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Self-organized symmetry-breaking current filamentation and multistability in Corbino disks
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A complex symmetry-breaking current instability in doped semiconductors induced by low-temperature
impact ionization breakdown is investigated. We present computer simulations revealing the dynamics of the
self-organized formation of multiple current filamentsriGaAs Corbino disks, i.e., samples with concentric
circular contacts. Our results explain the nascence of a filament in terms of two consecutive stages: a radially
symmetric impact ionization front spreading from the inner contact becomes unstable and breaks up into a
number of streamers evolving into prefilaments. With rising current, competition between those prefilaments
takes place due to the global coupling via the load resistance. Only a small number of these survive and grow
into fully developed filaments. Using the applied bias as a control parameter we find multistability and
hysteresis, with jumps in the current-voltage characteristic caused by the spontaneous formation of additional
filaments in the Corbino disk.

[. INTRODUCTION samples with point contacts, the occurrence of a current fila-

Impact ionization of charged impurities is a key processment from a previously homogeneous or radially symmetric
in inducing current instabilities in semiconductors including current density profile represents a symmetry-breaking insta-
self-generated current oscillations and chaos as first observédity. Such filamentary structures due to impurity break-
by Aoki® and Teitswortret al? Epitaxial semiconductor lay- down inn-GaAs have been observed experimentally by spa-
ers in the regime of low-temperature impurity breakdowntially resolved quenched photoluminescence techniéties.
have recently become a prominent model system for inves- However, the origin of this symmetry-breaking filamenta-
tigating self-organized nonlinear spatiotemporal patterns in }on and the observed hysteretic behavior associated with the
variety of geometried Semiconductor materials likeGaAs  SPontaneous nascence of additional filaments, and its forma-
at low temperatures exhibit an S-shaped current density-fielion dynamics, remain unclear. It is the aim of this paper to
relation due to impact ionization of carriers from shallow €xplain the complex spatiotemporal dynamics of those spon-
donors into the conduction band under high electric fields. [faneous symmetry-breaking processes by detailed computer
is known from various different physical systems that suchsimulations within a microscopic model using Monte Carlo
S-shaped negative differential conductii§NDC) can give data on the nonequilibrium scattering processes as an appro-
rise to the formation of current filamefitsften displaying Priately parametrized input.
complex dynamic behavicr® For doped GaAs the occur- The organization of the paper is as follows. After a brief
rence and shape of such filaments has been studied extdhtroduction of the model we present computer simulations
sively both experimentally and in computer simulations in-Of the formation process of a single filament at low bias
vestigating thin-film samples with point contact geometriesvoltage. Using the applied bias as a control parameter we

in the framework of phenomenologi¢4t and microscopic  then study the consecutive self-organized creation of addi-
modelst?—14 tional filaments as the bias is increased; this is associated

Sophisticated noninvasive measurement techniques sudith multistability and hysteresis. Finally, we draw some
as quenched photoluminescehcer near-field scanning conclusions.
photoluminescen¢® have allowed us to map two-

dimensional carrier density distributions, and thus spatially II. MODEL
resolve filamentary structures. This has opened up the possi-
bility to directly observe current filaments in-GaAs thin In this section we shall briefly summarize the model un-

films due to impact ionization of carriers from shallow do- derlying our simulation$**2We consider am-doped semi-
nors. Moreover, it might also lead to new insights into theconductor at liquid-helium temperature. The carrier density
avalanche process of carrier excitations over the Landain the conduction bandi(x,t), and hence the current den-
gap*8and current filamentatdfr?tin quantum Hall effect sity, is determined by the generation-recombinati@R)
breakdown. processes, including impact ionization of carriers between
Recently, current instabilities in samples with circular the conduction band and the donor levels. The experimen-
contact geometries, known as Corbino disks, have attracte@lly observed S-shaped current density-field relation in the
interest by experimental group$.Those Corbino disks regime of impurity breakdown can be explained in terms of
mimic semiconductor samples without lateral boundaries byGR kinetics involving at least two impurity levelsThe GR
inducing current flow between a central point contact and a&ycle starts with impact ionization from the donor ground
circular symmetric ring electrode. Thus they represent a verstate, and is sustained at lower fields by impact ionization of
satile model system for investigating current filamentation inmuch less strongly bound excited states, whose carrier con-
the absence of lateral boundary effects. Here, unlike ircentrations are denoted loy(x,t) andn,(x,t), respectively.
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Our theoretical approach self-consistently combines Monteeptor concentratioN, . Finally, the total current through
Carlo simulations of the microscopic scattering processethe sampld = [j-df and the sample voltage = [£- dx be-
and GR kinetics with rate equations for the macroscopic spaween the two contacts must satisfy Kirchhoff's law

tiotemporal dynamics of the carrier densitiesn,, n,, ex-
pressed through the continuity equations

on 1_ .

E_EVJ +¢(n1n11n21|g|)1

an; :
W:(ﬁi(n!nl!nZlg)l |:112; (1)

U=U,—RI €)
with the load resistanc® and the applied biasJ,. This
represents a global constraint for the sysidm (2).

I1l. SIMULATIONS

For a given sample voltage the electron distribution
n(xt), ni(xt), ny(x,t) and the electric field profile can be

wheree is the electron charge), ¢1, ¢, are the respective calculated self-consistently using E¢#), (2). Since we con-
GR rates¢ is the local electric field, and the current density sider thin-film samples we solvél), (2), (3) on a two-

j is given within the drift-diffusion approximation ap
=e(nu&+D Vn) with mobility x and diffusion coefficient
D

In an explicit GR modél for low-temperaturen-type
GaAs, the transition rates between the lewg|s¢;, which

dimensional spatial domain using an implicit finite-element
scheme in space combined with a backward Euler scheme in
time2® The two ohmic contacts are modeled by Dirichlet
boundary conditions for the electron densities. An external
voltageUy is applied via a load resistance RE=10 k() in

must satisfy¢+ ¢, + ¢,=0, are expressed by a set of non- an initial linear voltage ramp of 1 ps, after which it is kept
linear rate equations including thermal ionization of the ex-constant.

cited level(rate coefficientXs), capture of electrons into the

excited level {T3), relaxation T*), and excitation X*) be-

We consider circular samples of radius 1.05 mm with
concentric contacts. First, we apply an external biag)gf

tween the excited and the ground levels, and impact ioniza=2.05 V to a sample with a small circular central contact of

tion of the ground X,) and excited X7) levels. The impact

radius 0.04 mm such that this contact is the cathode, i.e., the

ionization and capture coefficients that occur therein and thanjecting contact for majority carriers. Figure 1 shows the
contain the essential nonlinear dependences upon the carrigpatial profile of the current density in a logarithmic scale at

densities and the field have been determinedhf@aAs by a
single-particle Monte Carlo simulatid. Those GR coeffi-

different timest of the simulation. Equipotential lines are
also shown. Initially, at=1 ps we have a homogeneous

cients are evaluated by averaging the microscopic transitiononconducting state, and the equipotential lines are concen-
probabilities over the nonequilibrium carrier distribution tric circles corresponding to a radial electric field decreasing
function f(k), which is extracted from the MC simulation. with distance. Then a radially symmetric impact ionization
Note thatf, and hence the GR coefficients, depend parametrifront forms at the inner contact, where the electric field is

cally onn, ny, n,, and&. An iteration procedure, wheng,

highest due to the circular sample geoméffig. 1(a)]. The

andn, are expressed through) by their steady-state depen- front moves towards the other contact, expanding in diam-
dence om and¢, is used to solve the above problem self- €ter. Note that the electric field behind the front is decreased

consistently.

due to the higher carrier density, i.e., lower resistance, such

It is possible to express the dependence of the GR coethat almost all the voltage drop occurs in the nonconducting
ficients upon& and n through the electron temperature region outside the circular front. The equipotential lines in-

Te(&€,n).% Here we use the notion of electron temperafTige
in the usual sense of the mean electron enékyT.=(E)

dicate that the field is particularly high just ahead of the
front, encouraging further downstream impact ionization and

= (#%/2m)(k?), i.e., the electron temperature is extractedacceleration of the front. At aboti=0.15 ns[Fig. 1(b)] the
from the MC data essentially as the second moment of th&ont spontaneously breaks up and evolves into five stream-
nonequilibrium distribution functiofi(k). This should not be  ers of slightly different strength, each of which continues to
confused with the concept of a heated Maxwellian distribu-expand towards the outer ring electrofféig. 1(c)]. This

tion function, where the electron temperature appears as $Pontaneous symmetry-breaking instability can be under-
parameter. This latter concept is much more restrictive sincgtood by inspecting the equipotential line that approximately
it assumes a quasithermal equilibrium of the conductiorfollows the contour of the front, corresponding to the inter-
band subsystem. The MC data yield a strong increasg, of face petwegn the conducting interior a_nd the nonconducting
with rising electric field on the high-conductivity branch of €xterior region. A small local perturbation of the front con-
the current-voltage characteristics as opposed to only a sligfi@ur will result in a squeezing of the equipotential lines such
increase on the low-conductivity branch. The strong increasthat the field becomes highest at the point of maximum cur-
is associated with a population inversion between the donoyature. Therefore impact ionization will be enhanced there,

ground and the excited state on the upper brdfch. and the bulge of the front will grow further, forming a
The local electric field is coupled to the carrier concentra-Streamer. Note that the streamer expansion is driven by the

tions via Gauss’ law collective impact ionization process, and not by individual
drifting carriers; it is about an order of magnitude faster than
the carrier drift velocity (front velocity v¢~6x10° m/s,
electron drift velocity vy~5x10* m/s). Similar self-
where € is the dielectric constant andg=Np—N, holds  generated streamer instabilities pianar fronts have been
with the donor concentratioN, and the compensating ac- known also in plasma physié&?’

€V-E=e(N§j—n;—n,—n), (2)
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FIG. 1. Simulation of spontaneous symmetry-breaking current |G- 2. Same as in Fig. 1, but for the electron temperature
filament formation in am-GaAs Corbino disk(inner radiusr,  distribution.
=0.04 mm, outer radius,=1.05 mm) upon application of a con-
stant bias ofU,=2.05 V (center contact is cathofleThe spatial ~ eason is that the front is triggered by impurity impact ion-
distribution of the current density is depicted at different timms  ization in the high-field region near the small central circular
t=0.05 ns,(b) t=0.15 ns,(c) t=0.95 ns,(d) t=5.15 ns,(e) t contact. It quickly breaks up into a number of streanjiErg.
=7.75 ns,(f) t=20.00 ns. Equipotential lines are plotted spaced3(b)]. In this case the propagation of the streamers and the
by 0.2 V. The numerical parameters are the same as those used@iowth in current density is much faster than in Fid.Flg.
Ref. 23 for simulations of rectangularGaAs samples with point 3(c)]. This is due to the initially stronger field in the depleted
contacts  Np=7x10% cm 3, Na=2x10" cm 3, u  high-resistivity zone near the blocking central anode contact
=10° cn?/Vs, =109, XP=1.17x10° s}, X*=336 that strongly enhances impact ionization during the early
X10° s7%, T*=4.1x10" s7* (R=10 k2, T=4.2 K). stages. Additionally, the increased electron density near the

injecting ring contact facilitates the rapid punch through of

Upon reaching the anode the streamers form prefilamenthose streamers that are slightly ahead of the otheig
that subsequently grow in current density while approxi-3(d)]. As a result, small differences are strongly enhanced,
mately retaining their widtfiFig. 1(d)]. This leads to a rising and one obtains sharper streamer profiles than for positive
overall current and thus, via the external load resistance, tobias. The subsequent competition due to the global coupling
a reduction in the sample voltagé due to the global con- via R eventually leads to a single remaining filament, as be-
straint (3). This induces a competition between the prefila-fore in the case of positive bid$ig. 3e)]. The electron
ments[Fig. 1(e)] and, eventually, to a winner-takes-all dy- temperature distributiofFig. 4) also reveals a more distinct
namics, which leaves as a fully developed current filamentlecrease behind the front due to much lower fields, as com-
only the one that has first reached the outer contact. Thpared to positive polarity. The field is very efficiently
remaining prefilaments slowly decay into the nonconductingscreened by the impact ionized carriers.
state on the time scale of electron capture and subsequent Figure 5 depicts the total current as a function of time for
relaxation into the donor ground stdieig. 1(f)], which is  both polarities. It can be seen that although the velocity of
the slowest process in the GR cycle. Figure 2 shows théhe streamers is more than twice as fast for negdfiyend
evolution of the electron temperature distributibg(x,t) for ~ the current rises much more rapidly, the basic mechanism of
the same parameter$, is highest in the high-field region filament formation out of the radially symmetric initial state
ahead of the expanding front, and decreases behind it bé the same in both cases. The different stages of streamer
cause the field is lower there and because impact ionizatiomotion and growth of filaments are clearly distinguished.
leads to substantial cooling of the electron &4s. Next, we vary the bias voltage and investigate how the

In the simulation depicted in Fig. 3 the bias voltage isstationary spatial current density patterns change upon in-
reversed, i.e., the inner electrode is now the anode. Again atrease of the total current. To this end we sweep the bjas
impact ionization front spreads from the inner contact al-from 1.0 V to 150.5 V in steps of 0.5 V, allowing the system
though this is now the noninjecting contd&ig. 3@]. The to relax to a stationary filamentary state for 20 ns between
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FIG. 3. Nascence of a current filament in iGaAs Corbino FIG. 4. Electron temperature distributions corresponding to Fig.

disk forUy=—2.05 V(center contact is anogleThe spatial distri- 3,

bution of the current density is depicted at different tinfas t

=0.15 ns,(b) t=0.35 ns,(c) t=0.75 ns,(d) t=1.00 ns,(e) t .

=20.0 ns. Equipotential lines are plotted spaced by 0.2 V. Numeri-ZUO_R_I drops sharply, re_ac_hlng th_e lower _end of a new
cal parameters as in Fig. 1. branch in thd (U) characteristic. The internal field relaxes to

a lower, almost homogeneous value visualized by essentially
guidistant equipotential lines. Note that fdg slightly be-

ow this threshold the “ghost filament” is already visible in

the logarithmic current density plot Fig(d. Upon further

increase ofJ, successive branches with three, Fi¢)6and

each bias step. We consider a concentric Corbino samp
with an outer radius of 1.05 mm and an inner radius of 0.2
mm and use the inner contact as cathodeUgt150.5 V

we reverse the bias sweep direction, decreasing it again i ' X .
steps of— 0.5 V. The main diagram of Fig. 6 shows the total our, Flg._G(g), f"a”?eﬂts are reached in the current-voltage
current! vs the voltage drop at the sample The arrows characteristic on similar arguments. The jumps occur when
denote the sweep direction. The spatial distribution of the
current density is depicted for different operating points on

the current-voltage characteristic, given by the intersection IA] (®)
of the load line, Eq.3), and thel (U) characteristic. The 2 Up<0 ~.
characteristic consists of consecutive discontinuous 4
o ; ) o 10-4

branches, each of which is associated with a specific number ()
of current filaments. As the bias voltatk is increased, the 5
load line, which is almost horizontal for the value Bf
=10 kO chosen, is shifted parallel and the operating point 2
moves up on the lowest branch corresponding to a homoge- 10-5
neous nonconducting stdteig. 6(a)]. At a threshold voltage
U~1.3 V (corresponding to about 16 V/cm, if one assumes 5
a linear voltage dropthis state becomes unstable, and upon

. : o 2
further increase ofU, the operating point jumps to the
branch[Figs. §b)—6(d)], which corresponds to a single fully 1086 0———
developed filament. The simulation of the nascence of a fila- 2 6 10 14 18

ment in Fig. 1 was performed in this regime. Between Figs. tins]

6(b) and c) the filament width and the current remain al-  FG. 5. Total current vs timet during the formation of a cur-
most the same, and only the internal field growsUY is rent filament in a Corbino disk for different polarities of the applied
increased fromJ,=11.5 V, Fig. &d), by one further bias bias: center contact is cathotfall line) or anode(broken ling. The
step, an additional filament forms, Fig(ep and the total letters correspond to the current density profiles depicted in Figs. 1
current! distinctly increases. Hence the sample voltdgje and 3, respectively. Numerical parameters as in Fig. 1.
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FIG. 6. Voltage sweefpup and dowinof ann-GaAs Corbino disk. Main figure: global current-voltage characteristic. Side figures: spatial
current density distribution for different operating points on tie)) characteristic(a) external biasU,=1 V, (b) Uyg=2 V, (c) U,
=11 V,(d) Uy=115 V,(e) Uy=12 V, (f) Uy=43.5 V,(g) Uy=150.5 V,(h) Uy=1.5 V. The same logarithmic scale as in Figs. 1, 3
for the current density is used. Equipotential lines are plotted spaced by 0.2 V. Numerical parameters as in Fig. 1. The arrows indicate the
bias sweep direction.

the internal field becomes so high that an additional filamenspontaneous symmetry-breaking instability that explains the
tary channe(streamerbreaks through at a different location. origin of the formation of stationary current filaments ob-
The small discontinuities that can be observed within theserved experimentally in thin-film n-GaAs Corbino
branches are related to changes in the detailed shape ofsample$?® in the regime of low-temperature impurity
filament, particularly at the contacts, which results in abreakdown. We find that this instability occurs as a two stage
change of the overall current and thus of sample voltage. process.

For bias downsweep we observe hysteretic behavior. The First, upon application of a dc bias via a load resistance a
four stable current filaments, Fig(d, e.g., persist for much radially symmetric impact ionization front spreads from the
lower U, Fig. 6h), than the bias where they have first oc- central contact. This process is always initiated, regardless of
curred. This is explained by the holding field of impact ion- the bias polarity, at the central contact due to the higher
ization that is generally much less than the threshold field.€lectric field there, even if this is the noninjecting anode. As
The current densityl decreases linearly with voltage, ~ the impact ionization front expands towards the outer ring
which means that the sample conductance determined essé&ntact, it becomes unstable against azimuthal fluctuations
tially by the carrier density in the filaments remains constanfnd Préaks up into a number of fast streamers, thus sponta-

as long as the field does not fall below the holding field. ByN€oUSly breaking the radial symmetry of the system. When

appropriate downsweeps starting from different branches otpe streamers reach'thef ring contact they form prefllaments
hose current density is still several orders of magnitude

the characteristic a large number of multistable states corr(%/ywer than that of a fully developed current filament. The
spond|_ng to _d|fferent numt_)ers of fllame_nt_s can _be reache rmation process of the prefilaments, whose pHysicaI
for a given bias,. Thus this system exhibits a high degree o cnanism is very similar to the initial stage of the nascence

of self-organized multistability. of a single current filament in a sample with two point
3 .
IV. CONCLUSIONS contacts; occurs on a s_ubnanosecond tl_me scale. If t_he cen-
tral contact is noninjecting, the process is even considerably
Our simulations of nonlinear transport in a Corbino ge-faster due to larger fields and hence strongly increased im-
ometry with two concentric circular contacts have revealed gact ionization.
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In the second stage, the current density of the prefilamentsecause of their potential prospects as multibit memory
rises due to impurity impact ionization, sharply increasingelements include field domains in semiconductor
the overall current. Due to the external load resistance, whicguperlattices’
represents a global coupling of the individual filaments via It should be noted that our simulations do not involve any
the total current, an increase of the current in any of the intentio.nally introduced inhomogeneities or perturbatiqn_s_of
filaments results in a reduction in the sample voltagand  the radial symmetry of the sample geometry or of the initial
thus in the average field in each filament. This mechanisn§onditions. The minute, inevitable numerical inaccuracies in-
leads to a winner-takes-all dynamics, where small initial dif-troduced by the algorithm and the discretization grid are suf-
ferences between the filaments are enhanced, and, for smijffiént to trigger the spontaneous symmetry-breaking insta-
enough total current, eventually only one filament survive llity of the radial front. Thus small numerical discrepancies

while the others decay, albeit on a slower time scale due tgmong differe'n't computer grchitectures can Ieaq to different
the slow recombination processes azimuthal positions of the final, fully developed filaments for

For larger total current, i.e., higher applied bias VO|t‘,3lgenomin::1lly identical simulations, as do unavoidable inhomo-

U,, stable spatial patterns with two and more filaments ch_eneities and fluctuations in real p_hysical systems. The prin—
cur. With growing voltage, the filaments essentially retainC|paI occurrence of the consecutive multiple filamentation,

their size. If the field exceeds a threshold, an additional fila—however.’ IS mdepengient of numerics. . .
ment is created at a different location in another symmetry- QU findings are in good agreement with recent experi-
breaking instability. This has been demonstrated by sweedpentS o_nn-GaAs Corbmq disks? where a sequence of .
ing the bias voltage over a larger range such that, e.g., up uccessively generated filaments at increasing bias, associ-

four filaments are successively created. Because of the seri@ged with different current-voltage branches, and multistabil-

load resistance, each increase in the number of filaments afy due to a distinct hysteresis effect with respect to bias

hence increase of the overall currdnis associated with a >W€EP UP and sweep down have be?” directly obser\_/ed by
jump on thel (U) characteristic down to smaller sample volt- s_patlally resolved quenghed photolum|ne§cence. Our 5|mu|z_1-
agesU. Therefore thel (U) characteristic consists of a se- tions cannot only explain these observations and give addi-

quence of discontinuous branches corresponding to differeﬁitonal insight into the internal structure of these filamentary

numbers of filaments. Reversing the bias sweep direction waates by g:alcglat_lng,_ e.g., the electron temperature a.nd elec-
¢ potential distributions, but also explore the dynamic pro-

find hysteresis because the sustaining voltage is substantiall . . . ; .
lower than the threshold voltage. Thus the Corbino sampl ess of their formatlon_ that is not yet accessible experimen-
ally due to the short time scales involved. In particular, we

represents a highly multistable system, and various multipl - e . ;
filament states can be reached at the same bias voltage ve resolved the_qgesthn If a second fllam_ent arises by
appropriate sweeps. This multistability has an advantag§ liting of the existing fllament, or by an mdependent
over the multistable filamentary current-voltage characteris-symrmetry'bre"’“.<Ing process, which has been controversially
tics, which have been realized by arrays of point contacts iﬁiISCUSSEd previousfy.

rectangulan-GaAs sample&’ since in our case the multiple
filaments arise in a self-organized way and do not need com-
plicated structuring of multiple point contact geometries. The authors would like to thank K. Aoki, J. Hirschinger,
Switching between different multifilamentary states in thoseF.-J. Niedernostheide, V. Nokaand W. Prettl for fruitful
structures has been discussed in the context of data storadiscussions as well as H. Gajewski and Rrizerg for pro-
and synergetic computers. Other semiconductor systemsding the TESCA package. Funding by Deutsche Fors-
where multistable spatial patterns have attracted interesthungsgemeinschaft through Sfb 555 is acknowledged.
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