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Chaotic front dynamics in semiconductor superlattices
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We analyze the dynamical evolution of the current and the charge density in a superlattice for fixed external
dc voltage in the regime of self-sustained current oscillations, using a microscopic sequential tunneling model.
Fronts of accumulation and depletion layers which are generated at the emitter may collide and annihilate,
thereby leading to a variety of different scenarios. We find complex chaotic regimes at high voltages and low
contact conductivities.
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[. INTRODUCTION current density vs electric field characteristic is depicted in
Fig. 1 in the spatially homogeneous case, irg,=ng 1
Electronic transport in semiconductor superlatti¢8k's) =Np, with donor densityNp .

is known to show strongly nonlinear spatiotemporal dynam- In the following we will adopt the total number of elec-

ics. Either self-sustained current oscillatibffsor a saw- trons in one well as the dynamic variables of the system. The

toothlike current-voltage characteristic with many brancheslynamic equations are then given by the continuity equation

associated with static field domalng have been found. For

a recent review see Ref. 10. Under time-dependent external dnp,

voltage conditions, superlattices exhibit a rich menagerie of eT:‘Jmflﬂm_‘Jmﬂm“ for m=1,...N, (@)

complex behavior including ac driven chaos and switching

scenarios between multistable states. This was studied réthereN is the number of wells in the superlattice.

cently experimentalff#~*°and theoretically® 8 The electron densities and the electric fields are coupled
In this paper we present simulations of dynamic scenario8y the following discrete version of Gauss’s law :

for superlattices under fixed time-independent external volt-

age in the regime where self-sustained dipole wiV@sare €r€o(Fn—Fm-1)=€e(np—Np) for m=1,... N, (2

spontgneously genergted at the emitter. The d'DOI? waves a\5\‘?hereer and €y are the relative and absolute permittivities,
associated with traveling field domains, and consist of elec-

) X o <0i i
tron accumulation and depletion fronts which in generale 0 is the electron charge, arig, andFy are the fields at

travel at different velocities and may merge and annihilatethe emitter and collector barrier, respectively.
We find that depending on the applied voltage and the con The applied voltage between emitter and collector gives

tact conductivity, this gives rise to various oscillation modesrlse to a global constraint
and self-synchronization effects as well as different routes to N
chaotic behavior. _

A similar scenario of merging fronts was recently found in v 2=o Fd, @
the context of a spatially continuous model describing bulk
impurity impact ionization breakdowt. It is also reminis-
cent of patterns of temperature pulses in globally coupled
heterogeneous catalytic systems, e.g., Ref. 22.
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Il. THE MODEL

i
i

Weakly coupled superlattices are successfully described
by a one-dimensional sequential tunneling model for
electrong:?324|n the framework of this model electrons are
assumed to be localized at one particular well and only o
weakly coupled to the neighboring wells. The tunneling rate Electric Field [MV/m]
to the next We” Is lower than the ty_plgal relaxation rate be- FIG. 1. Current density vs electric field characteristic at the
tween t.he. different energy Iev_els Wlth.m one We"' The eIec'emitter barrier(straight ling and between two neutral wells. The
trons within one well are then in quasiequilibrium and trans-qp, e conductivity of the emitter is=0.5 Q-2 m~1. J_ denotes
port through the barrier is incoherent. The resulting tunnelingpe first intersection point of the two characteristics. The inset
current density¥y.m 1(Fm,Nm,Nm+1) from wellmto well  shows the front velocity vs current density for electron depletion
m+1 depends only on the electric field, between both  and accumulation frontsl; ,J% , andJ, denote the currents corre-
wells and the electron densitieg, andn,, . ; in the wells(in sponding to tripole propagation with two accumulation and one
units of cm 2). For details of the microscopic calculation of depletion front, with two depletion and one accumulation front, and
Jm_m+1 We refer to the literature®1’ A typical result for the  dipole propagation, respectively.
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whered is the superlattice period. The current densities at the =

contacts are chosen such that dipole waves are generated at a) = ///
the emitter. For this purpose it is sufficient to choose Ohmic
boundary conditions

Jo—1=0Fy, (4)

NN
‘JN~>N+1:0-FNN_D’ (5)

where o is the Ohmic contact conductivity and the factor
nn/Np is introduced in order to avoid negative electron den-
sities at the collector. Here we make the physical assumption
that the current from the last well to the collector is propor-
tional to the electron density in the last well. It is in principle
possible to calculate the boundary conditions using micro-
scopic consideratiorts;?6 but the qualitative behavior is not
changed.

III. NUMERICAL RESULTS

In our computer simulations we use &ir=100 superlat-
tice with Aly :Ga, 7As barriers of widthb=5 nm and GaAs
guantum wells of widthw=8 nm, doping densitiN,=1.0
X 10*cm™2 and scattering induced broadenifig:8 meV at
T=20 K. The contact conductivity is chosen such that the
intersection point with the homogeneous current density vs
field characteristic in Fig. 1 is at a current value at which no  FIG. 2. Dynamic evolution of charge density and currént
stationary field domain boundaries exists. By this configurafor contact conductivities(@ o=1.3Q tm 1(J.>J;7), (b) o
tion, accumulation and depletion fronts are generated at the 0.6 Q" *m (J,~Jp), and(c) =0.55Q "t m~1(IF<I.<Jp)
emitter. For large values of, e.g.,0=1.3Q"*m ! we for fixed biasU=1.0 V. Light and dark regions denote electron
find that those fronts form a dipole, i.e., a traveling field accumulation and depletion fronts in the space-time plots of the
domain, with a leading electron depletion front and a trailingcharge densities, respectively.
accumulation fronfsee Fig. 2a)]. The dipole traverses the

sample at almost constant velocity and constant curreficcompanied by a dip in the current time trace.
which shows up as a plateau in the time trace of the current. £q aven lowerr=0.550"1m"! the fronts at the emit-

The currentp, and the front velocity in this dipole propaga- or are generated as dipoles with leading accumulation and
tion mode are given by the intersection point of the Veloc't'eﬁrailing depletion frontsee Fig. 2c)]. The velocity of the

of accumulation and depletion frogee the inset of Fig.)1 fronts is again determined by the current and the number of

As the leading deplern front regghes the colleqtor, there ronts in the sample. Since the two types of fronts in general
no speed constraint on the remaining accumulation front. As

it accelerates, the current rises, and a new dipole is generatgaove at different velocities, merging and annihilation of ac-

at the emitter. Now for a short time there are two accumula-cumUIat'on and depletion fronts may occur, which may lead

tion fronts and one depletion front in the sample. In order tgl® complicated behavior including chaos as shown in Fig.
fulfill Eq. (3) for fixed U the depletion front has to assume 2(c). ) L o
twice the velocity of the accumulation fronts. This constraint EXPerimentally it is not trivial to choose the contact con-
fixes the current td; (see the inset of Fig.)1during this dgctmty in the regime where chaotic b_ehawor is expected.
tripole regime. Note that in the current time trace the fastOipole waves with a leading accumulation front appear only
small-amplitude oscillation&ue to well-to-well hopping of ~for fairly low o where the emitter characteristic intersects the
depletion and accumulation fronts in our discrete mpiel —Superlattice characteristic at a curréptsmaller than)p, (see
the dipole and tripole regime are not resolved temporally. Fig. 1). But if o is too small, such that. becomes less than

At lower contact conductivityr=0.6 Q" *m™?1, we find J5 , a periodic tripole oscillation is obtained. Recent experi-
that instead of a dipole only a depletion front is generated amental studies show that deep donors in the contact layers
the emitter, as the old depletion front reaches the collectohave a dramatic effect on the contact conductivity and a large
[see Fig. Pb)]. Now for a short time a dipole with leading increase of the contact resistance can be realized by decreas-
accumulation front exists. The current is fixed again by theng the temperature below 200K Since this effect is sen-
constraint of equal velocities of accumulation and depletiorsitive to illumination, it should be possible to adjustopti-
front, as for the dipole with leading depletion front. At the cally, such thatl is less thanlp and at the same time larger
time the old accumulation front reaches the collector a newhan Ji . Alternatively, the temperature dependence of the
accumulation front is generated at the emitter. This process Bmitter current may also be exploited.
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FIG. 4. Dynamic evolution of charge density for various volt-
FIG. 3. (a) Positions where accumulation and depletion frontsages ate=0.5Q"*m™ 2. Light and dark regions denote electron
annihilate vs voltage ar=0.50Q"'m 1. The grayscale indicates accumulation and depletion layer, respectively.

high (black and low (white) numbers of annihilations at a given . . . .
well. (b) Time differences between consecutive maxima of the elec-t'on_ of the electron denS|t|e_S at_ different voltadesFig. 4).
tron density in well No. 20 vs voltage at=0.5Q">m"’. Time While for U=0.5 V the oscillations are regular, we see that

series of length 600 ns have been used for each value of the voltag@t Y = 0.7 V long and short front patterns alternate, which is
characteristic for a period doubling bifurcation. Every sec-
ond pair of fronts travels farther into the superlattice before
In order to study the bifurcation scenario leading to chaoshey annihilate. AtU=0.79 V a further period doubling oc-
we now fix the boundary conductivity to=0.5Q""m™*.  curs, as can be most clearly seen at the alternating length of
In Fig. 3@ a density plot of the positiongvell number$ at  the longer front patterns. This yields a period-four cycle.
which two fronts annihilate is shown as a function of the Further increase of the voltage finally leads to well devel-
voltage. We see that for low voltage the annihilation takesoped chaos, with front patterns of different lengths. Eor
place at one definite position in the superlattice with a varia=1.8 Vv we find that fronts may even traverse the sample,
tion of only a few wells. This distribution broadens for in- while the dynamics remains chaotic.
creasing voltage in characteristic bifurcation scenarios remi-
niscent of period doubling, leading to chaotic regimes. We IV. SUMMARY
note that in the chaotic region periodic windows exist. Since
we are dealing with a discrete system, the position of the
merging of two fronts is also discrete. For more accurate’ " .
analyses it is convenient to use a continuous variable such dependemexternal voltage co'ndltlons, Whereas previous
the time difference between two maxima in the electron den® udies have focussed on ac-driven chaos.
sity in a specific well. The corresponding bifurcation dia-
gram for well No. 20 is shown in Fig.(B). It exhibits a
complex structure. This work was partially supported by DFG in the frame-
The transition from periodic to chaotic oscillations is en-work of Sfb 555. We greatfully acknowledge discussion with
lightened by considering the space-time plots for the evoluL. L. Bonilla, M. Rogozia, and E. Schomburg.

We have shown that complex chaotic spatiotemporal sce-
arios may arise in weakly coupled superlattices unidee-
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