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The location of fluctuations occurring in a filamentary current flow is detected by
spatially resolved photocurrent measurements using optical interband excitation in
n-GaAs at low temperatures. Current fluctuations are only observed in the filament
boundaries. In the presence of an external magnetic field, characteristics like the
frequency and amplitude of the spontaneous current oscillations are different for
opposite edges of the filament pattern. The observed phenomena are discussed in
terms of electron generation-recombination kinetics.

At low temperatures impact ionization of shallow impu-
rities in high-purity semiconductors causes highly non-
linear current-voltage characteristics. Steady state pro-
perties of the transition from the low-conducting to the
high-conducting state have been described in the frame-
work of nonequilibrium phase transformations {1-3]. In
the course of the transition to the high-conducting re-
gime current fluctuations were observed in various semi-
conductor materials [4-10], which have been analyzed
in terms of nonlinear dynamics and of chaos theory.
Regimes of periodic, quasiperiodic, mode-locked and
chaotic current fluctuations were found and the diverse
scenarios like Ruelle-Takens-Newhouse, Feigenbaum and
intermittency for the transition to chaotic dynamics
were identified. For the occurrence of multifrequency
oscillations and chaos a weak external magnetic field is
necessary which represents a very sensitive control pa-
rameter for the spontaneous fluctuations [8].

The reconstruction of the spatial structure of the cur-
rent flow through the material reveals a filamentary pat-
tern in the post-breakdown regime [11-15]. Applying a
low-temperature scanning electron microscope Mayer et
al. have shown that current oscillations may be locked
to periodic excitations of a filament boundary, leading to
the conclusion that autonomous oscillations occur in the
boundary [14]. In a recent investigation it was demon-
strated that local optical interband excitations may be
used as well to analyze filamentary current flow [15].
Compared to electron beam techniques this method has
the advantage that the sample may be subjected to mag-
netic fields of any strength and in addition no external
electrons are injected into the material. In n-GaAs epi-
taxial layers large asymmetries of the spatially resolved
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photoresponse, which are caused by an external mag-
netic field, have been detected [15]. In the present inves-
tigations we show that a stable current filament, formed
in n-GaAs by impact ionization of shallow donors, is
destabilized by interband transitions due to laser irradi-
ation focused on the filament boundaries. The observed
current fluctuations, induced by steady state local op-
tical excitations, are self-sustained and exhibit, in the
sense of nonlinear dynamics, similar temporal behaviour
as those occurring in the autonomous case. As a result,
we find that in a magnetic field distinct modes of cur-
rent oscillations, differing in frequency and amplitude,
are located in opposite edges of the current filament.

The measurements have been carried out on an n-
GaAs epitaxial layer mounted in the center of a super-
conducting solenoid, which was immersed in liquid he-
lium at a temperature of 1.7 K. The magnetic field was
perpendicular to the current flow and to the sample sur-
face being parallel to the [100] crystallographic orienta-
tion. The donor concentration was Np = 12x 1014 ¢cm—3
at a compensation ratio of 92 %. The mobility of the
electrons was u = 4.5 x 10* cm?/Vs at 77K. The di-
mensions of the sample were 4.1 mm x 3.7mm with a
thickness of 29 um. Point contacts were placed at the
surface, separated by 3.3mm. The sample was biased
in series with a load resistor of 1 kohm to an adjustable
constant voltage source. The current was recorded from
the voltage across the sample by broadband electronics.
Proper biasing conditions in the post-breakdown regime
were chosen to obtain one stable current filament. In
order to reveal the spatial structure of the current flow
through the sample a scanning optical microscope was
applied [15]. The sample surface is scanned with a fo-
cused He-Ne-laser beam line by line and the photocon-
ductiv response is recorded synchronously as a function
of the irradiation position. Scanning is achieved by a
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mechanical deflection unit. Focusing of the irradiation
is obtained by a lens of 30 mm focal length, mounted
inside the optical cryostat and placed in front of the
sample. A schematic drawing of the experimental setup
is shown in Fig.1. Attenuators were used to vary the in-
tensity of the laser beam which becomes monomode by
passing a spatial filter. The defiection unit consists of
a rotating drum carrying 16 separately adjustable plane
mirrors. In order to scan different lines the drum can be
tilted around a horizontal axis, lying in the front surface
of the mirror in reflecting position. The beam splitter
serves to place the center of curvature of the concave
mirror on the beam deflecting plane mirror as well as in
front of the center of the focusing lens. Thus the vari-
able angle of reflection at the drum is transformed by
the concave mirror into the necessary variable angle of
incidence at the fixed focusing lens. Changing the angle
of incidence causes a linear movement of the laser focus
on the sample surface. The incident beam has a maxi-
mum power of 1 mW and a spot size of about 15 um at
the sample. A computer is used to control the deflec-
tion unit, to record the transient photoconductivity by
a waveform digitizer and to perform the reconstruction
of the filament pattern.

In Fig.2a the photoconductive signal due to He-Ne-
laser interband excitation is shown as a function of the
position of the laser beam on the sample surface along
line scans normal to the current flow. The measure-
ments were carried out at a magnetic field strength of
B = 0.1 T. The orientation of B and the current flow I
with respect to the surface coordinates (x,y) of the sam-
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Fig. 1. Schematic drawing of the experimental arrangement
for scanning the sample surface with a focused He-Ne-laser
beam.
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Fig.2. (a) Reconstruction of a current filament in an n-GaAs
epitaxial layer at a bias current of 0.9 mA and a magnetic
field B = 0.1T. The signal heights are the photocurrent de-
tected as function of the position of interband excitation on
the sample surface. (b) Enlarged section of the left photo-
signal ridge for scanning three different lines demonstrating
fluctuations.

ple are indicated in the figure. The spatially resolved
photocurrent shows two ridge-like structures, a strong
ridge on the left side and a smaller one on the right side.
In the following left and right is with respect to the ori-
entation of B and [ in Fig. 2a. These ridges are due to
photocarrier multiplication in the filament boundaries,
whereas the asymmetry in heights and widths of these
structures is caused by the magnetic field [15]. Thus the
ridges indicate the lateral extent of the filament. Blow-
ing up a ridge-like structure, as shown in Fig.2b for the
large left ridge, reveals an oscillatory instability in the
photocurrent when scanning this transition zone from
the low-conducting region well outside the filament to
the high-conducting region of the filament itself. Here
current oscillations are induced in the otherwise stable
current flow if the laser beam is scanned across the fila-
ment boundaries. Oscillations occur as long as the laser
focus moves within a certain spatial interval approx-
imately coinciding with the extent of the photosignal
ridges. The same type of oecillations arise on both sides
of the filament, however, the observed amplitudes and
frequencies are smaller for the small ridge. Stationary
focusing of the laser beam on a filament border causes
oscillations, whereas when irradiating the sample well
inside and outside the filament no current fluctuations
were observed. The time dependence of the current is
plotted in Fig.3 for different positions of the laser focus
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Fig.3. Temporal behavior of the current fluctuations oc-
curring for a fixed position of focused interband irradiation
along a line scan across the current filament, obtained for a
current of 0.22mA and B = 1.75T. The positions of irra-
diation are marked by dark spots on a schematic section of
sample.

in the filament geometry. The observed oscillations only
set in above a critical irradiation intensity. The ampli-
tude of these current fluctuations is practically unaltered
by the irradiation intensity for the left border, whereas
it increases slightly with rising intensity for the right
border. The fundamental frequencies of the oscillations
are different for both filament boundaries, faster oscilla-
tions occur when irradiating the left boundary showing
the stronger photoconductivity ridge. The spatial ex-
tent on the x-axis, where current fluctuation may be
induced by interband excitation, grows with increasing
intensity on both sides of the filament, whereas it grows
on the left side and shrinks on the right side when the
magnetic field strength is increased.

The observed phenomena may be understood qual-
itatively in terms of the nonlinear generation-recom-
bination kinetics due to impact ionization of shallow im-
purities by taking into account the formation of a Hall
field across the current filament [16]. Once a stable fila-
ment is formed in a transverse magnetic field, charge
neutrality is lifted in the filament boundaries by accu-
mulation and depletion of electrons on the right and left
side of the filament, respectively, yielding the source and
drain of the Hall field inside the sample. The combined
effect of the Lorentz force, the Hall field and the well-
known 1/B dependence of the electron diffusion length
on the magnetic field strength narrows the right bound-
ary and widens the left boundary of the filament com-
pared to the zero magnetic field case [15,17). In the
transition zones between filament and high resistive out-
side regions of the sample a large population of excited
donor states is established. This situation in concentra-
tion profiles along a line scan across the current filament
is sketched schematically in Fig.4 together with a simpli-
fied energy level diagram indicating the relevant electron
generation and recombination processes. Interband ir-
radiation will generate additional free electrons. This
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Fig.4. Schematic concentration profile of free carrier n,
excited donors np* and donors in ground state np along
a line scan acroes a current filament. The insert shows the
most important impact ionization generation and relaxation
processes occurring in the transition zones marked with @
and © according to the formation of the Hall field in a
transversal magnetic field.

local increase in the free carrier concentration in con-
junction with an increased population of excited shallow
donors in the transition zones will trigger an avalanche
in the generation of free electrons by the impact ion-
ization process. From this point of view the number of
free carriers produced by interband transitions is mul-
tiplied by the impact ionization of shallow impurities.
The resultant situation is not a steady state, so reestab-
lishing of the former situation is recovered through re-
laxation of the electrons into the donor states and into
the valence band. By cyclic repetition of this process,
described above, an autonomous current fluctuation is
obtained for irradiating the transition zones. For the
right narrow transition zone the basin of the population
of excited donor states is smaller, so multiplication of
interband generated electrons will be less effective. As a
consequence the peak response in the photocurrent and
the width where current oscillations may be induced are
smaller for the right transition zone in comparison to
the left one. The characteristic time of retriggering the
impact ionization avalanche is given by the relaxation
time to a concentration profile capable of destabilizing
the generation-recombination kinetics. For the narrower
right transition zone this time will be longer, due to a
greater accumulation of free carriers generated by in-
terband irradiation in combination with a smaller basin
of ionised impurities relaxation occurs into. So differ-
ent frequency characteristics are obtained for each of
the borders of the current filament. The magnetic field
adjusts the width of the transition zones and the popu-
lation of excited donor states at the filament boundary
and hence the peak response and the fundamental fre-
quencies in the current oscillations. So the frequencies of
the current fluctuations become a function of the mag-
netic field. Impact ionization of excited states of shallow
impurities will introduce a small high-frequency current
oecillation whereas impact ionization from the ground
state of shallow impurities will lead to pronounced cur-
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rent fluctuations which can be regarded as an oscillation
in the width of the current. Breathing filaments due to
oscillations in space charge zones were theoretically an-
ticipated by Schéll [18].

In conclusion, the spatial pattern of current filaments
in n-GaAs at low temperatures were reconstructed in a
magnetic field by an optical method. A scanning opti-
cal microscope was developed which is based on inter-
band excitation induced free carrier multiplication. In
a stable filamentary current flow, fluctuations were ob-
served when irradiating the filament boundaries whereas
no fluctuation could be found for exciting the filament
itself or the high resistive regions outside. The funda-
mental frequencies, the strength of response and the spa-
tial width, where current fluctuations may be initiated,

are different for opposite edges of the filament charac-
terized by electron depletion and accumulation yield-
ing source and drain of a Hall field. This difference in
the generation-recombination kinetics for different re-
gions of the sample is introduced by an external mag-
netic field and may be the cause of previously observed
spontaneous multimodal oscillations like quasiperiodic,
frequency-locked and chaotic current fluctuations.
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