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Abstract. Self-generated chaotic current fluctuations in the post-breakdown regime of a
n-GaAs layer at 4.2 K have been analyzed in detail. Without an external magnetic field only
regular oscillations were observed. Increasing the magnetic field strength up to 100mT
generates a sequence of quasiperiodic and frequency-locking current oscillations and finally
a Ruelle-Takens-Newhouse scenario with chaos, This may be understood by assuming two
coupled oscillatory processes caused by dielectric relaxation and energy relaxation in the

distribution of free carriers.

PACS: 05.40., 72.70.,, 72.20]

High-purity semiconductors at low temperature show
highly nonlinear current-voltage characteristics. For
small electric fields almost all carriers are bound to
shallow impurities yielding a low conductance of the
sample. At a critical field of a few volts per cm the
impact ionization rate of shallow impurities exceeds
the capture rate for low carrier concentration resulting
in a rapid increase of the current. The steady-state
properties of the transition from the low-conducting
state to the high-conducting state have been analyzed
in terms of nonequilibrium phase transformations
[1-4]. In the course of the transition, spontanecous
oscillations and chaotic current fluctuations have been
observed in several semiconductor materials [5-17].
Different types of, and routes to, chaos were recognized
and discussed in terms of nonlinear dynamics [18-28].
Current fluctuations in semiconductors may occur
spontaneously [5-13] or be induced by an external
periodic driving force [13-17].

In the present paper we report on a detailed study
of self-generated current fluctuations in high purity
n-GaAs epitaxial layers which occur within a limited
bias voltage interval in the post-breakdown regime of
the material. The observed phenomena depend criti-
cally on the strength of an external magnetic field. At
zero field, B=90, only regular oscillations were found.
Increasing B up to not more than 100mT causes a
sequence of quasiperiodic and frequency-locking cur-

rent phenomena, finally undergoing a Ruelle-Takens-
Newhouse scenario to chaos. This behavior may be
attributed to the coupling of two oscillatory processes,
in the present case dielectric relaxation and an oscilla-
tion of the nonequilibrium electron distribution. The
experimental results are in excellent agreement with
the predictions of the circle-map theory. The coupling
strength, frequencies and amplitudes of both self-
sustained processes depend strongly on the magnetic
field strength.

1. Experimental Setup

The measurements were carried out on a n-GaAs
epitaxial layer grown by liquid phase epitaxy on a Cr-
compensated substrate. Ohmic point contacts were
formed 2 mm apart from each other on the 16 pm thick
layer. The material characteristics of the sample are:
carrier concentration n=1.3x10"cm™3, electron
mobility u=8.9 x 10*cm?/Vs at 77K corresponding

" to a donor concentration Np=5.7x10*cm =2 and a

compensation ratio of 77%. The sample was immersed
in liquid helium and was shielded against ambient and
thermal radiation. Using a superconducting solenoid a
magnetic field B was applied perpendicular to the
sample surface and the current through the layer. The
bias voltage was applied with a load resistor of 200 k<,
and, as a probe of the current, the voltage across the
sample was measured.
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2. Current-Voltage Characteristics

In order to localize regions in the current-voltage plane
where fluctuations of a certain type occur, the current-
voltage characteristic for various magnetic field
strengths were recorded. Current-voltage (I-V) charac-
teristics are usually measured by averaging the fluctu-
ations. This yields the well-known nonlinear I-V
relations showing negative differential resistance,
sharp kinks and hysteresis. These structures in the I-V
characteristic depend on the amplitude of the fluctu-
ations as well as on the shape of the oscillations as a
function of time, which may be strongly affected by the
external circuitry. To get rid of these artefacts we
present a new method to visualize current-voltage
characteristics with oscillatory regions. The sample
was biased in series with a sufficiently large load
resistor to have constant current conditions, and the
voltage fluctuations across the sample were measured
by applying broad-band electronics. In the current-
voltage plane the extrema of the voltage oscillations
and the average voltage as a function of the current
were recorded. The results are displayed in Fig. 1a
where hatched regions show the extent of the fluctu-
ation amplitudes.

In these areas of the I-V plane virtually no definite
relation between current and voltage exists. The
oscillatory regimes of the I-V plane are different for
increasing and decreasing current which is indicated
by right and left inclined hatching in Fig. 1a.

The measurements show that in the area of the I-V
plane where oscillations occur, two different regimes
may be distinguished, that with large voltage ampli-
tudes and that with small amplitudes. Increasing the
magnetic field strength the large amplitude region
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shrinks on the current scale and new types of oscilla-
tion with small amplitudes appear for high currents.
The large amplitudes decrease slightly and the small
amplitudes increase drastically with rising magnetic
field strength. For higher magnetic fields (not shown in
Fig. 1) the large amplitude region totally vanishes. The
results of the present investigation were obtained for
currents at the top of and above the large voltage
amplitude area inside the small amplitude region.

Averaging the fluctuations yields typical current-
voltage characteristics with the well-known hysteresis
effects as shown in Fig. 1b.

Comparison between the two kinds of recording
proves that current-voltage hysteresis is not a steady-
state property of the sample; rather, it is due simply to a
change in the character of the fluctuations.

3. Spontaneous Oscillations

To analyze the spontaneous oscillations, time series of
the voltage across the sample were digitally recorded
with sampling intervals Af ranging from 50 to 5000 ns.
The recorded signals were used to calculate power
spectra, phase portraits, Poincaré sections and the
fractal dimension d of the fluctuations as functions of
the voltage applied to the sample and the load resistor
in series. Because of the strong fluctuations in the
oscillatory regime, the bias voltage of the sample itself
could not be taken as a control parameter. The power
spectra were obtained by averaging 20 independent
spectra of different time series consisting of 2048
sampling points.

At B=0, regular oscillations were found, which set
in just above the breakdown voltage and remain
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coherent up to well above breakdown. Their frequency
increases up to S MHz with rising voltage.

The observed spectral features of B>0 are sum-
marized in Fig. 2 for the voltage range 5 to 7 V in which
all the essential effects occurred.

In all cases a fundamental relaxation oscillation of
frequency f; belonging to the small amplitude class
was present. Therefore, all frequencies in Fig. 2 are
given in units of f;. Between B=16mT and 40mT the
relaxation oscillations are modified by the occurrence
of a second frequency indicating a quasiperiodic
behavior of the oscillations. Measurements for 40 mT
are displayed in Fig. 2a. The fundamental frequency is
practically constant f; =4.1 MHz for the total voltage
range. The f, oscillation sets in at 6.5V with
J>=890kHz being smaller than f; and disappears at
7V. Poincaré sections revealed a torus type attractor
and the analysis of the retun map confirmed the
quasiperiodicity of the oscillations.

At B=77mT the onset of the f, oscillation occurs
at 5.7V and the frequency f, is larger than the f;
fundamental frequency (now f; is about 700kHz) as
shown in Fig. 2b. Increasing the bias voltage again
reduces f,, however not continuously as in the case of
B=40mT, but by locking to rational fractions of f.
The frequency ratios follow the Farey tree [29] f,/f;
=5/2, 7/3, 9/4, and 11/5 with decreasing locking
intervals on the voltage scale. The frequency f; de-
creases slightly from 713kHz at a voltage of 5.75V to
688kHz at 6.84V in a monotonic way, whereas f,
changes from 1.79 MHz to 1.45 MHz.
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Fig. 2a—c. Frequencies of the current fluctuations in units of f;
over the bias voltage range 5 to 7V and for various magnetic
fields B: a B=40mT: quasiperiodic behavior; b B=77mT:
frequency-locking states; ¢ B=100mT: Ruelle-Takens-
Newhouse scenario; the dashed area denotes the voltage range
of chaos

At B=100mT the fluctuations again change their
character drastically. A Ruelle-Takens-Newhouse
scenario is found in agreement with previous obser-
vations [12].

Up to 521V, only the fundamental oscillation is
found with frequency f; =1.07 MHz. The fractal di-
mension of the oscillation d, determined by the method
of Grassberger and Procaccia [30] with embedding
dimensions up to 14, is about d=1.0. At higher
voltages, a second oscillation arises again, whose
frequency f, is now smaller than f; increasing con-
tinuously from 86 kHz at 5.21V to 225kHz at 5.55V.
The Poincaré sections show closed curves due to a
torus type attractor and the fractal dimension is about
d=2in this voltage interval. At 5.55V chaos sets in as
indicated by the hatched region in Fig. 2¢c. In the
course of the transition into the chaotic regime, the
broad-band noise increases by 65dB dominating the
power spectra. The fractal dimension is d=2.7 at onset
of chaos and rises slightly with increasing voltage.
Above 5.8 V a new frequency f; determines the current
fluctuation which remains constant at f; =547 kHz up
to 7V. The oscillation again has a fractal dimension
d=1 showing that no other fundamental mode is
present.

In summary, four different types of current oscil-
lations have been observed: (i) regular relaxation oscil-
lation at one fundamental frequency; (ii) quasiperiodic
behavior with two independent frequencies; (iii) fre-
quency-locking of two commensurate frequencies
at several low integer ratios; (iv) Ruelle-Takens-
Newhouse scenario.

In Fig. 3 the observed types of post-breakdown
current oscillation are visualized in a magnetic-field—
voltage plane. Regular oscillations occur in a wide area
of that plane shown by the shaded area. Quasiperiodic
behavior could be observed in a narrow interval of
voltage and low magnetic field (B=16mT) or in a
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Fig. 3. The different types of current oscillations located in the
magnetic-field-voltage plane. The sequence of quasiperiodic
behavior, frequency-locking states and Ruelle-Takens-
Newhouse (RTN) scenario occurs in a window surrounded by
regular oscillations
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wider range of the bias voltage at B=40mT (see Figs.
2a and 3). At intermediate magnetic fields frequency-
locking was obtained in a wide voltage range and for
higher magnetic fields a Ruelle-Takens-Newhouse
scenario governs the transition to chaos in a different
interval of voltage. The dashed lines in Fig. 3 may serve
as a guide to the eye for separating areas of regular
oscillations at only one fundamental frequency from
those where two or more additional frequencies or
even chaos appear.

Regular oscillations result from the existence of
instabilities, whereas quasiperiodic behavior and
frequency-locking may be understood in terms of the
circle-map theory by a second oscillatory process with
increased coupling strength to the first one. The
Ruelle-Takens-Newhouse scenario is likely if a third
oscillation process arises and forces the quasiperiodic
oscillations into chaos.

The magnetic field strength controls the type of
oscillation via a second oscillatory process and its
coupling strength to the fundamental process.

4. Discussion

The most obvious process that can lead to a regular
oscillation in a wide range of voltage and magnetic
field B is a longitudinal fluctuation in the current
density. As shown by Scholl [22] such fluctuations
may be caused by dielectric relaxation and multilevel
impact ionization of donors. The underlying idea is the
following: Trapping of the injected current carriers
increases the internal electric field, thus impact ioniza-
tion of shallow impurities is enhanced and more free
carriers are generated. Dielectric relaxation then
lowers the internal electric field, therefore impact
ionization becomes weak and recombination more
probable. With trapping this process is periodically
repeated.

Applying a magnetic field to the sample has many
effects on its transport properties. Freeze-out of car-
riers in shallow donors and the increased magnetore-
sistance of the material may lower the impactionization
rate and therefore lower the dielectric relaxation time,
reflected by a reduced frequency for the regular
oscillation in agreement with our experimental results.
The Lorentzian force also deflects the carrier trajec-
tories thus lowering the mean free path.

Besides that, a second oscillatory process may be
caused by energy relaxation in the energy distribution
of the carriers. The underlying idea for that process is
this: An applied electric field in a semiconductor may
lead to an asymmetric Boltzmann distribution in the
energy of the free carriers [31]. Electrons in the
Boltzmann tail with a high kinetic energy can generate
more free electrons by impact ionization of shallow
donors than low energy electrons. Thus the Boltzmann
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tail is reduced and the concentration of low energy
electrons is increased by both the inelastic scattering of
high energy electrons to lower energies and by the
impact ionization generation of additional free carriers
[26-28]. These additional electrons reduce the internal
electric field and hence lower the voltage at the sample.
So by the increased carrier concentration the electron-
electron interaction and the scattering at ionized
impurities is increased, producing a reduction of the
mean free path of carriers. The gain in kinetic energy of
accelerated low energy electrons is reduced by the
energy dependent scattering rate and the lower voltage
across the sample. However, the high energy electrons
may be accelerated until they loose energy either to
the phonon system [23, 24], or, more likely, by
impact ionization of shallow donors. This autocatalyt-
ic process results in a high current density with a thin
Boltzmann tail and low impact ionization probability.
Almost all shallow donors have been ionized. There-
fore relaxation and recombination to the unoccupied
donors becomes dominant. Now the free carrier con-
centration will be reduced and the voltage increased.
Electron-electron interactions and scattering at impu-
rities are less likely and the mean free path becomes
longer again. The electrons may gain kinetic energy
through acceleration caused by the high electric field.
The distribution in the high energy tail becomes stron-
ger and thus, with impact ionization, the process starts
again. This carrier-concentration-dependent process is
controlled by the magnetic field via the mean free path
since the deflection of electron trajectories keeps the
electrons longer in spatial regions of high scattering
rates at ionized donors.

Quasiperiodic behavior may be understood by the
absence of coupling, or only a weak coupling between
two oscillatory processes. The observed quasiperiodic
current fluctuations stem from the dielectric relaxation
process and the energy relaxation process as discussed
above. In terms of the circle-map theory, mode-locking
states can be identified as Arnold tongues arising with
an increased coupling strength [32]. The two oscilla-
tory processes are coupled by a nonlinear impact
ionization mechanism and in addition its frequencies
and amplitudes are controlled by the magnetic field.
For stronger magnetic fields, the shift of the energy
levels of shallow donors can no longer be neglected.
This will result in different generation-recombination
kinetics. Thus quasiperiodic behavior may be driven to
chaos by a third oscillatory process induced by the
nonlinear generation-recombination kinetics. This se-
quence of successively appearing incommensurate
frequencies and chaos with variation of the bias
voltage can be described as a Ruelle-Takens-
Newhouse scenario, obtained in the present n-GaAs
sample at B=100mT.
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5. Conclusion

In conclusion, we have analyzed for the first time the
sequence of spontaneous current fluctuations in
n-GaAs controlled by a weak external magnetic field B.
We find regular oscillation, quasiperiodic behavior of

two characteristic oscillations, frequency-locking of

these two oscillations and chaos with a Ruelle-Takens-
Newhouse scenario. This sequence was discussed in
terms of circle-map theory with two physical oscilla-
tory mechanisms, due to dielectric relaxation and
energy relaxation in the distribution of the carriers
leading to an asymmetric Boltzmann distribution
which depends on the free carrier concentration and on
the electric field. The coupling between the two
oscillatory processes is controlled and adjusted by the
magnetic field and voltage bias.
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