =0 and in the first approxi-
mation the maximum field in the domain remains con-
stant. It is evident from Eq. (12) that when pp and

dpp /dE are even functions of z, the functlon o' (z) is
also even. This situation occurs, for example, if pp
depends only on E, which is true of all the cases we
shall be considering in calculations of the domain ve-
locity. It then follows from Eq. (12a) that p“’(Em) =0
and Eq. (12) leads to the following integral relationship:

E

J.dEp(o} E) {u+ vi(£) [N%-Fgrr(O)]

4dneunyv,.t(E;) dv.(E) 4nu dp,(E)
0. () 75 (OH-— (0) iE va(Ey)
drieDoniv(0)v.(Ey) dva(E) \
R (E)v.*(E) dE } =0 (13)

Equation (13) determines the domain velocity. In the
absence of holes, Eq. (13) reduces to the expression for
the domain velocity derived in ®J. The dependences of
the domain velocity and of the amplitude of the electron
charge oscillations on the electron density can be ob-
tained in an explicit form if we determine the charge of
holes pp from Egs. (3) and (4).
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We shall consider two limiting cases: 1) the case of
fast hole trapping when the hole density in a sample is
practically equal to the steady-state value p,; 2) the re-
verse case when the characteristic times are short com-
pared with uf,‘ and the trapping of holes can be com-
pletely ignored.

3. FAST TRAPPING OF HOLES

In this case the total charge of holes Pp (the charge
of free holes and of those localized at the trapping cen-
ters) is

05(E) = —pus(E— E). (14)

Equation (14) is obtained by adding Eqs. (3) and (4)
and making allowance for the fact that (p — py)/p1 << 1.
Substituting Eq. (14) into Eq. (13), we obtain

j"dE N (E){u + valEy) [;T:-i-rr(O)g
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We shall now consider in more detail the limiting
case when the diffusion of electrons can be ignored and
we can use the lowest approximation in respect of
nl/Ng (the contribution of the omitted terms to the do-
main velocity is discussed in [83), Then, the domain
velocity can be written in the explicit form:

n 4ne .
w=—v(B) [ 55+ e+ puw) |- (16)
It follows from Eq. (16) that the presence of holes

accelerates the motion of a domain. If the hole density
is sufficiently high, the domain velocity becomes

.0
wopion(Er) e (0) = — po(By) 0L

€ Tmp
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where Tpp is the Maxwellian (dielectric) relaxation
time of holes.

If we substitute Eq. (17) into Eq. (8), we obtain the
field dependence of the electron charge in the limiting
case under consideration:

NEY— ey t o [in(E)
= g oy ) ey 1] ()
An estimate of the upper bound of the integral in
Eq. (18) gives
e < EME/8pypppaEt 2 (0), (19)

where u, is the weak-field mobility of electrons and
Ey is the ‘“valley field’’ which corresponds to the mini-
mum in the current-voltage characteristic (Fig. 1).

If we use the estimate given by Eq. (19), we can de-
rive the criteria of validity of our approximation. First
of all, we find that the fast trapping approximation is
valid if the inequality (p — p,)/p, << 1 is satisfied, which
is equivalent to the condition

4pp, [ ev,<< 1. (20)
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Substituting the estimate of p from Eq. (18) into
Eq. (20), we obtain

v,1,(0) V I»;t l>)

where u, =n,v,(E,)/Ng.
Next, substituting Eq. (17) into Eq. (21), we obtain

(22)

8new,’E,

ea (C) .k, (21)

o/ ne>2E, [ p.E [v,7,(0)]
or

v, 1. (0) > (2, Eony | poEipy) b (23)

In deriving Eqgs. (18)-(23) we have assumed that
Eq. (17) is valid and, as is evident from Eq. (16), this
is true if

(24)

[ the inequality (22) applies to the case when an Rl g,
which corresponds to N $ Ng].

The second criterion of the validity of our approxi-
mation follows from the fact that the hole charge should
be small compared with the electron charge. It follows
from Eqgs. (8) and (14) that

2nep®

pi/ ny>ea(0) | 4nepn,

(25)

w't-(0)E, < 1.
gun,
If the hole density p: is sufficiently high [see
Eq. (24)], so that the velocity u is given by Eq. (17), it
follows from Eq. (25) that

poPiEs [ 2p.mE << 1. (26)

Moreover, we have assumed that the displacement
current is small compared with the conduction current,
The relevant criterion can be obtained from Egs. (6)
and (8):

euE, | 2nent, (0) u2E 2 << 1. 27)

If the hole density is sufficiently high so that u is
given by Eq. (17), we find that the inequality (27) be-
comes identical with the inequality (26).

It follows from our criteria that the range of values
of the ratio p,/py in which our theory is valid and the
domain velocity is given by Eq. (17) lies within the
limits

2u,E, ea(0) \ Py 2w.E,

max - y LK< —.
Ku“Et[v,{c,(O)]z 4rtep, n, < wE,

(28)

The conditions for the existence of this range are of the
form:

(29)
(30)

Vo ' << (0) o | poEoy
ea(0)E,/ bren.E, << 1.

The inequality (28) is identical with the criterion of
validity of our theory even in the absence of holes and
this criterion has a large ‘‘safety’ margin’’ (see [77),

If we consider GaAs and assume that u,~ 400 cm®. V™!
-sec”™, un ~ 8000 cm®+V™'.sec”', E1~ 200 V/cm, E,
~10* V/em, € = 12.5, a(0) ~ 5 x 10~* cm®/sec, we find
that Eq. (28) yields 10° << p,/n, << 0.8. It is evident
from this estimate that even when the hole density is
low compared with the electron density, the domain ve-
locity, the charge distribution in a domain, and its di-
mensions may change considerably.
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The hole trapping frequency Vp can vary consider-
ably from one sample to another. Therefore, we shall
estimate the value of vp' at which the fast-trapping ap-
proximation is valid and we shall do this on the basis of
the criterion (29). In the case of GaAs with the param-
eters given in the preceding paragraph we find that V;,l
<< 107° sec if 7,(0) = (@N9)™* =2 x 10~° sec. We note
that this criterion is necessary but not sufficient. It be-
comes more stringent when the ratio p,/p, is reduced.
It follows from this estimate that the fast-trapping ap-
proximation can be used for compensated GaAs with a
large safety margin. We also note that the qualitative
conclusion of increase in the domain velocity in the
presence of mobile holes applies also to the opposite
limiting case when vp —0 (this will be shown in Sec. 4).

4. SLOW TRAPPING OF HOLES

In this case the contribution of the charge localized
at the centers can be ignored. It follows from Eq. (3)
that

_ _ &Py dE'(E' — E,)
pr=e(p—p)= D, ES 0 (E)
E ! "
e AE" (ppE" — u)
XeXpl: 4JtDp 15 0.0 (E7) ] . (31)

Substituting Eq. (31) into Eq. (12a), we obtain integral
conditions which determine the domain velocity and the
correction to the maximum field in a domain in the case
when there is no hole trapping. The expressions which
are obtained in this way represent, in principle, the so-
lution of the problem but they are far too cumbersome
for practical applications. Therefore, we shall consider
the case of weak diffusion of electrons and holes, which
is closest to the experimental situation. The diffusion
of holes can be ignored if the argument of the exponen-
tial function is large. Later, when we determine the do-
main velocity, we shall give the relevant criterion in its
explicit form. If we ignore the diffusion, the hole
charge is

eps (£ —E,)

%— ok Ps. (32)

pr=¢e(p—p) =
Substituting this expression into Eq. (13), including the
diffusion of electrons, and retaining only the terms
which are lowest in n, we obtain

vn(E,)

= s+ e @ | =Fo), (33)

where

. .
F () =" epiiy, (0) (oEy — ) [dEp () (u — ppE)

E
1

X { J'de o (E) } o

Figure 2 shows the qualitative dependence F(u). The
left-hand side of Eq. (33) is a hyperbola. It follows from
the nature of the dependence F(u) that there is always
one root u < 0 and, if the hole density is sufficiently
high, there may be two roots u > 0. However, we shall
not consider the positive roots because we must have
u <0 in order to ensure that [p{"’]® in Eq. (8) is posi-
tive for high-field domain. As mentioned earlier, the
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FIG. 2. Graphical determination of the domain velocity u. The con-
tinuous curves represent the dependence F(u), the dashed curves repre-
sent the two branches of the hyperbola corresponding to the left-hand
side of Eq. (33), and —u, is thé domain velocity in the absence of holes
when F(u) = 0.

roots u >0 apply only to low-field domains (Fig. 1).

It is evident from Fig. 2 that holes accelerate the mo-
tion of a domain. The expression for u can be found ex-
plicitly from Eq. (33) in three limiting cases which,
taken together, cover the full range of possible values
of u: |ul K ppky, bpE, K [u| < pupEm, and |u|

>> upEm. We shall give the formulas for u only for
the two extreme cases. In the |u| < ppE, case, which
is probably closest to the experimental situation, we ob-
tain

u= —U,l(_Ei)[ (34)

n, -t i
ot e 0] 1—FoI-
Since in this case F(0) < 1, it follows from Eq. (34)
that the holes accelerate the motion of a domain. Equa-
tion (34) remains valid up to hole densities such that
1 — F(0) becomes so small that |u| becomes comparable
with ppE,.

The opposite limiting case |u| > upEm is interest-
ing because the domain velocity
B it (0)va (Br) = — v (B 2D

€ Tmp

(35)

u = —

is identical with Eq. (17), which gives the domain veloc-
ity in the case of fast trapping of holes. It follows that
the domain velocity is independent of the trapping kinet-
ics provided the hole density is sufficiently high (this is
also true in the absence of holes).

We shall now consider the criterion of validity of our
theory in the case of slow hole trapping. To be specific,
we shall restrict our discussion to the case when |u|
< upEm. In this case the conditions of slow trapping,
weak displacement current, small hole charge, and
weak diffusion of holes lead to the following inequali-
ties:

wrr(O)'V'—Z—o.<' sz%ﬁ%’ (36a)
|| <o, (36)

| < () (36c)
l%l >w (36d)

Here, T =eDp/pup is the lattice temperature.

The inequality (36a) is the reverse of the inequality
(20a) (see Sec. 3). The quantity on the right-hand side
of the inequality (36b) is large (~ 2.5 x 10* for GaAs, as
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derived from the parameters given in Sec, 3). There-
fore, this criterion is not ‘‘stringent.’’ Since, under ex-
perimental conditions, the ratio Ng /p, is very large

(it may be much larger than 10%), the criterion (36c) is
also not ‘‘stringent.”” At T ~ 300°K the left-hand side
of the inequality (36d) represents 10™" for the numerical
values of the parameters given in Sec. 3, i.e., once
again the inequality is satisfied by a large margin. Thus,
the most ‘“stringent’ is the criterion (36a). It is this
criterion that determines which of the approximations
(the approximation of slow or fast hole trapping) corre-
sponds to the experimental situation.

. 5. CONCLUSIONS

It is demonstrated in Secs. 3 and 4 that mobile holes
increase the velocity of recombination domains in the
case of fast hole trapping and in the absence of such
trapping. It is interesting to compare this conclusion
with the results given in {13, which show that holes
may increase considerably the velocity of Gunn domains
and may also give rise to Gunn domains traveling rapidly
in thel)opposite direction (from the anode to the cath-
ode).

We note also that the results derived in the present
paper apply also to the Gunn effect in compensated
semiconductors. In fact, it follows from Eq. (18) that

DWe have considered only the case of weak diffusion electrons because
this case corresponds to the experimental situation.™”) It is interesting to
point out that in the opposite case of strong diffusion of electrons, which
can hardly be realized for reasons discussed in detail in!”, there are also
solutions corresponding to domains traveling from the cathode to the
anode if the hole density is high, corresponding to the limit when

fup>
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the sufficient condition for the appearance of a domain
is the presence of a falling region in the field depend-
ence of the electron current density j,(E). Under the
Gunn effect conditions such a falling region may appear
as a result of the dependence of the drift velocity on the
field, v,(E), even if the electron trapping is independent
of the field. This situation is a special case of the prob-
lem considered in the present paper and all the results
derived here apply to this case. We are grateful to

R. F. Kazarinov and R. A, Suris for drawing our atten-
tion to this point. We are also grateful to A. F. Volkov
for a detailed discussion of the method used in the solu-
tion of the initial system of equations.
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