of the sample and the thermostat is such that the
new distributions T(%),(2)(z) transform into one
another on increase in |Aa| (ra < 0) and they do
not transform to T(3)(z) representing the formation
of a "drop"” in the current-voltage characteristics
(curve 3 in Fig. 2). Finally, if T(3)(z), then

for any current the profile ensures sufficient heat
transfer and there is no instability (curve 4 in
Fig. 2).

4, It is important to point out that the trans-
port coefficients found experimentally may depend
on T and this makes it much more difficult to obtain
analytic criteria of the type given by Eq. (6).
However, the possibility of control of the parameters
n and s by a special surface treatment or by the
field effect®,® should lead to an experimental de-
tection of an instability. Moreover, experimental
studies of an instability of electrons can provide
information on nonlinear thermal properties of the
surface. For example, in the case of Si with a
carrier density n v 10**-10*cm™3 when |u|/T, ~
10 it is found that in the range of characteristic
currents |[ial ~ 1(A2 > 0) the necessary condi-
tions of Eq. (6) reduce to the ineguzlties s > 2
and na/x> 1 (1-2/s)2°S. The first of them is the
requirement :in respect of the surface treatment.
The second inequality is satisfied by thin Si films
(a ~ 1072-10"3 em, n/n~ 6:10° cm/s (Ref. 8),
and T, < 77 K] by a large margin. It should be
noted that, because of the dependence of x on
the magnetic field, the quantity na/< [i.e., H in
Egs. (6)-(8)] can be changed in experiments in
a contactless manner by applying a longitudinal
(along j) magnetic field.

The author is grateful to F. G. Béés, Z.S.
Gribnikov, Yu. G. Gurevich. B. S. Kerner, and
V. I. Tolstikhin for discussing the results.
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An important task in modern picosecond opto-
electronics is a major reduction in the lifetime of
carriers in semiconductor materials without a change
in its main optical properties. This have been
achieved! by introducing into the matrix of an orig-
inal crystal a number of local regions with a high
rate of capture of nonequilibrium carriers, but these
regions occupy only a small proportion of the
voiume of the whole crystal. Such regions can
be created by irradiation with heavy ions.!>? It
is assumed. that suchirradiation creates filaments
of an amorphized material along the slowing-down
tracks; the transverse size of such filaments
amounts to several lattice constants and the aver-
age distance between the filaments is governed
by the radiation dose.

Measurements of the nonequilibrium carrier
lifetime in GaAs irradiated with oxyger ions are
reported in Ref. 2 and it is shown that, after
doses of ¢ > 10! ions/cm?, the lifetime t decreases
to values of the order of 107 '? s without a signifi-
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cant change in the optical properties of this com-

pound.

Simple approximate expressions will be ob-
tained below for the lifetime in a semiconductor
containing filaments-characterized by a high rate
of capture of nonequilibrium carriers. We shall
assume that these filaments are cylinders of radius
a and height h, and that the average distance
between them is 2 = +»~-, where ¢ is the radiation
dose. Under the experimental conditions of Refs.

1 and 2 the inequalities a « ¢ « h and a « L
are satisfied, where L is the mean free path of
nonequilibrium carriers in a crystalline substance.

According to Ref. 3, the density of a particle
flux flowing through a body of size a « L is in-
dependent of the shape of the body and equal
to

§ = ned/4. (1

Here, n, is the concentration of particles far

© 1989 American Institute of Physics 368



from a body and ¥ is the average absolute velocity
of the particles for which a uniform distribution
of the velocity directions is assumed. In the case
of a Maxwellian distribution of particles of mass

m and temperature T, we have

=4 (kT j2zm)'h, (2)

In considering determination of the nonequi-
librium carrier lifetime we shall assume steady-state
generation (for example, optical generation 0 of
carriers in the intervals between the filaments
at a constant rate G such that t = <n/G, where
<n> is the average density of carriers in the in-
vestigated material and if a « L, then <(n> =z n,.

Assuming that all the particles reaching the
surface of the cylinder are caputred by the cylin-
der and ignoring the recombination in the bulk
of the material, we shall assume that the flux
of particles reaching one cylinder is equal to the
number of particles generated per unit time in
the volume occupied by this cylinder:

n,d

2n0h = Gl°A,

FNE

(3)

In order to allow for the finite rate of capture
by such a cylinder, we shall introduce the average
reflection coefficient R of particles incident on
the cylinder surface.

After allowance for such reflection, we obtain
- =21z8 (1 — R\ (4)
We can relate the value of R to another

phenomenological parameter which is the surface
recombination velocity S:

nd M — Ry
L (5)
Then,
12 11 (6)
=TT T ey

It should be noted that it follows from Eq.

(3) that the largest possible value of S (correspond-

ing to R = 0) is Spay¢ = v/2, in good agreement
with the results obtained in Ref. 4 by a rigorous
microscopic analysis.

Equation (6) is obtained on the assumption
that the filaments are not charged. However,
since Vg > Vp, in reality they become charged
to a certain (negative) potential U.

We shall assume that R = 0 applies to both’
types of carrier. According to Ref. 3, a general-
ization of Eqg. (1) for the electron flux density
reaching a repulsive center yields

. n,i, el
e = R c.\p<-— -A—?.—-/) (7)
The density of the hole flux is correspondingly

) 5 . Vebinrl )
) n,by el 4
Iy== T RSP <7\T> (1 vz S t?exp (—t?) dt)- H)

0

The value of U is found by equating the
electron and hole fluxes reaching the cylinder.
We then obtain
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FIG. 1. Functional dependence f(z) used in Egs. (9) and (10).
nufy 7,
e=n=201(35). (9)
Here,

\

[/ i Vz,(7)
i(:)=exx>[1-.(=)l(1—v—: 5 t2exp (—¢2) dt).
A Q
where x,(z) is a root of the equation

exp(b)( —_— Srexp(—:)d: =z,

A graph of the funcnon f(z) is plotted in Fig. 1.

It follows from the above discussion that
the lower limit to the lifetime under conditions
of escape of particles to filaments is

2
= (10)
In the case of GaAs, we have Vg/Vy =
vmp/me =2.5and f(2.5)= 1. 4, i.e., t z 31072
(300 K/T)‘/Z(IO" cm/a)(10** cm?/ ¢) s.

The above treatment is based on the assump-
tion that nonegquilibrium carriers behave as classical
particles. An allowance for the quantum properties
within the framework for the quantum properties
within the framework of the two-dimensional analogy
of the nonresonance model of nuclear reactions ®
has the effect that the radius of the cylinder cap-
turing the particles should be regarded as equal
to a + A*, where A* = A/2r, and X is the de Broglie
wavelength of carriers; this reduces further the
calculated lifetime. However, since for the values
of T and ¢ considered here the flux reaching
this cylinder is mainly due to carriers characterized
by A* < a, this reduction is not very large. The
expression obtained gives the lifetime which is
of the same order of magnitude and which depends
in the same way on T and ¢ as the experimental
results reported in Ref. 2. The calculated life-
times are somewhat less than the experimental
values and this is primarily due to the reflection
of carriers from filaments.

The authors are grateful to V. [. Perel' for
exceptionally vaiuable discussions, and to E. I.
Portnoi for making available the results of Ref.
2 before publicaton.
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The dynamics of establishment of the concen-
tration of drifting lithium ions in an electric field
was considered theoretically in Ref. 1. The pres-
ent paper deals with the change in the lithium
concentration gradient during the compensation
process. We shall show that in the vicinity of
a p-n junction the gradient should decrease ex-
ponentially with time. We shall give the results
of an experimental check of this prediction and
discuss its practical consequences.

1. According to Ref. 1, the dynamics of
the change in the concentration Nyi(t) in a drift-
ing lithium layer is independent of the transla-
tional motion in the field and can be described
by
v,
Nu () =TT[¥, 5 0 — Texp (—/7) (1)

where N is-the concentration of acceptors in the
original material; Nri(0) is the concentration of
lithium at an arbitrarily initial moment; Tt = egq/
euNa; ¢ and e, are the permittivities of the
material and of vacuum; e is the electron charge;
u is the jon mobility. Equation (1) does not in-
clude a coordinate dependence because it applies
to the case when the "observer” moves together
with the layer.

We shall now obtain an expression for the
change in the lithium gradient in the region where
p-n conversion takes place. We shall do this by
assuming that the origin £ = 0 of the selected
coordinate system is at the drifting boundary of
the p-n junction (inset in Fig. 1) and we shall
select such a region of ¢ which will allow us to
assume that the distribution of lithium is linear:
Ny — Npi(§, 0) = a(0)g. Then, if a(0) £/Nr;( &,
0) « 1, we find that Eq. (1) yields

Ny (G ¢)=Na[147ﬁ9ﬁ°‘p<*%>]' o

To within terms lineer within ¢, we find that Eq.

(2) gives Na — Npi(5, t) = a(t) g, where
a(¢)=2c(0)exp(—t=). (3)

The final expressions describes the dynamics of

the change in the concentration gradient observed
in the p-n junction plane.

2. We checked experimentally Eq. (3) by
a study of the drift of lithium from a layer estab-
lished by diffusion, which was deposited on silicon
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t,h
FIG. 1. Time depende'nce of the lithium concentration gradient
in the region of a drifting p-n junction. The inset shows tke
selection of the origin of the coordinate axis £ moving together
with the p-n junctien.

characterized by Ny = 2.8-10*? cm™3 at 83°C when
the bias voltage was 200 V. The cross sectional
area of the sample was S = 1.11 em?. The capaci-
tance-voitage characteristies of the p-n junction
being formed were determined during the drift pro-
cess. The capacitance C was measured at a fre-
quency of 1 kHz using an E8-2 capacitance bridge.
A sample was first cooled to room temperature.

The concentration gradient was determined from
the capacitance measurements using the dependence
of 1/C? on V and the expression?

12 <d{!/C’\ >-1' (4)

¢ (220)° O° av

a ==

The slope d(1/C?)/dV and the error in its value
were calculated by the least-squares method3 for
the range of voltages corresponding to the linear
part of the dependence.

The behavior of a(t) is plotted in Fig. 1 on a
semilogarithmic scale. We can see that a(t) decays
exponentially. The characteristic time constant
is t =14.2 £ 0.2 h. It should be noted that the
experiment confirms the predictions of the theory
of Ref. 1 not only qualitatively but even guanti-
tatively. In fact, the value of the mobility of Li™
ions determined after a time t was p = cgego/etNy =
0.46-10"%*% em2-V~ *-s™!, in good agreement with
the published data.
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