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Inap*t-n*-p-n~ device driven by a dc-voltage source via a load resistor we experimentally observe a
sequence of transitions when the total current is increased. A first transition from a stationary spatially
homogeneous low-current state to a stationary localized current-density filament is followed by a second
transition into a spontaneously rocking current filament oscillating with a definite frequency around a
fixed position in space. For large total currents a third transition occurs. The rocking current filament
transforms into a traveling current filament oscillating between the edges of the sample. A two-layer
model for the device is proposed. The physical mechanism and the conditions for the appearance of
rocking and traveling current filaments are considered and generalized for a wide class of nonequilibri-

um systems.

I. INTRODUCTION

In various nonequilibrium homogeneous distributive
media—such as plasmas and gases, superconductors,
photoconductors, active nonlinear optical systems, semi-
conductors and semiconductor devices, chemical and
biochemical reactions—self-organized and self-main-
tained localized nonequilibrum structures may appear.
Some years ago such localized structures were observed
as stable stationary current filaments in experiments, e.g.,
in thin GaAs films,""? in gold compensated silicon pin
diodes,’ in gas discharge systems,* ¢ periodic electric net-
works”® and reverse biased p-n junctions.’ The properties
of these structures, e.g., form, width, amplitude, etc., are
only determined by the system parameters. General re-
sults, theoretical and experimental, concerning the inves-
tigations of such structures (also called autosolitons) have
been summarized in Refs. 10 and 11.

In some kinds of nonequilibrium media, standing local-
ized states are spontaneously transformed into pulsating,
sometimes called breathing, states'®!2”!® when certain
parameters reach critical values. The amplitude or the
width of pulsating nonequilibrium regions changes, with
a certain frequency periodically in time.'? Pulsating
current filaments have experimentally been observed in
p-Ge (Ref. 17) and n-GaAs.'®

In this paper we report in Sec. II on the experimental
observation that a standing current filament in a p *-n *-
p-n~ device becomes unstable at a certain critical value
of the total current. Instead of the expected transition to
a pulsating current filament, a rocking filament is ob-
served: A well-defined region of high current density os-
cillates around a fixed position in space with a definite
frequency, similar to the motion of a pendulum. For
rather large values of the total current, a further transi-
tion from a rocking to a traveling motion can be ob-
served. In Sec. IIT we present a two-layer model for the
pt-nt-p-n~ device. A new physical mechanism is pro-
posed to explain that, under certain conditions, pulsating
current filaments, or, in a more general sense, pulsating
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localized structures are suppressed, and rocking localized
structures develop instead.

II. EXPERIMENTAL OBSERVATION
OF SPONTANEOUSLY ROCKING
CURRENT FILAMENTS

A. Experimental setup

The matter of our experimental investigations are
rocking current filaments in silicon p *-n *-p-n ~ struc-
tures, which are prepared by diffusion processes and ion
implantation. A weakly phosphorus doped {111) silicon
wafer with an impurity concentration of about 1.3X 1013
cm ™3 is used as the basic material. In two successive
diffusion steps, the p and n * layers are produced, using
aluminum and phosphorus as doping materials. The
maximum doping concentrations are about 2X 10'® cm 3
for the p layer and 5X 10" cm™3 for the n * layer. The
p " layer is formed by ion implantation of boron with a
maximum concentration of 5X10?° cm 3. The widths of
then ", p,n*,and p* layers are 794, 70, 12, and 0.5 um,
respectively. A thin aluminum layer is evaporated on
both sides of the wafer to provide the device with electri-
cal contacts. For experimental investigations, small sam-
ples with typical sizes of about (I, XI,XI,)
=(5X0.878X0.5) mm? are prepared. The four semicon-
ductor surfaces are finally polished.

A streak camera system with an S'1 cathode has been
used to measure the current-density distribution, spatially
and temporally resolved. By this camera especially the
emitted infrared recombination radiation can be detected.
Incident light on a certain point of the cathode generates
electrons which are accelerated in a high electric field and
multiplied in a microchannel plate. An additional per-
pendicular electric field increasing linearly in time gen-
erates a spatiotemporally resolved picture on a phos-
phorus screen. For a detailed description of the streak
camera system, see, e.g., Ref. 19. In the investigated sam-
ples, the intensity of the emitted radiation is large, espe-
cially in the environment of the p-n junctions and the me-
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FIG. 1. Current-voltage characteristic I(¥) of the

pt-n*t-p-n~ device. The inset shows the schematic structure of
the device with the geometric dimensions /, =2.6 nm, /,=0.88
mm, and /,=0.7 mm.

tallic contacts. The results presented in the following
have been obtained by focusing a section of the /,/, sur-
face near the anode parallel to the contacts (Fig. 1) via a
lens system to the streak camera.

B. Current-voltage characteristic
and standing current filaments

The semiconductor device has been connected to a dc-
voltage source via an external resistor R,. Figure 1
shows the experimental setup and the total current-
voltage characteristic 1(¥) of the p*-n"-p-n~ device.
In regions where the current or the voltage across the
sample consists of a dc part and a superimposed ac part,
we have used the average value of the corresponding vari-
able. When increasing the supply voltage Vg, the voltage
drop V across the sample increases until the critical volt-
age V =42 V is reached. The current density j(x) is
distributed homogeneously in the sample for total
currents I in the interval [0,1,,]. At the critical current
1,4, a standing current filament (Fig. 2) spontaneously ap-
pears connected with a discontinuity in the I (V) charac-

FIG. 2. Streak camera record of the emitted light density of a
standing current filament for the current 7 =91.3 mA.
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teristic. In almost all investigated samples, this current
filament has been localized in a certain distance of one of
the edges of the sample. From the detected radiation sig-
nal, a typical filament width of about 380 um can be es-
timated.

C. Spontaneous transition from a standing
to a rocking current filament

If the total current in the system is increased, the
current filament broadens a little and at a critical current
value I =1, (Fig. 1) the system undergoes a second tran-
sition: The standing filament becomes unstable and
transforms to a rocking one [Fig. 3(a)], oscillating around
a fixed position in space with the fundamental angular
frequency @=10300 s~ !. This is accompanied by oscilla-
tions of the voltage across the sample with the amplitude
Vss and of the total current which have the same fre-
quency o [Fig. 3(b)]. The spatial amplitude /, of the
rocking filament is small compared to the length /, of the
sample. Further increase of the average current
T=(1/T)f0TI(t)dt with T=2m/w causes an increase of
the amplitude /,, which, near the current I.,, is propor-
tional to the square root of the total average current
[Figs. 4(a) and 4(c)]. We remark that the transition is
connected only with small changes of the frequency
values w in the vicinity of the current I, [Fig. 4(b)].

D. Spontaneous transition from a rocking
to a traveling current filament

By a further increase of the total current, a third tran-
sition occurs at I,. As can be seen from the streak cam-
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FIG. 3. Streak camera record of the emitted light density of a
rocking current filament (a) and time series of the voltage drop
V across the sample (b) for the average current /=106.5 mA.
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era record in Fig. 5(a), the small-amplitude oscillations
around a fixed position in space are superimposed by os-
cillations of the current filament between the edges of the
sample. Therefore, the amplitude of the rocking filament
increases discontinuously at the critical point I.,, while
the frequency of the oscillation drops discontinuously.
This behavior is reflected in the ac-voltage drop across
the sample, the amplitude and frequency of which also in-
crease or decrease discontinuously, respectively [Figs.
4(a) and 4(b) and Fig. 5(b)]. For a current I > I,,, the am-
plitude /, is constant and equals nearly the sample length
1., while the frequency increases with current I as shown
in Fig. 4(b).

The transition from rocking to traveling current-
density filaments becomes obvious in the v =x_ versus x,
diagram; v means the velocity and x. the central position
of the moving current filament. In the case of a rocking
current filament, the velocity v changes from zero to v ,,
and back to zero nearly sinoidal [Fig. 6(a)]. Instead, a
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FIG. 4. Spatial amplitude /, of the rocking current filament
and amplitude Vs of the voltage oscillations (a), and frequency
o of the rocking filament (b) as a function of the average current
I. In (c) the square of /, as a function of T is drawn for I near to
I,.
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FIG. 5. Streak camera record of the emitted light density of a
mainly traveling current filament (a) and time series of the volt-
age drop V across the sample (b) for the average current
T=146.6 mA.
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FIG. 6. Experimentally determined portrait of the phase
space v =X, vs x. for a rocking (a) and a traveling (b) filament.
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traveling current filament is characterized by space inter-
vals in which the filament moves with a constant velocity
up to the point where it reaches the edge of the sample
[Fig. 6(b)]. Here the filament returns for a certain time
period to a rocking motion before it travels back to the
other edge. If the average current is large enough, the
rocking motions near the edges vanish completely, lead-
ing to a pure traveling current filament.

E. The influence of the external resistor R,

The presented results have been obtained by using a
load resistor Ry =610 Q in the external electrical circuit.
Under these circumstances, only small-current oscilla-
tions superimpose a dc current. The amplitude Igg of
these oscillations tends to zero when the value of the
resistor increases to infinity [Fig. 7(a)], while the average
current is kept constant and I €[I,,,1,,]. On the other
hand, the amplitude Vg of the ac part of the voltage V
and the spatial amplitude /, are almost independent of R,
as shown in Fig. 7(b). It is obvious that a pulsating
current filament is connected with oscillations of the total
current, whereas a pure rocking current filament does not
change its width in time and therefore no oscillations of
the total current can be expected. The experimental re-
sult that the amplitude Ig; grows with decreasing R,
therefore indicates increasing pulsating components of
the filament. However, the experiments show only rock-
ing filaments, even at values of R, close to zero. This
may be attributed to the resistance of the n ~ layer of the
device, which gives a contribution to an effective external
resistor R.
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FIG. 7. Amplitude I (a), spatial amplitude /, and amplitude
Vss of the voltage oscillations across the sample (b) as a func-
tion of the external resistor R, for a rocking current filament.
The average current I has been kept constant for all measure-
ments.
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III. THE MECHANISM LEADING
TO THE APPEARANCE OF SPONTANEOUSLY
ROCKING CURRENT FILAMENTS

A. A model for the investigated semiconductor sample

Let us consider the device (Fig. 8) composed of two
parts: (i) a p T-nT-p transistor, and (ii) a forward-biased
p-n~ junction.

The n ™~ layer is doped rather weakly (the donor con-
centration is about 1.35X 10" cm™3), such that the elec-
tron density is close to that of an intrinsic material. On
this account, the injection of electrons from the n ™ layer
into the p layer and therefore into the first part of the de-
vice can be neglected in a first approximation, and the
properties of this part are not influenced by the p-n~
junction. A consideration of the device based on two
separated layers is therefore admissible.

In the first part of the device, the p *-n T-p transistor,
the outermost p *-n * junction is forward biased, whereas
the inner n *-p junction is reverse biased and blocks the
current up to the voltage at which avalanche breakdown
becomes important. Together with a positive-feedback
mechanism by the outer p "-n " junction, this p*-n*-p
transistor exhibits an S-shaped current-voltage charac-
teristic; i.e., the p*-n*-p transistor has a current-
controlled negative resistance. If we restrict our con-
siderations to only two space dimensions, the two parts of
the device, namely the p *-n *-p transistor and the p-n "~
junction, are coupled by the following relations:

j,,,,,,(x,y =0,1)=jp,(x,y =0,1) , (1a)
Vi) =Vx,0)+V,(x,1), (1b)

where ]p,,p(x,y =0,t) and jp,,(x,y =0,t) denote the
current densities through the p *-n T-p structure and the
p-n~ junction at the interface between the two parts of
the device at y =0 [Figs. 8(a) and 8(b)]. V(x t) V,(x,1),
and V(1) are the voltage drops across the p *-n*-p struc-
ture, the p-n ~ junction, and the whole device, respective-

ly.
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FIG. 8. Whole p*-n*-p-n~ device (a) and the proposed
two-layer arrangement (b). The spreading of the emitter current
(c) is determined by the base resistivity R =Ax /(o,L,w). y,-Yys
mark the boundaries of the space-charge regions of the p-n
junctions.
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1. Description of the p *-n *-p transistor

In what follows, an equation for the emitter voltage V,
is derived, proceeding from the emitter and collector
currents of the p*-n%-p-transistor. For the emitter
current density j,(x,t)=j,(x,y=y,,t), a displacement
current due to the emitter capacity C, per unit square, a
current arising from the diffusion of injected carriers and
a recombination current are considered (see, e.g., Ref.
20):

! (x.8)=C av,(x,t) 4 V.(x,t) .
Jelx,1)=0C, ot Js |€Xp VT
4 V,(x,t) ) @)
Jr lexp v, .

Jjs and j, denote saturation current densities of the
forward-biased emitter-base diode, and the thermal volt-
age is defined by V=kT /e, with the elementary charge
e the Boltzmann constant k, and the temperature 7. The
current densities j; and j, are explicitly given by

eD, gp
. p,Bn0,B
= el s 3
Js L, (3a)
ed
J= ——2EB ovyN,n; , (3b)

where D, g, L, p, and p,,q g are the diffusion constant, the
diffusion length, and the equilibrium concentration of
holes in the n * base, respectively. For j, the usual model
of Shockley-Read-Hall recombination is used. dgg
denotes the width of the space-charge region of the
emitter-base junction, o the electron and hole capture
cross sections, which are assumed to be equal, v, the
thermal velocity of electrons and holes, N, the trap densi-
ty, and n; the intrinsic density of carriers in silicon.

As is well known, the collector current density
Je(x,t)=j.(x,y =ys,t) can be written as the sum of a dis-
placement current, namely the collector saturation
current, the transfer current of holes injected from the
emitter, and a leakage current:

. V. (x,t) .
]c(x,t)=CC—at—+M]sc
V,(x,t) V. (x,t)
+MpBj; |exp - —_—, @
Vr PL

with the collector voltage drop V,, the collector capacity
C. per unit square, and the multiplication factor M of the
collector junction given by
1
1 —_

c

Vs

V, is the common base breakdown voltage and m is a
constant number. j, describes the saturation current
density of the reverse-biased collector, 8 the base trans-
port factor, and p; the resistivity of the leakage. Taking

7563

into account the spreading of the current in the n ™ base,
determined by the conductivity o, and the width w [Fig.
8(c)], the emitter and collector current are connected by

3*V,(x,t)

ol (6)
>4

Je(x,t)=j (x,t)two,

with the boundary conditions
aV,(x=0,t) —0 Vv, (x=I,t)
o9x ’ ax

Equations (2), (4), and (6), together with the boundary
conditions (7), completely describe the behavior of the
p T-n T -p transistor.

The reverse-biased collector has very often a rather
small depletion layer capacity, leading to a fast relaxation
of the collector voltage drop V.. Neglecting the capacity
in Eq. (4) and inserting it together with Eq. (2) into Eq.
(6) yields

=0. (7)

av, v,
<3 WO x?
—(1—BM)j, |exp 7’; —1]
Vz‘_Ve
+Mj +—
L
Ve
— -1, (8)
Jr |€XpP 2V

with Vi(x,t)=V,(x,t)+V.x,t) and M=M(V,—V,)
given by Eq. (5). The current density j,,(x,y =0,1) is
equal to the collector current density j.(x,?).

For this derivation, the injection of carriers in the
transistor base was assumed to be not too large. In the
case of high injection, the equation becomes more com-
plex, but the important features for our consideration are
contained already in the low injection model.

2. Description of the p-n ~ junction

Let us consider now in more detail the electrical prop-
erties of the p-n~ junction. We make the following as-
sumptions for simplification.

(i) The p-n ~ junction is an ideal Shockley diode.

(ii) The n~ layer is weakly doped, therefore the injec-
tion of electrons from the n ~ layer into the p layer can be
neglected.

(iii) The width of the space-charge region and the
width of the p region are neglected, i.e, ys=y,=0 [Fig.
8(a)]. The concentration of holes at the center of the
p-n~ junction is therefore together with (i) given by

p(x,y=0,2)=p,eexp[ V,(x,y =0,t)/V7r] . 9)

Pno is the equilibrium concentration of holes in the n ™~
layer and V), is the voltage drop across the p-n~ junc-
tion. Because of (i) and (ii), the current density j at the in-
terface at y =0 is determined by the diffusion current of
holes, leading to
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dp(x,y=0,¢) _ _ jlx,y=0,t)

ay eD,

(10)

(iv) At the metallic contact y = W, surface recombina-
tion of holes with a surface recombination velocity s is as-
sumed, so that the following boundary condition is valid:

ap(x,y:W,t) —_ p(x’y=W’t)_pnsO

dy s D, ’

(1

Duso 18 the hole equilibrium concentration at the metallic
contacty =W.

(v) Low injection of holes in the #» ~ layer is assumed.
Therefore, the rate of recombination of holes in the n ™~
layer can be approximated by (p —p,o)/7,, where 7,
denotes the lifetime of holes in the n ~ layer, and the hole
current density due to electric fields can be neglected.?’
The hole current density jj, is then given by

jp=—eD,Vp(x,y,1),
Osy<w, 0=x=I,. (12

(vi) At the boundaries x =0 and /, we assume homo-
geneous Neumann boundary conditions

p(x =0,,1) _ p(x=I,yt)
optx ZO%U o , =
ox ox
With these assumptions, the spatiotemporal develop-
ment of the concentration of holes for 0=y < W is deter-
mined by the following usual diffusion equation:
82 2
2t . 2
ox ay

0. (13)

ap(x,p,t) _
ot D,

p(x,y,t)

_ P(x’.v,t)_Pno

Tp

(14)

with the boundary conditions (10), (11), and (13).

In the following, for the sake of a qualitative under-
standing, we simplify the model equation (14) with the
boundary conditions (10), (11), and (13). In this way the
application of a general theory concerning the properties
of localized solitary structures'® becomes possible.

Because the main interest of our consideration con-
cerns the distribution of holes in the x direction, it is use-
ful to eliminate the dependence in the y direction by in-
tegrating Eq. (14) over the y axis. With p(x,t)
=(1/W) [ ?p(x,p,t)dy and the surface recombination
rate 1/7; defined usually as (cf,, e.g., Ref. 21)

dp(x,y=W,t)
__ D dy

1
o [P =poldy
(x,y=W,t)—p,
=g pW y Pnso , (15)
fO [P(xxy’t)_l’no]dy

the hole gradient at the boundary y = W becomes

plx,y=W,t) _ P(x,8)= Py
ay D,

W, (16)

where W is the width of the n ~ layer. Using Egs. (10)
and (16) after integration of Eq. (14),

Px,t) _ , Fplx,0) 4+ 6y =0,1) %1 pyo
at P 3x? eW T

(17)

is obtained, with an effective lifetime 7 defined by

1_1,1
T 7'_‘ Tp

and a generation term proportional to the current density
j(x,y=0,t) impressed from the p *-n *-p transistor. The
boundary condition (13) for the average hole concentra-
tion concentration p(x, ) then becomes

3p(x =0,1) —o p(x=I,t)
ox ’ ox

We remark that in real devices the density of current
may be so large that the assumption of low injection is
not fulfilled. In the case of high injection, in addition to
the voltage drop V), across the p-n ~ junction, a voltage
drop across the n~ layer appears. Moreover, the holes
injected from the p-n~ junction can accumulate near the
n -nt contact at the cathode, because this contact is a
barrier for holes.

=0. (18)

3. Basic equations of the model

By means of Egs. (8) and (17), the p T-n *-p-n ~ device
is qualitatively described. Using the designations
7,=C,p., L=(D,7)""? and I =(wa,p,)'"?,

Vr

_4
_ﬁ
—M&m—%*ﬁ-nh (19)

_ﬁ
PL

_[ﬁ( ViyV)_pnO] ’ (20)

and estimating the hole concentration p (x,y =0,1) at the
boundary of the space-charge region by the average hole
concentration p(x,t), these equations can be rewritten in
the following form:

e

q(V,,V,))=(1—BM)j.p. |exp

V.

[4

tj.p. |exp X%
T

V’V,’VzL
e, Vi V) eW

e

M +BMj, |exp | -

exp

V

e

V.._
+

AV, (x,t) 3V, (x,1)
et o el V), (21a)
Te" ar ! ax? atve Vi) )
ap[V;(x,t B Vi(x,1)
. PV (x )]_L2 pLVi(x ]+Q(Ve;Vi’V)’ 21b)
ot ox?

where the algebraic function p(¥;) is given by Eq. (9)
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with ¥,=V—V,. p, is the “characteristic” leakage resis-
tivity which depends on the values of p; and Vr/j,.

The emitter voltage V,(x,t) is essentially determined
by the function g(V,,V;) with dq /dV, <0 for a certain
range of the voltage V. In this range the injection of
holes from the p* emitter leads to a positive feedback
and to an autocatalytic increase of V,. According to the
exponential dependence of the emitter current density j,
on V,, this positive feedback causes an increase of j,.
The physics of this autocatalytic process are based on the
fact that holes injected from the emitter are multiplied in
the collector region. In the operating mode of the
avalanche transistor, the current density of the base is
negative and the inequality (1—BM)<0 is fulfilled. If
the value of the voltage drop V; across the transistor is
constant, this inequality means that the holes multiplied
in the collector cause an electron base current from the
collector which is large enough to induce an additional
injection of holes from the emitter, and so on. Thus, the
transistor part of the p *-n *-p-n ~ device contains an au-
tocatalytic process if ¥; is constant. Because of this ac-
tivating property of the transistor, the variable ¥, may be
called an activator. The time constant 7, and the
diffusion length [ are the characteristic values over which
V, varies in time and space, respectively.

In the p*-n T-p-n ~ device, the value of ¥; is not con-
stant due to interaction of the transistor with the p-n ™~
junction: The holes injected in the n ~ layer increase the
hole concentration p(x,t), and therefore the value of the
voltage drop ¥, across the p-n~ junction increases ac-
cording to Eq. (9). Provided that the voltage drop V(?)
across the whole device is constant, the value of the volt-
age drop V;(x,t)=V(#)—V,(x,t) across the transistor de-
creases if ¥V, increases. This inhibiting process in the
p-n~ junction limits the autocatalytic process in the
transistor part of the device. Because of this inhibiting
property of the p-n~ junction, the variable V; may be
called an inhibitor. The time constant 7 and the diffusion
length L of holes spreading in the n ™ layer determine the
characteristic values over which V; varies in time and
space, respectively, according to Egs. (9) and (21b). From
Egs. (20) and (21b) it is obvious that for each positive
value of V; and V, the relation 8Q /3V; >0 is fulfilled, in-
dicating the fact that the voltage V; works as an inhibi-
tor.

From the external circuit we get a third equation for
the voltage drop V(¢) across the whole device:

av(e) _
at

where Vg is the value of the applied voltage, C,, the
parasitic capacity parallel to the device, and R, the load
resistor in the external circuit. The three equations (21a)
(21b), and (22) for the voltages V,(x,t), V;(x,t), and V()
form a complete system of equations for the p*-n*-p-n—
device under consideration.

For R,=0 and R, C,, <<min(r,,) the values of ¥ and
Vs are equal, and the basic model equations are reduced
to Egs. (21a) and (21b) with V=V¥;. A qualitative
analysis of this system of equations for the ratios I /L or

Rocex

IX
Vs—V—Ro [ "j(Vo,Vdx , (22

(and) 7, /7 sufficiently small is possible using the theory
from Ref. 10, if for a certain range of the parameter V the
conditions

9Q/dV;>0, 9q/dV,<0,

9¢ 30 3¢ 3Q _,
av, av, av, oV,

are fulfilled. For the parameters of the p*-n*-p-n~ de-
vice, the value of the ratio / /L is rather small (I /L <1).
This is due to the fact that / is determined by the spatial
spreading of the base current in the thin n* base of the
transistor and L depends on the spreading of holes in the
thick n ~ layer due to the ambipolar diffusion of electrons
and holes. The value of 7, /7 may be less than 1, too, be-
cause the effective lifetime 7 of holes in the n ~ layer can
be much larger than the relaxation time 7, of electrical
processes in the transistor. From Ref. 10 it is known
that, depending on the values of the ratios / /L and 7, /7,
different kinds of localized structures can be expected for
a constant value of V. Since the characteristic times as
well as the characteristic lengths of the activator V,, i.e.,
the current density through the transistor, and those of
the inhibitor ¥V}, are different, a competition in time and
space between these two variables appears. In Sec. III B
a qualitative explanation based on this competition is
given for the experimental phenomena presented in Sec.
II of this paper.

(23a)
(23b)

B. Physics of standing localized current filaments

In this section we consider qualitatively the physical
properties of current-density filaments in the proposed
model. For that purpose it is useful to consider first the
characteristic dependence of the device variables ¥V, and
V; for homogeneous distributions.

The current-voltage characteristic of the first part of
the device, the p *-n *-p transistor, is according to Eq. (2)
connected to the relation V,(V;), because j (V,) is a
monotonic function. As can be seen from Eq. (21a), the
function V;(V,) can be obtained from the equation
q(V,,V;)=0. For the following set of parameters V,(V,)
is depicted in Fig. 9(a): j,=2X10"% A/cm?
Jjs=1.5%10"" A/cm?, j,=3X10"7 A/cm? T=300 K,
B=0.6, V,=42 V, m=3, W=600 um, p, =4X10*
Qcm? Due to the exponential dependence of j, on V,,
small variations of V, result in large variations of j,, and
due to the relation V,(V;) the current-voltage charac-
teristic of the p*-n*-p transistor becomes highly non-
linear with a region of negative differential resistance
[Fig. 9(b)].

It is well known that in such devices “nonlocal-
ized” current-density filaments can appear. The charac-
teristic length over which the current density changes in
space is determined by the value of / (Fig. 10). The term
nonlocalized means that the appearance of the current
filament is accompanied by a change of the current densi-
ty j(x,t) through the transistor in the whole x range
when compared with the homogeneous current distribu-
tion. The existence of the current filament is linked with
the positive-feedback mechanism caused by the avalanche
breakdown in the collector and the injection of holes

22,23



7566
(@)
50 q(v,, V) =0
5 [
o QV,, V,, ¥, =35V)
&
5 Y, V,, ¥, =20)
5
0+
0 1
voltage V, (V)
(b)
500
VY, v

"\~

current density j (A / cmz)

<
Py

50
voltage V,,V (V)

FIG. 9. Dependence of the transistor voltage V; on the emit-
ter voltage V, for q(V,,V;)=0 and Q(V,,V;,Vs)=0 (a). The
calculated current-voltage characteristics in (b) refer to the
transistor part [j(¥;)] and the whole p "-n*-p-n = device [j(V)]
for a homogeneous current distribution.

from the emitter, as considered in Sec. IIT A 3.

The whole device consists not only of the transistor,
but also of the p-n~ junction. For this reason, in the
pT-nT-p-n~ device, “localized” current filaments appear
instead of well-known nonlocalized current filaments
(Fig. 11). In this case, far from the localized current fila-
ment, the current density is equal to the homogeneous
density j =j,, in contrast to the nonlocalized case. In re-
gions where the value of the current density corresponds
to the value j, of the homogeneous distribution, the sys-
tem does not know about the existence of the localized
high-current region.

(a) I

Vel P
nt
Ve ik
1l
'l
S
(b)
1) j(X%—\ Ve(x)
el o —

FIG. 10. Schematic arrangement of the p *-n*-p transistor
(a) with a nonlocalized current filament (b). The distributions of
the emitter current j,(x) and the emitter voltage V,(x) differ
only by their scaling.
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FIG. 11. Schematic arrangement of the p*-n*-p-n~ device
(a) with a localized current filament (b) that can develop because
of the spreading of holes in the n ~ layer. The spreading leads to
the long-range distribution of the voltages ¥, and V;=V—V,
(c).

The physical reason for the appearance of localized
current filaments can be qualitatively explained as fol-
lows: Holes that are injected from the transistor into the
n~ layer diffuse in this layer. Because in the center of
the filament the injection of holes is many times larger
than in the vicinity of the filament, holes diffuse not only
to the cathode but also along the x direction in the thick
n~ layer. This broadening of the region with high hole
concentration in the n ~ layer [Fig. 11(a)] causes a corre-
sponding broad distribution of the voltage drop V,(x,?)
across the p-n ™ junction. According to Eq. (1), the volt-
age drop V;(x,t) across the transistor in this case depends
on the spatial x coordinate and reaches in a certain dis-
tance from the center of the current filament, a value cor-
responding to a homogeneous state. This distance is
determined by the value of L, which in turn is determined
by the diffusion length of holes in the n ~ region. Thus
the characteristic width of a localized current filament is
determined by L. We remark that the lifetime 7, of holes
in the n ~ region of our device is about 100 us. The value
of L=(D,7)'"? is therefore about 350 um for D,=12.5
cm?/s if 7 is approximated by 7,, and is of the order of
the observed width of the filament.

The existence of a localized current filament [Figs.
11(b) and 11(c)] is linked with the fact that the value of
the voltage drop V; across the transistor locally decreases
and suppresses a further increase of the current density.
For this reason, the maximal current density in the fila-
ment is limited. If the condition L >/ is fulfilled, the
spreading of holes in the n~ layer leads to a less-
pronounced decrease of V; in comparison with the homo-
geneous case. In this case, the decrease of V; in the
center of the filament is smaller and therefore cannot
prevent the generation of a localized high-current-density
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region. Thus a localized filament exists due to the com-
petition of the positive feedback in the transistor and the
negative feedback in the p-n ~ junction if L > /. The com-
petition also determines the size I, of such a localized
state. The boundaries of this state are characterized by
sharply changing current densities [Fig. 11(b)] due to the
large positive feedback in the transistor. These boun-
daries may be called “walls” of the localized current fila-
ment.

For the device under consideration, the dependence of
V; on V, resulting from the equation ¢(¥,,¥;)=0 is not
monotonic (Fig. 9) but is N shaped, corresponding to an
S-shaped V,(V;) characteristic. On the contrary, the
dependence of V; on V, derived from Q(V,,V;)=0 is
monotonic. Furthermore, the inequality / /L <<1 can be
fulfilled for the device if p,. is approximated by
(2Vy/j )exp(—V,/2Vy) and V, is sufficiently large.
Therefore, the results for the stability and properties of
autosolitons in active distributed systems from Ref. 10
can be applied tentatively for further qualitative con-
siderations concerning the behavior of localized current
filaments in the device.

C. Physics of the transition from standing
to pulsating localized current filaments

Possible transitions from standing to other kinds of lo-
calized current filaments are predictable from qualitative
considerations of the stability of standing localized
current filaments. In the case of stable localized struc-
tures, the growth of critical current fluctuations that are
localized in the current filament walls is damped by the
inhibitor V;. There are mainly two critical fluctuations of
the activator 8V,, and 8V,,; corresponding to current-
density fluctuations §j, and 85, [Figs. 12(b) and 12(c)].
They induce a corresponding alteration §¥;, which in
turn has a damping influence on the growth of the fluc-
tuations §j. From an analysis in Ref. 10, it is known that
the most destabilizing perturbation for a localized
current filament is the symmetric fluctuation §j,, which
modifies the width [ of a filament. If the characteristic
time of temporal changes of the voltage V; (inhibitor) is
much larger than that of the current density j=j, (ac-
tivator), i.e., 7, /7 <<1, the critical fluctuation of the ac-
tivator cannot instantly be suppressed by the inhibitor.
Hence the amplitude §j, [Fig. 12(b)] of the activator fluc-
tuation

8j(x,t)=8jy(x)cos(w,t) (24)

increases, and the fluctuation has an intrinsic frequency
o, T <o, <71 !, with!®

172
11

Lr,7

(25)

D

The increasing fluctuation §j(x,¢) causes wall oscillations
of the localized current filament. These wall oscillations
are in antiphase, and therefore a transition from a stand-
ing to a pulsating localized current filament takes place
[Fig. 12(d)].

From Refs. 24 and 25, it is known that, besides wall os-
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FIG. 12. Spatial stable stationary distribution of the current
density (activator) and the voltage V; (inhibitor) (a). The sym-
metric (b) and antisymmetric (c) critical fluctuations §j, and §j,
of the current density with the corresponding fluctuations 8§V;
of the transistor voltage lead to pulsating (d) and rocking (e) fila-
ments, respectively. The solid and dashed lines mark the two
extreme positions of the filament.

cillations in antiphase, oscillations in phase can also ap-
pear. In systems with a parameter V that is independent
on the total current [cf. Eq. (22)] oscillations in phase
take place only in a secondary transition as a rule, and
therefore only wall oscillations in antiphase can be ex-
pected to appear spontaneously. In the following we
shall show that, under certain conditions, the transition
from a standing to a pulsating current filament is
suppressed, and a spontaneous transition to a rocking one
[Fig. 12(e)] takes place instead.

D. Physics of the spontaneous transition
from standing to rocking localized current filaments

In this section we explain why in our experimental in-
vestigations not a transition from a standing to a pulsat-
ing current filament, but instead a transition to a rocking
localized current filament spontaneously appears at some
critical value of the total current I through the device.

In order to observe the transition from a standing to a
pulsating localized current filament, it is necessary that
the critical symmetric fluctuation §j, [Fig. 12(b)] can
grow. Since the perturbation §j, is symmetric to the
center of the localized current filament, it changes the
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width of the current filament and thereby the total
current:

l
I=sz0xj(x)dx . (26)

I, and I, denote the size of the system in the x and z
directions. Therefore, §j, can only be effective if the load
resistor R, in the external circuit is sufficiently small or
even zero. For increasing values of the external resistor
R, the fluctuations §j, are more and more damped and
finally completely suppressed at a certain critical value
Ry .. In the limit case of a current source, i.e., Ry = 0, it
is evident that the total current I is constant and sym-
metric fluctuations such as §j, cannot appear. For the
above considered cases with j=j,(V,) and 9j,/dV,>0
we obtain

IX IX ]
s1=1, [ &)V, )ax=1 [ SQVLSVe(x)dx=O, 27)

and thereby 8V,,=8j,=0. In contrast to this, the fluc-
tuation 87 =438, [Fig. 12(c)] leading to a rocking current
filament [Fig. 12(e)] can grow if R,= o, since §j, is an-
tisymmetric and therefore condition (27) is fulfilled, even
for 8§j,70. The condition under which such antisym-
metric fluctuation increase is well known from the gen-
eral theory of autosolitons'® and is given by

Te
M+ <0, (28)

where

2
{I/L] /1), I,<L

M=, LsL

(29)

is the increment of the growing fluctuation §;, if the inhi-
bitor fluctuation 8§V, is assumed to be zero. w;>0 is the
decrement of the inhibitor fluctuation 8V, if the activa-
tor fluctuation §j, is assumed to be zero. The term
(7, /7)), describes the damping effect by changing the in-
hibitor density. On the condition that

T, /T<l/L 1 (30

is valid, we obtain from Egs. (28) and (29) the existence of
a critical width [, . of a current-density filament, or, more
general, of an autosoliton. This width [ . is given by
Te L
| =L-2Z= (31)
Se T 1
If the width of a standing localized current filament
exceeds the critical value /. and current fluctuations in
the external circuit are suppressed by using a current
source, the standing localized current filament becomes
unstable and transforms into a rocking one, because

8j(x,t)=98j,(x)cos(w, t) (32)

describes a perturbation leading to an oscillation of a lo-
calized current filament with the frequency o, =~w, [cf.

Eq. (25)] around a certain spatial position. Since any
value of the total current corresponds to a definite value
of the filament width [, the spontaneous transition from
a standing to a rocking filament occurs if the total
current I exceeds a certain value I, corresponding to the
critical width [; .. Thus a rocking localized current fila-
ment appears instead of a pulsating one if the external
resistor as well as the total current exceed a certain criti-
cal value.

As in many other cases, two types of spontaneous tran-
sitions from standing to rocking localized current fila-
ments can be distinguished. The first type is character-
ized by a transition from a standing to a rocking current
filament connected with a discontinuous rise of the ampli-
tude of the rocking current filament. The frequency of
such a rocking current filament may be much less than
o, because the oscillation may be of a relaxation type
with two different characteristic times of the activator
(V, or j,) and the inhibitor (¥;). In the second case, the
spatial amplitude of the rocking current filament in-
creases smoothly, with an enlargement of the total
current I from zero at I =1, with a frequency near ..
This is the type of transition observed experimentally
(Fig. 3). Near the critical current I, a well-known scal-
ing law between the spatial amplitude /, of the rocking
moti(ln1 /a;nd the total average current could be found:
L~I)"=

E. Traveling localized current filaments

A traveling current filament is moving with a constant
velocity that depends only on the parameters of the de-
vice. In contrast, the velocity of a rocking current fila-
ment changes in space and reaches the maximal value in
the spatial center of the rocking motion. It becomes zero
at the extreme points of the spatial motion. If the system
is periodically closed, e.g., as a ring, we can expect a
spontaneous transition from a rocking to a traveling
motion.

In experiment, the transition from a rocking to a trav-
eling current filament has been found, when the total
current exceeds the critical current I_,, as can be seen
from Fig. 5. The concrete geometrical form of the device
under consideration is a linear setup as a stripe (Fig. 1).
Therefore, the filament has to approach one of the semi-
conductor surfaces of the sample. We observed experi-
mentally a new effect, namely, the repelling of the fila-
ment at the surface. By this, a filament oscillating be-
tween the two edges results. The velocity of this localized
current filament in a certain distance of the surface is al-
most constant [cf. Fig. 6(b)] in the whole sample, indicat-
ing a traveling current filament. Only if the filament
reaches one of the surfaces can a sharp change of the ve-
locity v to zero and a change of the sign of the velocity be
observed. During the repelling period, the filament
characterized by the lightening region does not reach the
semiconductor surface [Fig. 5(a)]. This experimental ob-
servation can be explained using the general properties of
traveling autosolitons in active systems for which the in-
equality (30) is valid.

From the theory of traveling autosolitons in infinite ex-
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FIG. 13. Schematic distribution of a traveling current fila-
ment near the boundary.

tended systems, described by two nonlinear equations for
an activator and an inhibitor without global inhibition, it
is known!? that, in front of the first wall of the traveling
autosoliton, a diffusion precursor of the inhibiting com-
ponent V; exists. The diffusion precursor leads to a re-
fractory region of order L in size. In this refractory re-
gion, the current density changes smoothly from j.;, to
Jn (Fig. 13). The diffusion precursor in front of the travel-
ing current filament acts as a feeler of the filament. By
means of this feeler, the filament is able to notice the
semiconductor surface if it has approached the surface to
a distance L. The velocity of the filament begins to de-
crease, and the repelling mechanism starts. For this
reason, the front wall of the traveling current filament
does not reach the surface and repels in a certain distance
of it [Fig. 5(a)].

The repelling mechanism at the boundary in a system
in which Eq. (30) is valid is of the same nature as the re-
pelling due to collisions of current filaments in extended
systems as observed, e.g., in gas-discharge systems®® and
as predicted in Ref. 10. We remark that the repelling
effect of traveling current filaments at the boundary of
the system or at another current filament is quite different
from the well-known behavior of traveling in many active
system described by models of the FitzHugh-Nagumo
(FHN) type (see, e.g., Ref. 27). In this case, the collision
of two current filaments leads to an annihilation; a repul-
sion is impossible. This annihilation effect in the FHN
case is caused by the short inhibitor length corresponding
to a missing feeler of the filament.

IV. ABOUT ROCKING FIELD DOMAINS

We can extend the proposed mechanism concerning
the appearance of rocking localized structures to systems
that allow the existence of localized -electric-field
domains. Standing localized domains are well known in
experiments, e.g., in composite superconductors.?® Here
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the characteristic time scale on which the activator
changes corresponds to that of the temperature of the lat-
tice, and the time constant referring to the inhibitor is
determined by the inductance of the system. If in such a
system the ratio of the characteristic time constants of
the activator and the inhibitor is rather small and the
external resistor R, is smaller than a certain critical
value, the standing electric domain becomes unstable
with respect to a rocking, not to a pulsating, domain. In
the limiting case of R;=0 and when using a voltage
source in the external circuit, the voltage drop V across
the sample,

IX
v=["Ex)x , (33)
is constant; therefore, it follows that

lx
8v= [ "8E(x)dx=0. (34)

From Eq. (34) it is obvious that only antisymmetric fluc-
tuations 8E; can arise, and consequently only rocking,
not pulsating, electric domains can appear.

V. CONCLUSION

In this paper the experimentally observed behavior of a
pT-n*-p-n~ semiconductor device has been presented.
Transitions between standing, rocking, and traveling lo-
calized current filaments occur. The proposed two-layer
model leads to a two-component reaction-diffusion equa-
tion in which voltage drops across p-n junctions corre-
spond to an activating and an inhibiting component. It
could be shown that due to the properties of a global cou-
pling, which has been realized by an external load resis-
tor, the appearance of pulsating filaments can be
suppressed and rocking filaments become favored. We
conclude that the scenario reported in this paper and in
particular the appearance of rocking and traveling
current filaments as well as the observed repelling mecha-
nism is not restricted to the investigated semiconductor
structures, in which we experimentally discovered these
phenomena. Such a behavior can be expected for many
other nonequilibrium distributive systems in which local-
ized structures can appear.
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FIG. 10. Schematic arrangement of the p*-n*-p transistor
(a) with a nonlocalized current filament (b). The distributions of
the emitter current j,(x) and the emitter voltage V,(x) differ
only by their scaling.
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FIG. 11. Schematic arrangement of the p "-n "-p-n = device
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FIG. 2. Streak camera record of the emitted light density of a
standing current filament for the current / =91.3 mA.
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FIG. 3. Streak camera record of the emitted light density of a
rocking current filament (a) and time series of the voltage drop
V across the sample (b) for the average current 7=106.5 mA.
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FIG. 5. Streak camera record of the emitted light density of a
mainly traveling current filament (a) and time series of the volt-
age drop ¥V across the sample (b) for the average current

I=146.6 mA.



