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Chaotic Fluctuations and Formation of a Current Filament in n-type GaAs
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A novel nonlinear model is presented for the occurrence of current fluctuations at low temperatures in
extrinsic semiconductors. It is based on impact ionization of shallow impurities and structure-forming
processes leading to a current filament. Numerical investigations reproduce the current-voltage charac-
teristics and reveal regular, quasiperiodic, and frequency-locked spontaneous current oscillations and a
Ruelle-Takens-Newhouse transition to chaos in agreement with experimental observations in n-type

GaA:s.

PACS numbers: 72.20.—i, 05.40.+j, 72.70.+m

Autonomous current oscillations and chaotic fluctua-
tions were observed in various high-purity semiconduc-
tors in the course of impurity breakdown at low tempera-
tures.'™3 Detailed experimental investigations of n-type
GaAs epitaxial layers have shown that the oscillations
and the nonlinearities in the current-voltage characteris-
tics are intimately connected to the. formation of a
current filament* and depend on the strength of an exter-
nal magnetic field.>® Without a magnetic field only
regular relaxation oscillations and stable filamentary
current flow in the post-breakdown regime are observed.
Applying a magnetic field significantly changes the tem-
poral structure of oscillations and destabilizes the
current filament. A second oscillatory mode spontane-
ously evolves which, with increasing magnetic-field
strength, generates a sequence of quasiperiodic and
mode-locked states. Finally, a third mode drives the sys-
tem into chaos following a Ruelle-Takens-Newhouse
(RTN) scenario. Several models have been developed to
explain self-sustained oscillatory effects in semiconduc-
tors.””'® However, up to now the physical origin of com-
plex current fluctuations formed by different modes of
oscillations giving rise to chaos by a RTN transition is
not well understood. In fact, to our knowledge no theory
exists which yields a RTN scenario in an extrinsic semi-
conductor.

In this Letter we report on a novel nonlinear model
which for the first time reproduces the dynamical phe-
nomena observed in n-type GaAs epitaxial layers. In
particular, the steady-state properties, the formation of a
current filament, regular oscillations, and quasiperiodic
and mode-locked current fluctuations are simulated as
functions of external electric and magnetic fields in al-
most quantitative agreement with the experimental re-
sults. This model describes the fundamental physical
reasons for a RTN transition to chaos.

Inhomogeneous current distribution in a nonequilibri-
um dynamical state may be described by partial
differential equations which, however, are not practical
to model filament formation. Based on assumptions aris-
ing from the experimentally observed spatial structure of

the current flow in a thin epitaxial layer,” the problem
may be reduced to a set of coupled nonlinear ordinary
differential equations which can be solved numerically.
The current filament is approximated by five different
zones representing the filament, the filament borders as
transition zones to the high-Ohmic cladding regions, and
the high-Ohmic outside zones themselves. Each zone is
assumed to be homogeneous with the free-electron con-
centration depending only on time. The local kinetics in
each zone is described by generation of free carriers due
to impact ionization of shallow donors out of the ground
state and one representative excited state and recombina-
tion across the excited state. This approach is in accord
with the giant trap theory'' and yields S-type local
current-density-electric-field relations.!> The interac-
tion between the zones is mediated by lateral carrier
diffusion and structure-forming processes, in particular,
pinching of the filamentary current flow. These process-
es act as pressures on the zone interfaces'® and yield
dynamical variations of the zone widths and thus the
current through the sample. Applying a magnetic field
perpendicular to the layer and to the current accumu-
lates space charges in the transition zones and generates
a Hall field across the filament. The impact-ionization
probability in the positively and negatively charged tran-
sition zones becomes higher and smaller, respectively.’
This is the most important effect of the magnetic field on
the filamentary current flow® which is taken into account
by a corresponding increase and decrease of the driving
electric fields in the borders proportional to the Hall
field.

The rate equations describing the time dependence of
the free-electron concentration » and the occupations of
the donor ground state np and the excited state nj are

A=XnE+X¥nin+X npn—Tippn ,

. Xk y * %
nn =Tippn+X*np —Xtnp —Xt¥npn—T*np ,
np =T*n3 —X*nD — X npn ,

where pp is the density of ionized donors which, in the
case of local neutrality, is given by pp =N 4+n, with V4
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the concentration of compensating acceptors. The
impact-ionization probabilities per electron, as functions
of the electric field E, X{ (E) and X,(E), are propor-
tional to expl—(c/E)°]l, with a between 1 and 2.'*
Single-electron processes taken into account are thermal
excitation (X*) and thermal ionization (X7) of the ex-
cited state, capture of carriers in the excited state ),
and relaxation to the ground state (7*). Thermal ion-
ization out of the ground state may be ignored due to the
low temperatures.

The high-conducting phase formed by a huge concen-
tration of free electrons, constituting the current fila-
ment, can be regarded as a compensated nonequilibrium
plasma with the restriction of immobile positive
charges.'> The pattern of a filamentary current flow
stems from several compensating pressures on the inter-
faces of the zones.'® Diffusion of free carriers due to the
gradient in the concentration at the filament border acts
as a pressure Pgig—~n with a tendency of spreading the
filament width. Another tendency to widen the filament
derives by Ohmic heating of the filament with dissipation
of electric power. This pressure Py, ~nkpT, is propor-
tional to the free-carrier concentration n and the free-
electron temperature T,.'¢ Pinching, Pi,~Ir, tending to
shrink the current filament, with Ir the current through
the filament, results from self-acting forces on the free
carriers deflecting their trajectories to the center of the
filament. Generally, this tendency of pinching is always
present on drifting carriers.'> However, the current fila-
ment is not pinched off totally because in compensated
n-type semiconductors the remaining ionized positively
charged donors, being fixed in space, will form space-
charge regions at the filament borders giving rise to com-
pensating counteracting electric fields limiting the pinch-
ing.'> This pressure is denoted as Pcomp~ Ir here.

The structure-forming tendencies P and the widths w
of the charged zones are sketched in Fig. 1 in a schemat-
ic drawing of the filament cross section. The five
different zones are characterized by different widths,
different concentrations of free carriers, different occu-
pations of shallow impurities, and, most significant, if a
magnetic field is applied, different local electrical-field
strengths causing different ionization probabilities.

In order to compare the numerical results directly to
those observed, the electric circuitry of the experimental
setup and the dimensions of the sample have to be taken
into account. The series combination of a load resistor
R, =100 kQ and the sample, over which the voltage V)
is applied, determines the voltage V across the sample
and hence the electric-field strength E. Capacitive
effects and displacement currents in the sample can be
regarded as a capacitance C parallel to the sample. The
time dependence of the electrical field E is expressed by
E=(,—1Is)/CD, where D is the distance between the
electrical contacts and I; and Is denote the current
through R; and the sample, respectively. The mobility u
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FIG. 1. Schematic cross section of a current filament in an
epitaxial semiconductor layer. The structure-forming tenden-
cies P are sketched in the five-zone model. Local electric fields
E and zone widths w are dynamical variables.

of free electrons is a function of the applied magnetic-
field strength B perpendicular to the current'” which can
be estimated as u =po/[1+ (aB)?].

The lateral distribution of free-carrier concentration is
obtained by numerical calculations on five parallel work-
ing computers (INMOS T800), representing the five
different zones in the sample. Each computer solves the
local rate equations with regard to the zone-specific
electric-field strengths. The pressures are calculated and
the free-carrier concentrations of the different zones
are combined to determine the total electric current
ud X niE;w;, where the sum runs over the five zones and
d is the thickness of the sample. Then the voltage across
the sample and the local electric fields for the different
zones, taking into account the Hall field, are determined.
Finally, the filament width and the lateral extensions of
the zones are adjusted from the pressure imbalance at
the interfaces. Successive calculation of the above de-
scribed procedure will reveal the temporal behavior in
the current and the spatiotemporal structure of the
current filament.

The simulation was performed with the material pa-
rameters of the sample investigated in the experiment of
Ref. 6. Together with C=9.6 pF, a=17 m?/Vs, and
Ho=4x10* cm?/Vs for the electron mobility at 4.2 K,
the best numerical fit has been obtained with a=2,
impact-ionization coefficients X{ (c0) =4.4x 10 ~° cm?’/s
and X;(e0)=2.2x107° cm?/s, and ¢=1.22 and 2.44
V/cm for the excited and ground states of the donors, re-
spectively. The remaining coefficients are 77 =4.5
x10 7% cm?s, T*=4.1x10" s7!, X§=1.17x10° s 7!,
and X*=2.34x10%s !, The order of magnitude of the
kinetic parameters fits in well with previous investiga-
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FIG. 2. Calculated current-voltage characteristics for vari-
ous magnetic fields B (load resistor R, =1 M Q and bath tem-
perature T=4.2 K). Regions of distinct characteristic oscilla-
tions [-1V are indicated (see text). The extent of the oscillato-
ry regime is marked by hatching (hatching inclined from bot-
tom left to top right denotes recording direction to increasing
current; that from top left to bottom right denotes decreasing
current).

tions.'® Figure 2 shows calculated current-voltage char-
acteristics for different magnetic-field strengths in good
agreement with experimental results.*® The characteris-
tic regimes of distinct current behavior are almost quan-
titatively reproduced: (I) stable high-impedance current
flow, (II) large-amplitude relaxation oscillations with
frequencies up to 5 MHz, (I1I) small-amplitude fluctua-
tions of complex temporal behavior for B0, and (IV)
stable low-impedance current post-breakdown behavior.
Numerical solutions are shown in Figs. 3 and 4 in com-
parison with the experimental results. The temporal
characteristics of the large-amplitude relaxation oscilla-
tion are shown in Fig. 3(a) for two different bias voltages
V. These relaxation oscillations are the result of repeti-
tive ignition and extinction of an impact-ionization
avalanche yielding a flashing current filament. At
sufficiently large average currents a filament is formed
which is stable for B=0. For B> 30 mT and in regime
III, where a current filament is formed and the
structure-forming tendencies are important, different
modes of oscillation arise. One fundamental current os-
cillation derives from the cyclic ignition and extinction of
the local impact-ionization breakdown inside the posi-
tively charged filament border. A second mode stems
from the fluctuations in the concentration of free carriers
inside the current filament due to fluctuations in £. As a
consequence of the structure-forming tendencies, the
widths of the filament and of the charged zones oscillate.
At small magnetic fields where coupling between these
two modes is weak, quasiperiodic behavior is obtained, as
shown in Fig. 3(b). At increased magnetic-field
strengths the electric Hall field and the width of the posi-
tive transition zone are enlarged and hence the current
flow is destabilized in a more drastic way. This can be
regarded as an increased coupling strength between the
two different oscillating modes. Thus, mode locking
occurs as predicted by the circle-map theory.'® The tem-
poral characteristics in the mode-locking regime are
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FIG. 3. Temporal structure of voltage oscillations for
different magnetic fields B and two different bias voltages Vo
each. Theoretical and experimental curves are indicated by
“th” and “exp,” respectively. (a) Regular oscillations in re-
gime II at B=0 and (b) quasiperiodic oscillations in regime 111
at B=40 mT.

shown in Fig. 4. The width of the positively charged
zone at the current filament border reveals a high-
frequency mode of oscillation, whereas the low-frequency
mode is defined by repetitively occurring large excursions
in the width or breathing of the current filament. Anoth-
er mode of destabilization is introduced for magnetic
fields and electrical-field strengths high enough to sur-
pass the impact-ionization threshold in the negatively
charged zone. This will lead to a collapse in the Hall
voltage.® In combination with the former two modes of
oscillation, the semiconductor exhibits chaotic current

B=60mTl
th Vo=3.80 V th Vo=3.90 V
E MMM/\A/\/\/\/\M/\/\A/V
>
[} + + t
87 exp Vo=3.76 V exp Vo=3.84 V
= A P
t t t 1
0 2 4 0 2 4

Time (us)

FIG. 4. Temporal structure of mode-locked voltage oscilla-
tions for B=60 mT. The frequency ratios § and § are plot-
ted; “th” and “exp” denote calculated and measured curves.
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fluctuations. Thus, a RTN transition to chaos can be de-
scribed by this five-zone, three-level model. For higher
currents the pinching tendency dominates over the desta-
bilizing processes, forcing a stable current filament
monotonously increasing in width as a function of the
current.

In summary, an explanation of the temporal structure
of nonlinear current fluctuations in thin extrinsic semi-
conductor layers, the formation and the spatiotemporal
behavior of a current filament, and the overall current-
voltage characteristics can be given by the above de-
scribed model as a function of external control parame-
ters. The essential approach suggested by experimental
results is the division of the sample into five different
spatial zones characterized by local electrical fields.
Structure-forming processes are taken into account by
pressures on the interfaces between the zones derived
from free-carrier concentrations. The number of free
carriers in each zone is determined by standard nonlinear
generation-recombination kinetics.
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