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Impurity-breakdown-induced current filamentation in a dipolar electric field
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Filamentary current Bow has been investigated in an epitaxial n-type GaAs layer with two Ohmic
point contacts. A scanning laser microscope technique has revealed two characteristic regimes of fil-

amentary structure: a large-area filament typical at higher sample currents, and a bendable filament
arising at low currents and becoming curved in perpendicular magnetic fields. Self-organization is
supposed to be significant upon forming the bendable filament, whereas the large-area filamentary
structure is predominantly formed by the electric field distribution due to the point contact geom-
etry. Numerical simulations have been carried out in the second case, showing a good agreement
with experimental results.

I. INTRODUCTION

Spontaneous formation of channels of high conductiv-
ity, namely current filaments, has been observed in a wide
range of semiconductor materials and structures. There
are several physical mechanisms that can be found in the
background of this phenomenon. Besides the pinch effect
and the electron overheating efFect, known &om plasma
physics and typical for very high current densities, an-
other class of mechanisms leading to current Blamenta-
tion has been proposed: an analogy to reaction-diffusion
phenomena of chemical systems. Accordingly the re-
action kinetics between difI'erent electron energy states
may be described by a system of rate equations which,
coupled with Poisson s equation and the continuity equa-
tion, yields spatially inhomogeneous solutions. This de-
scription seems to be the most appropriate one in the
case of filamentary structures, which can be observed in
the regime of impurity breakdown at low temperature.

Various methods have been used to visualize the spa-
tially inhomogeneous current Bow. Among them, non-
invasive techniques seem to be preferable, such as tem-
perature or potential measurement or scanning of re-
combination radiation. 7 However, both methods are in-
applicable in the case of low-temperature impurity break-
down because of technical difIiculties or insufIicient inten-
sity of radiation, respectively. So far the most convinc-
ing results under these conditions have been achieved by
low-temperature scanning electron microscopy and
its laser beam analogy. ' Both are based on some kind
of interaction between the investigated structure and a
testing device. The exact physical mechanism of this in-
teraction is, however, not yet fully understood. It cannot
be generally excluded that its infIuence is detrimental to
the observed structure. Thus, the applicability of these
strongly invasive imaging methods seems to be confined
to stationary and sufBciently stable filamentary patterns.

Such states have been found and investigated in epitax-
ial layers of n-type GaAs with a fundamentally inhomo-
geneous electric field imposed by some specific contact
geoxnetry. In this paper, the investigation of a sample

with a pair of point contacts is reported. After a brief
explanation of the principles of the laser beam imaging
method, the reconstructions of filamentary structures in
the post-breakdown regime will be presented in the ex-
perimental section. The attention will be drawn to some
characteristic properties, which enable us to distinguish
between two different regimes of a current filament. In
one of them, the role of an externally imposed electric
field distribution will be shown to be substantial. In the
theoretical section, a one-dimensional model of the cross
section of a filamentary structure in this regime will be
designed based on the two-level model by Scholl. ' The
basic stationary effect of a perpendicular magnetic field
will be allowed for also.

II. EXPERIMENTAL RESULTS

A. Experimental setup

The experimental setup of the scanning laser micro-
scope mentioned above is shown in Fig. 1. The spatially
Bltered beam of an interband light laser was scanned
across the surface of the biased sample by a mechanical
defIection unit. The beam was focused on the sample sur-
face to a spot diameter of about 30 pm. The light power
was adjustable up to 0.5 mW in the focus plane. Si-

FIG. 1. Setup of scanning laser microscope (Ref. 12).
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pears in the immediate post-breakdown regime. Since the
same phenomenon has been observed on various samples
with the point contact geometry, a hypothesis has been
recently proposed that the two stable states of the hys-
teretic region correspond to the large-area filament and
to the low-current bendable filament, respectively. This
idea has to be revised. The occurrence of this bistability
turns out to be uniquely correlated to the usual geomet-
rical arrangement of the contacts in the corners of the
sample (as in Fig. 5) or amid the sample edges (as, in
fact, is the case in Fig. 3). No such bistability could
have been found neither on samples without any addi-
tional contacts in the possible vicinity of the filament,
nor in small magnetic fields. Thus, the eKect is most
probably explained through the presence of an electri-
cally inactive contact near the middle of the maximally
bent filament. At some critical bending, the filament gets
obviously pinned to the relatively large, highly conduc-
tive region of the Hoating contact, and separates later
discontinuously with rising current.

FIG. 7. Response of large-area filament (a) and bendable
filament (b) to perpendicular magnetic field. Only the middle
lines of the respective reconstructions are plotted. The sample
was biased via 100-kO load resistor. The stationary currents
were (a) 1.5 mA and (b) 0.1 mA, respectively.

In that case, as well as in all nonstationary filamentary
states, the full two-dimensional treatment is inevitable,
which will not be treated here.

Let us adopt the coordinate system according to Fig. 8,
with the y axis in the direction linking the two contacts
and the x axis crossing the filament halfway between the
contacts. As discussed above, the following two assump-
tions are experimentally justified in the large-area fila-
ment: (i) the filament walls of a large-area filament follow
approximately lines of a constant electric field, leaving
thus the dipolar Geld distribution between the two point
contacts essentially unperturbed; (ii) the large-area fila-
ment is approximately symmetric with respect to reQec-
tion in the axis perpendicular to the contact dipole, i.e. ,
with respect to the x coordinate.

The symmetry about the x coordinate implies that
on this axis all derivatives (except the potential) in the
y direction tend to zero. Consequently, the y compo-
nents of the current density and the field strength vector
vanish and an autonomous one-dimensional subsystem
can be extracted &om the physically two-dimensional
problem: the cross section along an axis transversal to
the current How. This fact enables us to adopt basi-
cally the same one-dimensional mathematical apparatus,
which was used by Scholl to investigate the filamen-
tary structures in a homogeneous E„ field.

The governing equations for an n-type semiconductor
in a steady state are Poisson's equation for the electric
potential @

d2$ p e= ——= ——(N —N —n)~s ~s

and the transport equation for the current density J
in the x direction

dg dnJ = —ep n +eD

where p is charge density, es is the permitivity of the
semiconductor, ND and N& are the densities of ionized
donor and acceptor impurities, respectively, n is the free
electron concentration, p is the electron mobility, and
D is the di8'usion constant.

The continuity equation in a steady state degenerates
into the requirement of spatially constant current den-
sity J . Physical reasonableness leads then to the con-
dition J (x) = 0 along the x axis. Upon integrating
the transport equation, the simple relation between the

III. MATHEMATICAL MODEL

The thickness of an epitaxial layer in the order of 10 pm
enables us to consider the current How in two dimen-
sions only. I'urther we will show that the typical proper-
ties of the large-area filament make it possible to reduce
the essential part of the mathematical description to a
one-dimensional problem. It should be stressed, how-
ever, that the simplifications accepted in the following
text are questionable in the case of bendable filament. FIG. 8. Coordinate system of the model.
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free electron density n and the electric potential vP can
be derived

n(z) = no exp 0(z)
DT

provided that the Einstein relation D„=uT p holds; uT
is the thermal potential, uT = k~T/e, and no is the free
electron density in a reference point, xo, g(xo) = 0.

It has been shown that the presence of two levels of
localized states in addition to the conduction band is
necessary and sufIicient to yield a system with up to three
equilibrium states, which difFer in &ee electron density.
Consequently, the material shows an S-shaped relation
between current density and electric field strength (J-
E characteristic), which is known to be typical for the
occurrence of spatially inhomogeneous steady states in
the form of current Glaments. ' In the case of n-type
GaAs at liquid helium temperature, the ground state and
the first excited state of shallow donors are involved in the
most probable transition processes, which are shown in
Fig. 9. The transition rates can be described in analogy
with chemical reaction kinetics in the following form:

nD ——Ti NDn+ X*nD —Xi nD —Xi nDn —T*nD,
n~ ——T*nD —X*nD —Linen, (4)

where nD and nD are the electron densities in the ground
and excited states, respectively. The impact ionization
rate coefIicients Xi and Xi depend strongly on the elec-
tric Geld. For the sake of simplicity, these dependences
are approximated by the semiempirical formula

I'E
Xi ——X exp

where X, E, and n are constants, and ~E~ is the lo-
cal electric Geld strength. An analogous relation holds
for X~.

In a steady state, the rate equations (4) become alge-
braic and both nD and nD can be expressed as rational
functions of n. Since ND ——ND —nD —nD and all the
acceptorlike impurities are assumed to be ionized, Eq. (I)
can be rewritten into the form

U/8""= I+(*/-)' (7)

where U' is the applied voltage, b and 0. are constants
reHecting the contact diameter B and distance c between
the contact centers in the following way:

o + (c/2 —B)
0 —(c/2 —B)

o = g(c/2)2 —R2.

To avoid the uncertainty in the description of the phys-
ical boundary of the sample and to maintain the validity
of Eq. (7), we choose the boundary points of the model to
lie within the boundaries of the sample, but, at the same
time, sufIiciently far from them. Further, we constrain
ourselves to such physically reasonable solution modes of
Eq. (6), which tend to some homogeneous state far away
from the filament boundaries. Such a homogeneous and
thus charge neutral state corresponds to the trivial solu-
tion of Eq. (6)

order polynomials, respectively. This nonlinear nonau-
tonomous difFerential equation describes the distribution
of an electric potential in the cross section of the current
filament.

It is noted that through the relation (5) some of
the coefricients in the polynomials P2 and P3 are func-
tions of the magnitude of the local electric field strength

[E~ = (dvj/dx) + E„(x) . While the first deriva-
tive of the potential makes Eq. (6) nonlinear, the func-
tion E&(x), which reflects the field distribution, makes it
nonautonomous. With respect to assumption (i) &om the
beginning of this section, Es(x) in a steady state is pre-
sumed to be given only by the geometry of the contacts
and by the applied voltage. Two basic configurations can
thus be distinguished: parallel stripelike contacts enforc-
ing a spatially constant electric field, and the point or
circular contacts with a dipolar field distribution. In the
latter case, the y component of the electric Geld along
the x axis is described by the decreasing function s (as
long as the finite boundary effect may be neglected)

d'q P, [exp(@/uT); E„(z)]
d x2 P2 [exp(g/uT ); Es(z)] ' (6) Ps(n; E„) = 0.

With the rate coefIicients according to Table II, the cubic
where P2 and P~ for simplicity denote second- and third-

TABLE II. Numerical parameters of Eq. (6). The values
of the rate coefBcients are taken from Ref. 19 and correspond
to a typical epitaxial layer of n-type GaAs at liquid helium
temperature.

FIG. 9. The transition processes of two-level model (Ref. 5).
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equation (8) reveals an interval of bistability between Eh
and Eqh as shown in Fig. 10.

It can be seen that the values &om the middle branch of
the neutrality curve belong to the unstable homogeneous
steady state, as its differential conductivity is negative.
The remaining branches with

~

X
~

( Et h and
~

X
~

) Eh
yield the values of electron density of a stable homoge-
neous state in a given electric field. Since the states on
these branches are stable we can suppose that suKciently
slow spatial variations of local electric field E„result only
in slight deviations &om the neutrality curve, as long as
~X~ does not exceed critical values Ei~ or Eh, . Equa-
tions (7) and (8) can thus be used to define Dirichlet
boundary conditions for Eq. (6), assuming the boundary
points lie sufBciently far from the filament walls.

Basic solutions of Eq. (6) for several values of the bias
voltage are shown in Fig. 11. It can be seen that there ex-
ists a certain critical value of a local field strength: when
the component E„decreases under this critical value, the
density of &ee electrons suddenly falls, forming thus an
edge of the highly conductive region. This conclusion
corresponds to the basic result of Ref. 5 about coexis-
tence of the low and high electron density regions in a
homogeneous field. with a globally constant critical elec-
tric field, namely, the coexistence field. For the given set
of parameters, this coexistence field has been numerically
found to agree exactly with the critical field as seen &om
Fig. 11.

The position of the filament boundary in the modeled
case coincides with the point (i.e. , the line in the plane) of
the coexistence Beld; it shifts with changing bias. Assum-
ing, in accordance with the presented model, some con-
stant value E of this coexistence field, a simple square-
root dependence of the filament width to on the applied
voltage U can be derived through the inversion of Eq. (7)

Ey
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220:—
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200:—
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0.2 0, 4 0.6 0.8 x (mm)

FIG. 11. The decay of the E„component of the dipolar
field in the transversal direction at several values of bias volt-
age (top) and the corresponding free electron profiles given by
the solution of Eq. (6) (bottom); x = 0 lies in the longitudinal
symmetry axis of the filament. At this point the E„compo-
nent of the electric field reaches its maximum proportional to
the applied voltage according to Eq. (7). The dashed lines
depict the bistable states in which the maximum of E„does
not exceed the interval of bistability and two values of n are
possible as boundary values. The corresponding second sta-
tionary state with a low electron density lies always on the x
axis within the resolution of the figure.
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FIG. 10. Free electron density as a function of local electric
field strength in a charge neutral state.
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FIG. 12. Filament width as a function of applied volt-

age. The full circles indicate experimental data correspond-
ing to Fig. 2. Parameters of the fitting curve (solid hne) are
o = 1.33 mm and E 8 = 1.93 V, which correspond to an ef-
fective radius R = 0.44 mm and a distance between contacts
c = 2.8 mm, cf. Table I.
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transport of electrons. Nevertheless, an analogy may be
drawn &om the case of a filament subject to a perpen-
dicular magnetic field in a stripe contact geometry. In
such a case, as found experimentally for p-type Ge, 2 the
filament tends to travel laterally in the direction of the
I orentz force. Various mechanisms associated with this
motion have been proposed, based, e.g. , on diferent elec-
tron mobilities in the high- and low-conducting regions,
respectively, or on the disbalanced ionization and cap-
ture of &ee electrons on the opposite Blament walls.
Irrespective of their actual nature, the same mechanisms
must be supposed to act in our case, too, leading to the
bending of the narrow filament and being balanced with
a pinning eR'ect of the point contacts.

FIG. 13. Solutions of Eq. (6) in the presence of a magnetic
field normal to the epitaxial layer. The thin lines show the
solutions at the same bias but without magnetic field. IV. CONCLUSIONS

dnJ =ep nE +eD +JJ~J s(x)B (10)

where J and J„„arecomponents of the current density
vector, p~ is the Hall mobility, and B is the magnetic
induction. In a stationary state, if it exists, the J com-
ponent vanishes again, and the integration of (10) yields
an analogy to (3)

@(x) = uz ln
~

~

— EH(x') dx',(n(x) )
E "o)

Using 0 and h as &ee parameters, (9) has been fitted
to the experimental data of Fig. 4. A good agreement
with the real dimensions of the sample, Fig. 12, justifies
indirectly both of the assumptions (i) and (ii) &om the
beginning of this section.

It may Gnally be concluded that the shape of the Gla-
ment as well as its position in a steady state are uniquely
defined and stabilized by the field distribution. The role
of self-organization is thus suppressed and confined only,
on another spatial scale, to the formation of the phase
interface, namely, the filament boundary.

To allow for the eH'ect of a perpendicular magnetic
Geld, an additional transport of free electrons in the x
direction due to the I orentz force can be phenomeno-
logically described by introducing a new term into the
transport equation (2)

At low currents in the immediate post-breakdown
regime, a narrow filamentary structure between two point
contacts has been observed. The width of the structure
lies in the order of resolution of the scanning laser mi-
croscope method. Subject to a perpendicular magnetic
field, it exhibits an apparent bending in the direction of
the I orentz force, in an analogy with previously reported
traveling of the filaments in a stripe contact geometry.
Its maximum side displacement is approximately propor-
tional to the applied magnetic Beld in the range of +40
mT.

With rising voltage bias, the filament width in a mag-
netic Beld free case increases in a square-root-like de-
pendence. Simultaneously, the stability of the structure
against an external perturbation grows and the inHuence
of the perpendicular magnetic Beld on the lateral dis-
placement decreases. Thus, at higher currents well above
the breakdown another characteristic regime can be dis-
tinguished, in which the macroscopic shape of the Bla-
ment is essentially determined by the inhomogeneous dis-
tribution of the electric Beld imposed by the point contact
geometry. This large-area filament is then formed by two
independent interfaces, which confine the phase of stable
high electron density. The position of these interfaces
(filament boundaries) is approximately given by lines of
constant local field strength of some specific value. A
perpendicular cross section of the filamentary structure
can be in a stationary state satisfactorily described by a
simple one-dimensional model.

with the Hall field EH(x) = p~E„(x)B and —xo the
reference point, @(xo) = 0.

The solutions of Eq. (6) with the modification due to
Eq. (10) are shown in Fig. 13. The loss of symmetry
is apparent, especially in the case of the narrow fila-
ment. It should be stressed, however, that the results
do not carry any information about the side displace-
ment or bending of the filamentary structure; it is hidden
in the not specified assumption of the vanishing lateral
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