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Spatiotemporal dynamics of current-density filaments
in a periodically driven multilayered semiconductor device
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Results of numerical calculations of a set of reaction-diffusion equations for siti¢en*-p-n~ devices
under dc and ac bias are presented. For pure dc bias, we observe self-sustained oscillations of the device
voltage accompanied with pendulumlike oscillations of a current-density filament. By imposing an ac bias the
device voltage shows frequency locking, quasiperiodicity, and chaos depending on the amplitude and the
frequency of the ac bias. It is shown that the global oscillations are connected with corresponding frequency-
locked, quasiperiodic, and chaotic filament motions. The numerical results reproduce the bifurcation sequences
observed recently in experiments on multilayered silicon struct{i8163-1829)00311-7

I. INTRODUCTION frequency-locked, quasiperiodic, and chaotic behavior when
driven periodically®
In semiconductors and semiconductor devices, diverse In this paper, we focus on a numerical study of a set of
nonlinear mechanisms can cause a spontaneous appearaneaction-diffusion equations that has been deried de-
of self-sustained oscillations of, e.g., the sample current oscribe the evolution and dynamical behavior of current-
voltage, both representing global system quantities. While ilensity filaments in the aforesaid multilayened-n*-p-n~
former times the interplay between an external periodicdiodes. Adjusting the dc bias such that a rocking current-
driver and the self-sustained oscillation has been studieglensity filament is stable, the spatiotemporal dynamical be-
mainly by analyzing such global quantities, recently, therghavior of the filament is investigated in dependence of the

has been much interest in the spatiotemporal dynamics gimplitude and frequency of an additional periodic ac bias
periodically driven semiconductors, in particular in the dy-IMmPosed to the dc bias and the results are compared with

: 6
namics of electric-field domains and current-density ﬁla_exq_ehrlmental data 4 as foll Section Il .
ments: Traveling electric-field domains under ac excitation e paper Is organized as follows. Section Il contains a

show partly complex spatiotemporal behavior and have beeﬂescr!pnon of the _phy5|cal model and th_e derived set of
. . . . : : equations. The main features of the dc-biased samples are
intensively studied by means of numerical simulations of

e.g.. two-valley models for Gunn diodk& nonlinear trans- recapitulated in Sec. lll. In Sec. IV, the spatiotemporal be-

. . havior is discussed for relatively small drive amplitudes. It is
port equations for modulation-doped GaAsfBh _,As y P

. . g shown that the observed frequency-locked and quasiperiodic
heterostructure$a discrete drift model for sequential reso- filament motions can be effectively evaluated by analyzing

nant tunr;elmg in superlattlcéS? and a drift-diffusion model e time series of the center of the current density-filaments.
for p Ge.’ For the latter, spatially resolved measurements ofrhese time series containing information about the local dis-
the potential between the electric contacts give clear experiribution of the current-density are furthermore compared
mental evidence for the existence of different dynamical bewith time series of the total sample current. Finally, in Sec.
havior including mode locking and spatially coherent as welly we focus on filament motions that appear for sufficiently
as incoherent variations of the electric fiéftiRecently, also large drive amplitudes.
experiments in incommensurately driven superlattices have
been reported®~12 Il. MODEL EQUATIONS

Concerning the dynamics of current-density filaments ex- , ) , .
perimental investigations have shown that self-sustained pe- L€t us first describe the model equations and recapitulate
riodic amplitude oscillations of a filament in GaAs may thf rilevan_t physical mechanisms the model is based on: The
transform to quasiperiodic or irregular oscillations on peri-P' N -p-n~ device in question is considered to be com-
odic excitationd®4 and numerical studies based on a one-Posed of two parts, p*-n*-p transistor and @-n"~ diode as
level impact ionization model reveal that complex spatiotem-Shown in Fig. 1. Treating the transistor as avalanche transis-
poral patterns of the carrier density may appear in sucior, Which is coupled to the-n™ diode, the following two-
periodically driven bulk semiconductotS.Recently, spa- Component set of reaction-diffusion equations can be
tiotemporally resolved measurements of the recombinatiofierived
radiation and the potential in silicop™-n"-p-n~ multilay-
ered structures have proved that a periodic pendulumlike os-
cillating filament, a so-called rocking filament, reveals ¢ at

Ne *Vq
Tt W —q(Ve,p), (1)
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In order to get insight into the relevant physical processes

1 let us consider the two device parts in more detail. In usual
viv . . R, operation under dc bias, thee"-p junction of thep™-n*-p
o I | R Je transistor is reverse biased. Suppose that the voltage drop
nt M (=) Vsin(2rft) across then™-p junction is sufficiently large so that charge-
: — Y i carrier multiplication takes place by impact ionization. Then,
—V‘?)ﬂilﬁp‘“—a“‘-’ll‘@/ ! Vso a small fluctuation of the emitter voltage, has the follow-
v x ing consequences: Due to the essentially exponential depen-
i w |1 dence of the emitter current density on the emitter voltage, a
no Pd fluctuation ofV, causes an additional injection of holes into
< > then* layer. Those holes that reach the high-field zone of

{ then™-p junction generate electron-hole pairs that are sepa-
rated due to the high electric field. The electrons move to-
wards thep™-n™ junction and induce an additional injection

FIG. 1. Schematic sketch of thg"-n*-p-n~ device with elec-

trical cireuit of holes and, consequently, an increasevVgf Because of
this activating property of the transistor part, the variaijle

ﬂ_p _ L2(92—p+Q(V ) @ may be called an activator.
T at Ix2 e:P): The coupling of the transistor part to tipen™ diode re-

) o sults in a counteractive influence on the autocatalytic in-
whereV, is the voltage drop across tipé -n" emitter junc-  crease ofv,, because the current fluctuation caused by the
tion of the transistor ang denotes the average hole density jyctuation of\V,, leads to an increased hole injection into the
in then™ layer of the diode part. The temporal evolution of - |ayer and therefore to an augmentation of both the mean-
Ve is governed by the emitter capac. w andoy, denote  pole concentratiorp in the n~ layer and the voltage drop
the width and the conductivity of the” base. The temporal — V- In(p/pyy) across thep-n~ diode. When the device
evolution of the mean-hole density is essentially determine@&tage V is kept constant, the voltage drog=V—V,
by the effgctlve lifetimer and the diffusion length. is de-  5cr05s the transistor decreasesy jfincreases. This inhibit-
fined byL“=D,7, whereD, is the diffusion coefficient of jq process in the-n~ diode limits the autocatalytic process
holes in then™ layer. The term3j(V,,p) andQ(Ve,p) are  and, consequently can be viewed as an inhibiting variable.
determined by(for details, see Refs. 17 and)18 In experiment, the device is usually connected via a load
resistorR, to the voltage source. The device voltages

A(Ve,P)=je(Ve)=jc(Ve,P), (3 then given by
T =V +
Q(Veap)zmjc(ve!p)_(p_pno)r (4) V=Vst Rl ©
with
with )
VSZV30+ Vd S|n(27det), (10)
fe=1is exr{ E) —1(+j, ex;{ ﬁ) _ 1}, (5) being the total applied voltage and consisting of the dc bias
Vr 2Vr Vg and the sinusoidal ac pa¥ty(t) = V4 sin(2aft), where
v Vo—V V4 andfy are the drive amplitude and drive frequency. The
jc=MjsctBMjq ex;{ _e) _1% L e (6)  total currentl can be calculated by integrating the current-
\%) PL density distributionj.(x,t) along the rectangular device area
ViV 8]-1 I, X1, (cf. Fig. 1
_ _ I e
M=|1 ( A } , (7

IX
Izlzf je(x,t)ydx. (11
where the voltage dro@;=V—V, across the*-n"-p tran- 0
sistor is the difference of the device voltageand the volt-  Due to this relation the set of Eqdl) and(2) becomes a set
age dropV,, across thep-n~ diode, which depends on the of integro-differential equations. As outlined in detail in Ref.
mean-hole density according to the following relation 18 suitable boundary conditions for the two space-dependent
components/, andp are the following

Vp:VTI”(pTO)' ® Ve(X=00)=Vep, Velx=h,)=Vep, (12

js» Ir,» andjg. denote the diffusion and recombination satu- ap(x=04) ap(x=1..,t)
ration current density of thp*-n™ junction and the satura- = =
tion current density of tha*-p junction, respectivelyV; is
the thermal voltage and the transport factor of the™ base.  Equations(1) and (2) have been discretized by using the
pL andV,, denote the leakage resistance and the breakdowfinite-difference technique; in particular the Crank-Nicholson
voltage of then™-p junction. p,q is the equilibrium value of method has been applied for discretization in time. For the
the mean-hole densityy the width of then™ layer, andethe  solution of the implicit equations resulting from the discreti-
elementary charge. zation of the two equations we have used a relaxation

X ' X (13
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method that is a simplified version of the Newton single-stegtion of the complete current-density distributions is depicted.
method. The spatial mesh consists of 200 grid points. Th&rom both figures it is evident, that the filament performs a
third equation, Eq(9), involving the integral term, has been well-defined periodic pendulumlike oscillation. This is con-
solved by introducing an effective relaxation-time constantfirmed by the power spectrum of.(t) [Fig. 2d)] that re-
for V, which is at least two orders of magnitude faster thanyeals a main peak at the fundamental frequency at 2322

that of the other system variabl®g andp. Hz and harmonics of this frequency.
The filament oscillations are accompanied by oscillations
Ill. DC BIASED SYSTEM of the total sample current and the device voltage, as illus-

trated in Fig. Zc) for the latter one. The voltage and current
Experiments’'°and numerical calculatiohof Egs.(1),  oscillations have the same period as the filament oscillation,
(2), and(9) have shown that a static current-density filamentbut their shapes are more complex. The reason for the obvi-
can be stabilized in the multilayered device over a wideous asymmetry lies in the influence of the Dirichlet boundary
sample current range. When a certain sample current, typeondition forV,, which causes an alternate compression and
cally of the order of 100—-200 mA, is exceeded, the staticstretching of the filament when it changes its moving direc-
filament bifurcates into a periodically oscillating filament tion near the boundary or in the interior of the sample. How-
that performs a pendulumlike motion around a fixed positiorever, the filament is only weakly compressed and stretched
in space. Figure (@) shows the time evolution of the current so that the current and voltage modulations are less than
densityj., which is just the current density at the interface0.1% of the dc part. The shapes of the calculated voltage
between the two device parts, thé-n™-p transistor and the oscillations differ slightly from the measured ones, as the
p-n— diode. The dark areas mark those parts of the distribulatter show only a single maximum and a single minimum
tion on which a certain threshold value, approximately 2/3 ofduring a pendulumlike oscillation period; these extrema of
the maximum current density, is exceeded. Thus, these réhe voltage oscillation are connected with the two extreme
gions correspond to high-current regions and mark the spdlament positions. This difference between experiments and
tial position of the filament. In Fig.(®) the time series of the numerical results may be attributed to the fact that the cho-
filament centerx.(t) constructed from the temporal evolu- sen Dirichlet boundary condition fov, provides only an
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20 e | 2m "' v' T "_ pearing in the Poincammap should be equal to thg denomi-
| i nator of the locking ratio. The ac part of the device voltage
- pve - V(t) [Fig. 3(c)] has the same period as the filament motion

1 and is therefore locked to the drive voltage with a 2:3 ratio,

e ] too. In the case that the drive frequency and the frequency of

: = | the spontaneous rocking oscillation are heavily detuned,
& ul | frequency-locking of the filament motion is achieved by

0'7 018 0'9 : o changes of the amplitude of the rocking motion as well as by

variations of the velocity of the filament. This has been ob-
f/t, served in recent experiments, likewi€e.

The Arnold-tongue diagrartFig. 4) shows the regions in
the f 4-V4 parameter space in which the rocking filament mo-
tion is synchronized to a rational multiple of the drive fre-
quency. Since the time serieg(t) of the filament center

ontains all necessary information about the spatiotemporal
ehavior of the filament, Lissajous figures constructed by

plotting x.(t) versus the driving voltag¥y or Poincaresec-
IV. FREQUENCY-LOCKED tio_n_maps constructed by strobixg at.a_fixeq phase of the
AND QUASIPERIODIC BEHAVIOR drlvmg voltage have been u_sed to dlstlngwsh bgtween syn-
chronized and nonsynchronized filament oscillations and to
The motion shown in Fig. 2 has been chosen as startingetermine the locking ratio. For a fixed drive amplitude the
point for the investigations of the influence of an externalwidths of the tongues order in a way that tongues with fre-
periodic driving voltage on a self-organized rocking filamentquency ratios P+ P’')/(Q+ Q') are smaller than those with
motion. Depending on the amplitutle and the frequencty, ratiosP/Q andP’/Q’, as also predicted by the circle map
of the ac drive voltage we find characteristic locking ratios of(see, e.g., Refs. 20 and)2With increasing drive amplitude
the filament motion and of the oscillation of the device volt-the tongue widths increase and finally overlap leading to
age with respect to the drive voltage. An example for such anultistable behavior. The overlapping tongues define a criti-
frequency-locked oscillation is shown in Fig. 3. The thresh-cal line. In the frequency range investigated we find a critical
old diagram[Fig. 3(@)] reveals that the oscillating filament amplitude of the driving voltage of about 14 V that corre-
performs alternately a smaller and a larger elongation. This isponds to a current drive amplitude of 30 mA and is about
also clearly visible in the time serieg(t) of the filament one order of magnitude larger than that observed in experi-
center[Fig. 3(b)]. A comparison of this time series with the mental investigations of driven rocking filaments in multilay-
drive voltage[Fig. 3(d)] yields that the filament exactly per- ered devices®
forms two fundamental oscillations during three fundamental In between the tongues we find quasiperiodic behavior of
oscillations of the driver indicating a 2:3 locking of the fila- the device voltage and of the motion of the current-density
ment motion to the external drive. This is confirmed by thefilament. Figure Ea) shows such a quasiperiodic filament
power spectruniFig. 3(e)] of the time seriex.(t) and the oscillation. The time series.(t) of the filament centelFig.
Poincaremap[Fig. 3(f)] constructed by strobing,(t) atthe  5(b)] shows no period within the calculated time interval, in
zero passages of the ac drive with a positive slope and plotwhich the filament and the driving voltad€&ig. 5(c)] per-
ting the (+ 1)th vs theith strobed value. As expected for a forms several hundreds of fundamental oscillations. The ap-
2:3 locking there is only one subharmonic in the spectrunpertaining power spectrum of, [Fig. 5d)] clearly reveals
and the existence of three points in the Poingaep is con- peaks at the frequench, the fundamental oscillation fre-
sistent with the general rule that the number of points apguency of the self-sustained oscillation, and at the drive fre-

FIG. 4. Arnold tongues in thé -V, control parameter space.
Low-order locking ratios are marked by different symbols. The
solid lines have been added to guide the eye.
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tion at the critical amplitud® 4= 14 V and the driving frequenciy o ) ) ) _
close to the golden mean. FIG. 7. Chaotic filament motion at a large drive amplitude: Spa-

tiotemporal distribution of . (a), time seriesx.(t) of the filament
center(b), of the device voltag#/(t) (c), of the drive voltagdd),
power spectrum(e) of x., and return magf) constructed from
successive maxima of.(t) for V4=27 V andfy=10980 Hz.

guencyfy. Peaks appear also at frequendiesnfy+mfy,
wheren and m are whole numbers. A further indication for
the quasiperiodic filament oscillation is given by the Poin-
caresection magFig. 5e)], which is forming an approxi- . i )
mately closed curve, giving evidence of a dense covering of 93, Wheren is a whole number. These first-generation
the toroidal attractor. peaks are visible up to the ninth powgrot shown herg

On the experimental sid®a corresponding quasiperiodic Peaks with highen values appear, when the filament motion
rocking filament oscillation has been proved by measurings traced for a longer time interval. Inside the frequency in-
the potential on the sample surface between the eIectrodes.tErvaIs[og ,a'g‘”] a characteristic peak order is visible. All
turned out that the local potential, measured on a line parallekelevant peaks in these frequency intervals are in correspon-
to the contacts in a region where the filament oscillationdence to the respective peaks of the self-similar spectrum
takes place, is quasiperiodic at any position covered by thpredicted by the circle map. A fully developed self-similar
moving filament. A comparison of the local potential with spectrum of the quasiperiodic filament motion is expected to
the global device voltage oscillation revealed that the twaoappear in the low-frequency limit, that demands again to
signals are in phase when the local potential is measured #tace the filament motion for a longer time interval with a
the turning point near the sample boundary, while the potenfiner spatial discretization and a precise adjustment of the
tial near the interior turning point and the device voltagedriving ratio to the golden mean.
oscillate in antiphase. Along the line between the turning For amplitudes of the driving voltage larger than those
points the phase shift increases continuously from zero tdefined by the critical line at which the tongues start to over-
180°; the same behavior can be found in numerical calculalap, the time series of the filament center show period-
tions for the temporal evolution of the potential distribution doubling routes and transitions to chaotic motions inside the
V,, across thep-n~ junction. tongues. An example of a chaotic motion is shown in Fig. 7.
Chaos is indicated by the shape of the return map, that has
been constructed by using successive local maxima of the
time series of the filament center, as well as by the increasing

When the drive amplitude is adjusted to the critical valuebroad-band noise in the associated power spectrum. Note
and the ratio of the self-sustained frequency to the drive frethat due to the small deformations the filament suffers during
quency is equal to the golden me%:(ﬁ—l)/z, the the motion, the chaotic behavior is also visible in the time
circle map predicts a universal form for the low-frequencyseries of the device voltage, however much less pronounced
power spectrum of its dynamic variablsee, e.g., Ref. 32  than in the filament motion itself. Furthermore, for large
By analyzingglobal quantities as the total sample current driving amplitudes the actual filament motion depends on the
such a universal form of the power spectrum has been fountitial conditions and the way of parameter changing indicat-
experimentally for sinusoidally drivemp-Ge in excellent ing multistability, as also predicted by the circle map.
agreement with the circle m&p.As the main aim of our
paper is to investigate the influence of an external periodic
excitation on the spatiotemporal behavior of the current-

V. UNIVERSAL BEHAVIOR AND CHAOTIC MOTIONS

VI. CONCLUDING REMARKS

density filament, we focus again on an analysig of order In conclusion, we point out that the numerical results pre-
to check whether such universal laws are also valid for th&ented in this paper reproduce the essential features of ac
local filament motion. driven rocking filaments found in recent experiments: Be-

Figure 6 shows the spectrum »f for a drive amplitude yond frequency-locked and quasiperiodic rocking filament
V4=14V, our best approximation to the critical amplitude atmotions also period doublings and chaotic motions of rock-
the golden mean. The distinctive main peaks in the spectruning filaments may evolve, depending on the amplitude and
which is normalized tof2, occur at frequency ratio§/fy  frequency of the driver. In particular, frequency locking is
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achieved in that both the amplitude and the duration of thehe main features of the low-dimensional filament dynamic
fundamental rocking oscillation are adapted to the externaind shows universal behavior in agreement with the predic-
drive. The frequency-locked states order in the form of Ar-tions of the circle map as has been illustrated for the quasi-

nold tongues in th&/¢-f4 parameter space, and irregular fila- periodic filament motion with a drive ratio close to the
ment motions, which appear inside the tongues for suffigolden mean.

ciently large driving amplitudes, are temporally chaotic but
spatially coherent filament motions. This shows that the ex-
ternal driver influences mainly the rocking mode, while there
is only a very weak interaction with other possible funda-
mental oscillation modes, as amplitude or width oscillations. The authors would like to acknowledge the financial sup-
Consequently, the time series of the filament center reflectgort of the Deutsche Forschungsgemeinschatft.

ACKNOWLEDGMENT

*On leave from Institut fu Angewandte Physik, Universitdiin- Phys. Rev. Lett77, 3001(1996.
ster, Corrensstrale 2/4, D-48149 hter, Germany. 12K J. Luo, H. T. Grahn, K. H. Ploog, and L. L. Bonilla, Phys. Rev.
1E. Mosekilde, R. Feldberg, C. Knudsen, and M. Hindsholm, Phys. Lett. 81, 1290(1998.
Rev. B41, 2298(1990. 13K, Aoki, K. Yamamoto, and N. Mugibayashi, J. Phys. Soc. Jpn.
2E. Mosekilde, J. S. Thomson, C. Knudsen, and R. Feldberg, 26, 26 (1988.
Physica D66, 143(1993. 143. Spangler and W. Prettl, Phys. SEE5, 25 (1994.

SR. Datling and E. Schih, Solid-State Electron37, 685 (1994. 15K, Aoki, Int. J. Bifurcation Chaos Appl. Sci. Eng, 1059(1997).
40. M. Bulashenko and L. L. Bonilla, Phys. Rev. B, 7849  8F.-J. Niedernostheide, C. Brillert, B. Kukuk, H.-G. Purwins, and

(1995. H.-J. Schulze, Phys. Rev. B4, 14 012(1996.

50. M. Bulashenko, M. J. Gataj and L. L. Bonilla, Phys. Rev. B 'F.-J. Niedernostheide, B. S. Kerner, and H.-G. Purwins, Phys.
53, 10 008(1996. Rev. B46, 7559(1992.

6L. L. Bonilla, O. M. Bulashenko, J. Gata M. Kindelan, and M.  '8F.-J. Niedernostheide, M. Ardes, M. Or-Guil, and H.-G. Purwins,
Moscoso, Solid-State Electrod0, 161 (1996. Phys. Rev. B49, 7370(1994).

™. J. Bergmann, S. W. Teitsworth, L. L. Bonilla, and I. R. Can- 19 _J. Niedernostheide, A. Arps, R. Dohmen, H. Willebrand, and
talapiedra, Phys. Rev. B3, 1327(1996. H.-G. Purwins, Phys. Status Solidi B72 249 (1992.

8A. M. Kahn, D. J. Mar, and R. M. Westervelt, Phys. Rev. Lett. 2°M. J. Feigenbaum, L. P. Kadanoff, and S. J. Shenker, Physica D
68, 369(1992. 5, 370(1982.

9A. M. Kahn, D. J. Mar, and R. M. Westervelt, Phys. Rev4B  2!S. J. Shenkder, Physica &) 405 (1982.
7469(1992. 225 Ostlund, D. Rand, J. Sethna, and E. Siggia, Physié 03

0y 7. Zhang, R. Klann, K. H. Ploog, and H. Grahn, Appl. Phys.  (1983.
Lett. 69, 1116(1996. 23E. G. Gwinn and R. M. Westervelt, Phys. Rev. L&#, 1060

11y, 7. Zhang, J. Kastrup, R. Klann, K. H. Ploog, and H. T. Grahn,  (1986); 59, 247E) (1987).



