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The temporal and spatial evolution of patterns in physical systems due to electrical current flow
can be described for a certain class of systems, which includes certain semiconductor and gas
discharge systems, by a two-layer model in terms of the electrical current density and the electrical
potential. An equation for the nonlinear layer is derived, the characteristic parameters of which can
be obtained from experiments at the respective systems without inhomogeneous patterns lateral to
the main current direction. The resulting equation takes into account diffusion and drift effects in
the nonlinear layer. It turns out that the drift effects occur only if there is a “net space charge.”
Two special cases are derived depending on which of the two layers gives the main contribution to
the displacement current density, and the typical static and dynamic behavior is studied by numeri-
cal calculations. Furthermore, the application of the model to real devices is discussed, and a com-
parison is made with experimental results obtained with a dc glow-discharge system.

I. INTRODUCTION

The formation of temporal-spatial patterns in thermo-
dynamic open systems is a well-known phenomenon.!
The appearance of inhomogeneous patterns is observed,
e.g., in chemistry?~* and biology.>® Mathematical inves-
tigations were carried out, e.g., by Rothe and Maginu.”?
It has been shown in recent studies that such phenomena
can also occur in physical systems.’”!! Special examples
for such systems are dc gas-discharge systems,'?” !> semi-
conductor systems,'® 23 and electrical networks.!!:24~26

In electrical systems that show different electrical
properties along the current direction, often pattern for-
mation lateral to the main current direction is observed.
In order to describe such a system it may be possible to
divide the system approximately into two layers. In Ref.
16 we have proposed such a two-layer model to describe
pattern formation. One of the two layers has linear Ohm-
ic electrical properties, the other one has a nonlinear
current controlled current-voltage characteristic, which
contains a current region of negative differential resistivi-
ty. This model leads to a pair of coupled reaction
diffusion equations in terms of the electrical current den-
sity and the electrical potential at the interface of the lay-
ers. While the equation concerning the linear layer was
derived by means of an approximation of the potential,
for the nonlinear layer a phenomenological estimate was
made that considers diffusion and the reaction of charge
carriers. The resulting model realizes the chemical-
biological principle of autocatalysis and lateral inhibi-
tion® and shows interesting dynamic and static patterns.
This includes stable spatial patterns, nervelike pulse
transmission, or irregular behavior. The same model is
obtained when we consider an appropriate electrical net-
work as an equivalent circuit for the two-layer model**
and carry out the formal limit to the continuous case.

In this work an equation for the nonlinear layer is de-
rived. This is based upon the continuity equation, the
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Poisson equation, and the usual transport equation for
the case of two kinds of charge carriers, which is a fairly
weak requirement. By reasonable assumptions for the
material and by applying an averaging procedure to the
nonlinear region a nonlinear equation is obtained, which
has the structure of an ambipolar transport equation that
takes into account reaction, diffusion, and drift effects of
charge carriers. It turns out that the phenomenological
estimate used in Ref. 16 is a special case of this equation.
Coupling the nonlinear and the resistivity layers leads to
the complete model in terms of a partial current density
and potential, both deviating with respect to a reference
state.

The outline of the paper is as follows. In Sec. II the
equation for the behavior of the partial current density
caused by the kinetics of charge carriers in the nonlinear
layer is derived, and the complete model is established.
Additionally, the stability limits concerning hard- and
soft-mode instabilities are given for the purpose of a later
discussion of the numerical results. In Sec. III numerical
results are presented and ambipolar drift effects are dis-
cussed. Furthermore, numerical results concerning irreg-
ular dynamic behavior of the system are illustrated by the
time dependence of the total current. In Sec. IV the ap-
plication of the model to real devices is discussed. Espe-
cially experimental results of a dc gas-discharge system
are shown and compared with the predictions of the ex-
tended model. Finally, in Sec. V some conclusions are
drawn.

II. DERIVATION OF THE MODEL

The starting point is the physical model of Ref. 16
shown in Fig. 1. It forms a stack of two layers, the linear
resistivity layer, labeled L, of thickness b and the non-
linear layer, labeled N, of thickness a <<b. The whole de-
vice is enclosed by metal contacts. Applying an external
voltage to the metal contacts via the load resistance Ry,
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FIG. 1. Physical two-layer model consisting of a resistive lay-
er denoted by L and a nonlinear layer denoted by N; the
hatched areas are metal electrodes.

the main current flow direction will be parallel to the z
direction. To describe pattern formation in the device we
derive a system of equations in terms of deviations of the
potential and a partial current density j,, relative to a
reference state at the interface (. j,q is the partial z com-
ponent of the current density due to charge-carrier densi-
ty deviations from the reference state, from which the to-
tal z component of the current density can be computed.

We first derive a nonlinear partial differential equation
which should suffice to describe the essential features of
the z component of the current density in the layer N
caused by a given potential at the interface. Later on this
equation will be coupled to an equation for the potential
of the linear layer, which has been developed in Ref. 16.
The derivation for the equation of the nonlinear layer is
carried out for materials in which the kinetics is deter-
mined by two kinds of charge carriers. This situation is
given, e.g., in certain gas-discharge and semiconductor
devices.

In order to simplify the derivation we assume / >>d,
i.e., we regard the interface as quasi-one-dimensional. To
keep the formulas simple we introduce one-dimensional
“current densities” and two-dimensional carrier densities
with the units A/m and 1/m?, respectively. The deriva-
tion can be extended easily to the two-dimensional case.

A. Modeling the nonlinear layer

Owing to the electric field in the nonlinear layer,
caused by the electrical potential at the interface, com-
plex transport processes take place accompanied by a
typical distribution of electric field, charge carriers, space
charges, etc. In order to derive an equation for these
complex transport processes we start with the continuity
equations for the positive and negative charge carriers of
the concentration n ~(x,z,t) and n *(x,z,t), respective-
ly, and with the Poisson equation. The equations are
given by
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agt' —f(n~n " JEN+(1/e)V 0§,
i
ag: =f(n " ,n " |E))—=(1/e)V,,-j*, "
V., E=(e/ee)nt—n"+C), (1b)

where € is the relative dielectric contant and
€=8.85X 1072 F/m, E(x,z,?) is the electric field vector,
e is the elementary charge, V,,=(3/0x,0/9z) and
A,=03?/3z% These equations shall be solved in the re-
gion QX [0,a] with the boundary condition ngzdz =U
between the bottom electrode and the interface, and con-
ditions depending on the system at the boundary
00 X[0,a] (see Fig. 1). f denotes the reaction term and
contains the generation and recombination rates of
charge carriers. C is a background charge, which is tem-
porally constant, i.e., 3C /9t =0, and homogeneous in the
x direction. The net current density j(x,z,t) is given by
=i +j+ and includes all the contributions of free
charge carriers in different states (energy, velocity, etc.).
We consider the case that j can be expressed in the form
of the usual transport equations (Refs. 27 and 28 for
semiconductors, Ref. 29 for gas discharges)
j"=en u E+eD V,_,n",
j"t=en"u*E—eD*V n",

with mobilities u* and u~ and diffusion constants D"
and D~ for the positive and negative charge carriers, re-
spectively. Effects caused by temperature and magnetic
fields are not taken into account explicitly. To include
anisotropic effects which occur, e.g., in semiconductors
we choose anisotropic mobilities and diffusion coefficients
sothatu ,u” and D ~,D ™ are diagonal matrices.

The matter of interest in this paper is the time-spatial
pattern forrnation transverse to the main current flow.
The description of the inhomogeneous patterns starts
from a reference state, which represents a certain
configuration of the electric field, the velocity field, and
the charge-carrier densities, and is homogeneous in the x
direction with an arbitrary structure in the z direction,
which is typical for the considered system. Structures in
the x direction for given potential in the boundary layer
are interpreted as x- and z-dependent deviations from the
reference state. Later on, as a result of an averaging pro-
cedure, the reference state will supply ambipolar values
for the diffusion constant and the mobility of the charge
carriers, which are assumed to hold also for a certain vi-
cinity of the reference state. It will turn out that by this
averaging procedure the complex processes of pattern
formation in the z direction can be established in the pa-
rameters (diffusion constant and mobility) as well as in
the global j(U) characteristic, which can be obtained
easily by experimental measurements. This is a very
comfortable way to take account of the influence that
these effects in the z direction have on the pattern forma-
tion in the x direction. In order to describe the behavior
of the nonlinear layer from this viewpoint we set up the
following definitions and assumptions.

(i) The stationary reference state, which is homogene-
ous in the x direction, is given by

(Ic)
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Py(z)=(ng (z),nq (2),Eyz)) . (2a)

In this reference state all physical quantities (potential,
current flow, etc.) are constants parallel to the electrodes.
For illustration the distributions of the electron concen-
tration for a reference state and for an idealized inhomo-
geneous pattern are shown schematically in Fig. 2.

The stationary reference state P, Eq. (2a) satisfies Egs.
(1). From this we obtain

— _ a _ a _ B
AL ’nJ’IEO|):#°z$(n°EOZ)+$ Do, 5 1m0 | >
- 9 9 )
—flng ’”J’JE01):”M$52—(nSLEOZ)+$ D&gz‘ng ,

(2b)

Ey,.=(e/€)(ng —ny +C),
for the given electrical potential f(‘;EOZdz =U, at the in-
terface . Expressing n ", n ~, and E by deviations

(ny (x,z),n{(x,2),E|(x,2)) (2¢)

from the reference state P, Eq. (2a), we write these and
the additionally listed quantities as sums according to

nt=ns+n', n =ny +n; ,
E=E,+E,, U=U,+U,,

(2d)
v =vy +v, =—u (E,+E)),

vi=vi+v] =u"(E,+E)) .

v~ and v are the drift velocities of the charge carriers.

(i) The deviations of the charge carrier densities from
the reference state are supposed to be quasineutral, i.e.,
n{ =n;. This means the space-charge distribution of
the reference state is constant regardless of the patterns
in the x direction.

FIG. 2. Schematic illustration of the distribution of an elec-
tron concentration for (a) a reference state and (b) an idealized
inhomogeneous deviation.
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(iii) It is assumed that the mobilities and the diffusion
matrices are constant and given by

D O DS 0
D™=\y p-|' P"=lo pr|
ui 0 uh o 0 29
S =10 [TAl I
with
ur=au,,, m=x,z. (2f)

(iv) The deviations of the quantities (2c) from their
averaged values in the z direction are supposed to be
small. Furthermore, we restrict the discussion to
sufficiently small deviations from the reference state P,
especially we assume |E,| <<|E,|.

The last assumptions effect, in particular, |E|=E,, so
that the kinetics is determined by E,. By inserting (1c)
and (2e) in (1) we write more explicitly

ny=f(n n*E)tpin E tpin E, +p nE,
+,uzfn*Ez:+D;n,;x +D;n;z (3)

with the notation n ,=0dn/dz for partial derivations,
which is used throughout this paper. For the positive
charge carriers we get an analogous equation. If we mul-
tiply the two equations with appropriate factors, add

them, and take advantage of the quasineutrality
ny =n; =n,, we get one equation
ny =Gg(n,E)tugny (E+Dgny o, (4)

with
piD ng +Dpng

ping tu ng

Wi ng —ng)

pang tp,ng

DE=

Ko =

in terms of the deviation n, alone. Note that space-
charge terms proportional to E,, , are dropped out by
this procedure. G§ is an effective reaction term; for de-
tails see Appendix A, Eq. (A2b).

Up to now we have succeeded in reducing the behavior
of the nonlinear layer to one equation for the special case
of two kinds of charge carriers, which behave quasineu-
trally. The following derivation, however, depends only
on an equation of the form (4) and not on how it was ob-
tained. More generally, we can proceed in the same way
whenever it is possible to describe the complex behavior
of the nonlinear layer with one equation for a physical
quantity, which is related to the charge-carrier distribu-
tions.

As we want to derive a model in terms of the current
density, we use the fact that the current through the sys-
tem is dominated by the drift current due to the strong
electric field in the z direction and consider the z com-
ponent j, of the drift current density
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=i ti
=—en v, +en v,
:jO +sz ’ (5)

with jy, the deviation of the total current density from
the reference state. The next aim is to obtain an equation
for the evolution of the current density
jio=—e(l+aln,u, E,,, which corresponds to that part
of jy, which takes account only of the changes of
charge-carrier concentrations providing a constant veloc-
ity field [for details see Appendix A, Eq. (A3)]. In order
to set up the evolution equation for j,, we multiply Eq.
(4) by —e(l1+a)vy,. Because of the constancy of v, in
the x direction, we get [for details see (A4)]

J10,0=Gol10,E 1) 15 10,5 E 1 +DGj10,xx - (6)

This equation is a partial-differential equation for j,, of
the independent variables x, z, and ¢ with the reference
state P, as a parameter, as well as E |, and E, as input
parameters. The new “reaction term” G(j,o,E,,) is an
operator on j,, and E,, because it contains z derivatives.
Equation (6) has the structure of an ambipolar diffusion
equation for j,, and contains a drift term with the
effective mobility uf and a diffusion term with the
effective diffusion constant D .

As we focus our interest on pattern formation in the x
direction, whereas the structures in the z direction are
not of concern for the present investigation, we eliminate
the z dependences by averaging Eq. (6) with respect to z.
The averaging is denoted by

(r=(1/a) [ dz . (7)

Each quantity is split up into an averaged value and a de-
viation. Note that we have deviations from the reference
state and deviations from the averaged distribution in the
z direction, which should not be confused.

We now want to show under which conditions it is pos-
sible to express the averaged equation (6) and especially
the reaction term (G,) in terms of (j,,) and (E,,).
For this purpose we carry out a functional expansion of
Go,

Golj10,E1,)=G,j1otGeE, T+ G gjoE\,;
+G,jlo+GeEL, + -, (8)

around the reference state P, with the variational deriva-
tives G, and Gg, etc. taken at the reference state P, and
G,(0,0)=0 (see Appendix A) and get

<jl0>,z:<G0>(<jlo>a(Elz>)+<#3><j10),.r<E1,x)
+<D(}§ ><j10>,xx+Rm . 9)

R, contains all higher-order terms of the deviations; for
details see Appendix B. In the special case that j,, and
E, are approximately constant in the z direction, the
term R,, can be neglected for arbitrary deviations of the
functional derivatives and of the constants uj and DJ
from their averaged values. For R,, sufficiently small the
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averaged reaction term {(G,) can be expressed in terms
of {j,o) and (E,,) and has the same Taylor-series ex-
pansion structure as G, but with averaged coefficients.

If there are highly different time scales for different re-
gions along the z axis, the fast time scales are thought to
be adiabatically eliminated, and the averaging procedure
is then carried out with respect to the remaining region in
the z direction. The resulting time constant, which fol-
lows from the averaging procedure, is shifted to the
larger time scales, which dominate the stability.

Next we determine (E,,) and (E, ) from the poten-
tial distribution at the interface. With
U(x)=U,+U,(x) as the electrical potential distribution
at the interface, the relation

(E\,)=U,(x)/a (10a)

holds. In order to compute (E,, ) we assume that the
deviation V(x,z) of the potential in the nonlinear layer
can be separated into two factors according to
V,=U,(x)x,(z) with x,(0)=1 and y,(a)=0. This esti-
mate holds for small a. it follows that
£ - v, )aul
Ix Ix - Xl z ax 5

and averaging this we get

(E;.)=—U,  {x(2)). (10b)

This means (E,, ) is proportional to U, ,. In Ref. 16
the case y,(z)=1—z/a is considered, which leads to
(x(z))="1. Introducing the notations

D0:<D6‘ ), }1-0:</.L3>/<X1(2)>) gO:<G0>a

and neglecting the terms R, resulting from the averaging
procedure according to the smallness of the variations
from the averaged state, we end up from Eq. (9) with the
following equation:

(10c)

<j10>,I:DO<le>.xx ~Ho<j10),x Uy« +g0(<j10>’ Uy .
(11a)

This equation has the structure of an ambipolar evolution
equation for the mean current density {j,,) depending
on the voltage deviation U,. Besides the ‘‘reaction term”
g0, ambipolar diffusion and drift effects are taken into ac-
count.

According to Eqgs. (10c), (A2a) and (A2b) u, (the
coefficient of the drift term) is proportional to ng —ng .
If the reference state has no “net charge,” the drift term
vanishes. In this case, we obtain an equation for the
current density (j,,?, which is of the same form as the
equation for the nonlinear layer N introduced in Ref. 16.
In the following, for the reaction term g,, we use non-
linear functions of the form

2010, U =[U, —h({j1o)]/¢ (11b)

with ¢ as a distributed inductance. By {j,,) we are able
to determine the mean value for the z component of the
complete current-density deviation as
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Gne Y =S +ag) U, 7a+j o) U, /Uy,  (11c)

by averaging jy, from (A3) with the same assumptions as
used above, where a,=j,/E, denotes the conductivity
in the reference state.

Let us briefly discuss what we have done up to now.
Initially the description of the nonlinear layer was
equivalent with solving a problem in three dimensions.
The quasi-one-dimensional consideration (! >>d ) meant a
reduction to two dimensions, resulting in a system of
equations depending on x and z. The solution in the z
direction was substituted by measuring the global j(U)
characteristic, which is mathematically reflected in the
averaging procedure. What is left is an equation describ-
ing the pattern formation in the x direction, which takes
account of the structures in the z direction only in the
form of constant parameters and the j(U) characteristic,
which can be obtained from experiments.

B. Modeling the resistivity layer—the complete model

Up to now we have established equations for the physi-
cal quantities in the nonlinear layer N. In order to get
the complete two-layer model we have to put together the
linear and nonlinear layer. To distinguish between physi-
cal quantities like current density and electric field in the
two layers we denote quantities in the linear resistivity
layer with the index “L” and quantities in the nonlinear
layer with “N.” In the layer N all quantities like the
electric field and the current density are averaged in the z
direction. In order to get a simple notation in the follow-
ing, we omit brackets indicating averaging of quantities
in the N layer and also omit the index “1” indicating de-
viations from the reference state P,. In this way
U, U,, U, I, j and E;, denote deviations and, e.g.,
E,,=E,, means the averaged deviation of the z com-
ponent of the electrical field in the N layer.

In order to derive a model for the layer L with respect
to the potential distribution U at the interface, we use the
potential approximation of Ref. 16, which is given by

Vilx,z,t)>=U+(U—-U,)z/b—(q,z +q222+q323)U’xx ,

—b<z<0. (12a)

q,=5b/26, q,=%, q;=4/13b ,

with
U,=U+U,=Usg—I"Rg, (12b)
where Ry is the external load resistance. I'*'is given by
L,
1= Jidx (120)
where j'° is the total current density including the dis-

placement current densities. Its z component is defined
as

[j£0t(x,z,t )]Z=ELZ /p+606LELZ,t

for —b<z<0
(X,Z,t)]z =sz+606NENz,I
for 0<z<a

[jtot(xyz,t)]zz [-tot (13a)

JN
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where p is the specific resistivity of the linear material,
and €,, €; and €y are the dielectric constant and the rela-
tive dielectric constants, respectively.

In connecting both layers, we must maintain the con-
tinuity conditions for the electric potential and for the z
component of the total current densities at the interface
0:

U (x,2=0,0)], = [j§"(x,2=0,1)], .
The insertion of (13a) yields

O0Ey,(x,0,t)

E,,(x,0,t)=jy, T €€n o

d , 1
€0€L5+;

(13b)

From the potential estimates (12a) and (12b) we can com-
pute E;, at the interface () as

aVL Lv U 5b
= =— = +—=U
E;,(x,z=0,t) 3 . b 26 Uoxx
U, sb U

Now we proceed with Eq. (13b) and insert E;, from Eq.
(14). E,, is given by Eq. (10a), which reads in the new
notation as Ey,=U(x)/a. Furthermore, we replace in
Eq. (13b) jy, according to (11c) by {jy,) and obtain the
equation

606L3+l UV_U—&-&U
ot P b 26 ¥
a U U,

U
+jotjio—+ —
a JioTJio U, €o€N a

which can be rewritten as

€fd 1 isbv, 3 WU
a pl26ax: "Far b
1 a9 Uy U | €€~ U
- =+ —=jiotin— <=
bp+ a +bp J1w0 "o U, a Ot
(15a)

This is an equation for the evolution of the potential at
the interface for a given j,.

Now we have reduced the description of the complete
physical model to a system of two equations at the inter-
face ). The system consists of the evolution equation
(11a) for the averaged current density j,o, with the poten-
tial U as input, which now is written in the new notation
as

J10,6=Doj10,xx Mol 10,x U x T80(j10,U) » (15b)

and the evolution equation (15a) for the potential U with
J10 as input.

In the following, the limit cases €, /b <<€y /a and
€; /b>>€y/a are investigated, and the model becomes
simplest.
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1. The case €, /b <<e€y/a

In this case we neglect the displacement current densi-
ty of the linear layer and Eq. (15a) becomes

€€
€N 1 _5b _jlo_‘l

0
—_ U —_ —_—
a ' 26p % pb a

and the total current I'*' is given by (12c) and (13a),
I f [Jtm ZO,I)]de'

= [jdx'= Bz g
0 0o p

Inserting Eq. (14) for E;, we get

1 1 U—UV 5b
I'Yt)=— ——+—U,,
() pfo b 26 ax’

1 ! Uy
—— | Udx'+——+B(U ),

s 1) | Udx p - TBU)
with B(U ,)=[5b/(26p)][U ,( (0)]=0 for Neu-
mann or perlodlc boundary condltlons, which are used in
the following. Thus by solving this equation with respect
to U, we get together with (12b)

1

U, = __Jtot —_
v=Us=I"Rs 1+ Rl /(bp)

Rg
Uﬁﬁ—fo Ul(x")dx

Combining this with (16) and (15b) and restricting our-
selves to functions of the type (11b) we get

. . . U—h(jo)
J10,: =DoJ10,xx —#ollo,xU,x+‘—7“" ) (17a)
U:._ 5b 1, 4o 1.
€o€ N 26p o | Dp T, U ?;J‘OU
1/(pb) Ut B iy
1+Rsl/(pb) | 5" pb fo (x")dx
(17b)

for the complete sytem.

Changing to dimensionless variables, with U* and j*
as problem-dependent normalization constants, accord-
ing to

v=j,o/j* w=—-U/U* j*/U*=x/bp,

(18a)
E=x/dL? 1t=(pb)/(

xDit,
and defining
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x=1+(payb)/a, 9=—-U*/U,,
d,=Dox¢ /(pb), d,=3ib*/x, o=d,/d, ,
w=26ul X*U*/(5pb°), 8=epenb’p*/(ax?l),
(18b)
I'=1/(dw)"?, fw)=—h(j*v)/U*,
k=Ug/[(1+r)xU*], r=Rsl/(pb)
d a3’
=——9 A:”— I
9 9&°
we obtain as the final equation system
%=aAv+,u(Vu)(Vw)+f(v)~—w , (19a)
Bgﬂ"Awﬁ-u(l-h?w) w—k+ L )d
1+r Xl’ wigds" .
(19b)

Equation (19b) contains the nonlinear term Jvw. For
|E,| << |E,| it follows that U/Uy,=dw <<1 so that the
term dw can be neglected. In this case, except for the
drift term, we obtain an equation of the same form as
that derived for the network of Ref. 25.

2. The case €, /b >>€y/a

This case is more complex and will require further as-
sumptions to derive simple equations. In this case we
neglect the displacement current density of the nonlinear
layer and Eq. (15a) turns to

ce O 11U sb
“Lar p || b 26 B
ag UV—UL
=—(U,—U, )+ 1+- ,
a( L)t U,
(20)
with U, =U, — U, where the voltage U, between the

contacts is given by (12b). To avoid time derivatives in
the integral terms we express Uy in terms of U; and j
and compute I in the following way:

Itot f ]Av )dx’

_ f’
0

agU

U
-—+
a J1o

14+ | lax’ .
U, ||

Together with Eq. (12b) we obtain for U

a U, 1
U,=Us— —;—~—f U, dx’
l-f-U‘ 1 ,
+ f]lodx - fOJmUde )
Uy

and solving with respect to U yields



7432

US_RS

ffmdx"ajofUde'_'(%o‘fULJ'lodx'

C. RADEHAUS et al. 42

(21)

U, =
v ayl

1 . ,

Combining the two layers by coupling the evolution
equations for j,; and Uy, i.e., Egs. (15b) and (20), respec-
tively, and eliminating U by U=U, — U, we get, togeth-
er with (21), the complete equation system in terms of U,
and jo:

J10,6 =Doj10,xx Traj10,x UL x T Uy —=UL —h(jx)1/¢,

(22a)
eoeLU __560€Lb
b L,t 26 L ,xxt
_ b )
26p UL xxtio pb+ a L
ap JiotUy—Up)
+—U,+—
% U, (22b)

with Uy from (21).

In order to get an equation comparable to Eq. (17) we
again use the fact that U/U,=(U,—U,)/U, is a small
quantity, which gives us reason to neglect the last term of
Eq. (22b). Additionally, a,=eu, (n, —ang ), Eq. (A3),
is assumed to be a small parameter.

Changing to dimensionless variables, with U and j*
as problem dependent normalization constants, according
to

v=jw/j* w=U, /U, U/j*=pb,
(23a)
E=x/d)? T=(pb/l )t ,
and defining
d,=D,¢/(pb), d,=3b* o=d,/d,,
u=26uaj*¢ /(5b%), 8=e€pe bp*/¢ ;
(23b)
I'=1/d,)"? fw)=—=h(j*)/U}, k=Ug/U},
d 3?
= = A:_.__
r Rsl/(pb), V agr aé_z ’
we obtain the final equation system
O A+ (V) V) + f(0)—w+k— L [ oiende
or "0
(24a)
§dw 5 AW _ gy (24b)
oT or

In the numerical simulations presented in Sec. III we
will consider the case where the term 8d(Aw)/9T is
neglected. As seen in Sec. II C, this term has no qualita-
tive influence on the linear stability properties. In Ref. 30

-

it is also shown that it has no considerable effect on the
bifurcation into stationary states. This is a motivation to
investigate Egs. (24a) and (24b) at first without this term.

3. Discussion of the two limit cases

Now we have developed the mathematical description
of the two-layer model for two special cases. The derived
systems of equations have the structure of a reaction-
diffusion system. In terms of biomathematics v can be
identified locally as activator, w as inhibitor. Additional-
ly, the load resistance causes a global inhibition; in terms
of biomathematics this means limited resources.

The two cases of the model refer to where the main
capacity is localized. If the capacity is mainly localized
in the linear layer L, we get the case €; /b >>€y /a. The
other case corresponds to a capacity localized in the non-
linear layer N. Both cases effect a global inhibition,
which has influence on the time behavior of the systems
and is reflected in the mathematical description by
different integral terms. For the two limit cases this leads
to a different dynamic behavior in the case of R¢70.

As mentioned above [Eq. (l1la)], we obtain
uo~(ng —ng ) from Egs. (A2a), (A2b), and (10c). This
implies that drift effects only occur if we have a net space
charge caused by the positive and negative charge car-
riers at the reference state P,. Because of the ambipolar
diffusion process we have differential charge separation at
the edges of inhomogeneities of the charge carrier distri-

butions. In the case of a net space charge a part of these
separated charges is compensated by the net charge. So
the component E, = —9U /dx arising from the inhomo-
geneous potential distribution forms driving forces to the
edges. The E, component has opposite signs at the two
edges of a current-density inhomogeneity, so the inhomo-
geneity is expanded or compressed depending on the sign
of the net space charge. If =0, we get the model of
Ref. 16. In this case the systems of Egs. (19) and (24) can
be interpreted intuitively by two equivalent circuits in the
form of periodic chains of elements. Each element
represents the behavior of the corresponding equation at
a discrete point of the quasi-one-dimensional interface ().
The nonlinear layer is represented by a nonlinear resis-
tance and an inductance, which takes into account the
time behavior (for details see Ref. 31). The linear layer is
represented by two resistances, one modeling the current
flow in the z direction and the other the current flow
parallel to the electrodes. In this way the current flow
parallel to the electrodes couples adjacent elements. To
simulate the displacement current a condenser is placed
in parallel to the resistance of the linear layer or to the
nonlinear resistance according to the two cases
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€, /b>>¢€y/a and €; /b <<€y /a, respectively. By apply-
ing Kirchhoff’s rules we obtain the spatially discretized
form of the systems of Eqgs. (19) and (24), respectively, for
a discretization according to Euler. The procedure for
obtaining the network equations is described in detail in
Ref. 25. The network with a condenser in the nonlinear
layer is investigated in Refs. 11 and 24-26; the network

with the condenser in the linear layer is introduced in
Ref. 30.

4. Relationship between the characteristic h(j )
and the total characteristic H(j,)

In experiments it is often easier to determine the
characteristic Uy, +U=H(j,) instead of U=h(j,y),
where j, is the whole current density according to
definition (5) and j is the partial current density used in
the equations. Here we want to show how to obtain
h(j,o) for the partial current density if H(j,) is given. At
first we fix a reference state Py, which corresponds to
(Jo,»Ug) [see (A3)] and define the function H, according
to

U=H\(jy,)=H(jotjn,)—H(jo) .
By solving Eq. (11c) with respect to j,, we get

Jio= 1N21+(20/0)U ’ 25)
/Uq

so that it is possible to determine the characteristic that
fulfills the condition H,(jy,)=U=h(j,y) numerically by
computing (j,o, U) point by point. For definitions see
Appendix A, Eq. (A3). For the case where U /U, and a,
are small parameters the two current densities j,q and jy,
and the characteristics H; and 4 coincide. In the neigh-
borhood of this limit case we derive an analytical rela-
tionship between the two characteristics. h(j,;) can be
derived from H,(jy,), with j,, from Eq. (11c¢), in the fol-
lowing way:

h(ji0)=H,(jn;)

=H (o +(jo/U)U+(j1n/UU), U=h(jp)

: Jotjw , .
=H,; |jiot+ U h(llo)]
0
JotiJ
=H,(jio)+H\h(j) L aE ’
Uy
with
H,_aHl
1= 3.
aJNZ inz=J1o

Restricting ourselves to the first order of the expansion,
we can solve with respect to h(j,o)

H,(jo)

hjig)= . (26)
0 T o+ 10)/ Uy

The derivation of H,(jy,) from h(j,y) is carried out in
a similar way. The limit case jy, =j,, means physically
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that the partial current density jo, =(jo/E,,)Ey, is small
because the conductivity j,/E,, =a, is small. Because of
ljl <ljo;| the partial current density j, can also be
neglected. In this case the velocity distribution of the

charge carriers is approximately constant in the x direc-
tion.

C. Linear stability analysis of the system

To get more insight into the system it is useful to inves-
tigate the destabilization of the stationary homogeneous
solutions of the systems (19) and (24) by considering the
eigenvalues of the linearized equations. To obtain the ei-
genvalues w(k ) we make the following assumption for the
perturbations of v’ and w' in the homogeneous state
(v}, w!):
: vi | '
wil™ ¢'(k,E)explow'(k)r] .

W

i=1,2 corresponds to the Egs. (19) and (24), respectively;
@'(k,€) are the eigenfunctions of the Laplace operator to
the eigenvalue —k? for the interface Q of Fig. 1 with the
given boundary conditions.

This leads to the following matrices of the linearized
systems:

ok ~1
CT | 18 —(14K2)/8+8, o /[(r+1)x8]
(27a)
for Eq. (19) with 4=0 and
—ok 4 f 1B, —1
G 16+ ~1/5J (276)

for Eq. (24). Here f'=3df /0v at vg and §, , denotes the
Kronecker symbol. The integral term is replaced by a
term proportional to &, o. This is valid for the case of
eigenfunctions with vanishing mean value for k >0.
Equations (27a) and (27b) are independent of wu, the
dependence on « is contained in f”', as vg depends on «.

If Re[w'(k )] is negative for all k, the system is linearly
stable. This is fulfilled if Det(C{)>0 and Tr(C})<O0 for
all k. The stability margins for the hard-mode and the
soft-mode instability are given by Tr(Cf{)=0 and
Det(C})=0, respectively. Solving these functions with
respect to f' we get the two neutral curves f (k) and

[

5 '(k). From Eq. (27a) it follows that

(0+1/8)k*+1/8 for k>0

r 1 —
o =0 v (r+101/8 for k=0
(27¢)
) ok?+1/(k?+1) for k>0
S = = L+ 1x 1) for k=0

and from (27b)
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ok?+1/8 for k>0

’ 2 .
Fa k)= 11 /841 for k=0
(27d)
s ok?+1/(1+k?) for k>0
s (k)= 1+r for k=0.

As mentioned above, the term 83(Aw ) /97 of Eq. (24b)
shall be neglected in the numerical simulations. By doing
so, the neutral curve f}; 2 is slightly varied in such a way
that the factor of k2 becomes o+1/8 [see Fig. 3(b)].
This means the modes k >0 will be more stable when
neglecting the term 83(Aw)/d7, whereas the neutral
curve for the soft-mode instability remains unchanged so
that the qualitative behavior is the same as before. This
gives us reason to examine the equation without this
term.

For a rough impression of the behavior of the system it
is useful to discuss the stability properties by means of
the neutral curves. For »=0 the neutral curves for both
systems have no discontinuities at kK =0. The neutral
curve for the hard-mode instability always has a

(a)

FIG. 3. Examples for the neutral curves of the hard-mode
and soft-mode instabilities: (a) f;;' and f§' corresponding to
system (19) with 3=0, (b) f;,? and f¢? corresponding to system
(24); neglecting the term &d(Aw)/9d7, the hard-mode neutral
curve changes to f 2 Parameters in both cases: o=0.1,
r=1.6,6=1.5,and k= 1.0.
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minimum at k =0, i.e., the hard-mode instability can take
place only for the mode k =0, especially if the system
cannot be destabilized by traveling waves. For o <1 the
neutral curve for the soft-mode instability reaches its
minimum at k%0 depending on the value of o, i.e., the
system can be destabilized by stationary spatially periodic
waves. The parameter § has only an effect on the hard-
mode neutral curves fy. Large values for & make the
system generally more unstable in such a way that the
curves f P’,i move downwards, and homogeneous oscilla-
tions are preferred.

For r#0 discontinuities in the neutral curves occur at
k =0, and for both systems the value of f, (0) becomes
larger with respect to the case » =0, i.e., the destabiliza-
tion of the mode k =0 becomes less likely. For the mode
k =0 the two systems differ in the hard-mode instability.
In system (19) the critical value f}; '(0) becomes smaller
with respect to the case » =0, whereas in system (24) the
critical value f}, 2(0) becomes larger, i.e., the mode k=0
is more likely to be destabilized for system (19).

III. NUMERICAL RESULTS

The equations for the two special cases of Secs. II B 1
and II B2 show a rich variety of interesting structures.
In the following we present typical numerical results con-
cerning the static and dynamic behaviors of the dimen-
sionless equations for one-dimensional space. The two
systems are treated numerically in the following form.
For the case €; /b <<€y /a we restrict ourselves to 3=0
and y=1 with respect to Egs. (19),

i=0'Av+,u(Vu)(Vw)-#f(v)—w ,

28
or (28a)
6% —Apty—w—T, (28b)

ar

with

1 1’ ’ ’
T=k—k,J, ky=r/(r+1), J=—l—,~fo w(ENdE' .
Concerning the second system for the case €; /b <<e€p/a

we neglect the term 83(Aw )/d7 with respect to Egs. (24).
This yields

%raAv-hu(Vv)(Vw)-Ff(v)—w—FT, (29a)
-
5% —Awtv—w, (29b)
or
where

— p— _L r ’ ’
T=k—kyJ, &=r, J=7; fou(§>d§ .

In the calculations we approximate the nonlinearity
f(v) by a function that is composed of a cubic and a
quadratic polynomial. Both are connected continuously
differentiable in v :

yv3+Av for v Sv,

flo)= av?+pv+6 for V>, (30)
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L 37B=) |”2J
a2 ’

uf[Z(A—B)—auf]
0= 3

for given a, B, v, and A. For v,— o the special case of
a cubic polynomial is obtained. Figure 4 shows the iso-
cline system of Eqgs. (28) and (29) for the decoupled sys-
tem and «,=0. Depending on the value of A in (30), the
uncoupled system possesses one or three steady states.

The numerical simulations of Eqs. (28) and (29) have
been carried out with homogeneous Neumann boundary
conditions. For the calculation of stationary patterns
Euler’s method was used for differential equations in the
explicit and/or implicit form, and the dynamic solutions
were calculated by the Crank-Nicholson method. In all
cases where different methods were used, the same final
results was obtained. The initial conditions for each cal-
culation are mentioned later in the text.

A. Stationary structures

In general small values for the parameter & in Egs. (28)
and (29) favor stable stationary states as has been dis-
cussed in Sec. IIC. If additionally o is small, inhomo-
geneous stable states are favored because the minimum of
the soft-mode neutral curve is shifted to lower values of
f' for decreasing o. The parameter u does not appear in
the linear stability analysis, but may be important when
taking into account nonlinear terms.

Near the critical point of the soft-mode instability
analytical results can be obtained, which are presented in
Ref. 30. In this section the behavior of the system, espe-
cially going beyond the range of analytical treatment of
Ref. 30, is treated by numerical simulations. These simu-
lations are carried out analogously to experiments by a

flv)-w =0

FIG. 4. Isocline system of the spatially decoupled systems
(28) and (29) for the case k=«,=0, i.e., T=0. For f(v) a func-
tion of the form (30) is used. Depending on the model, a value
T+#0 corresponds to a shift of the straight line parallel to the v
axis by —7 or a shift of the nonlinear characteristic by the
value T.
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variation of «, which corresponds to variations of the
externally applied voltage U, of Fig. 1. In order to get a
stable stationary structure we start with the stationary
distribution corresponding to the previous value of k.

1. x,=0, varying k

The first case refers to x,=0 due to Rg=0; the two
special systems (28) and (29) coincide except for a simple
transformation of w. This case was roughly sketched in
Ref. 16 and now is studied in more detail. We use the cu-
bic nonlinearity f(v)=Av +yv?> in the whole v range and
study Eq. (28). By monotonically increasing or decreas-
ing k over the whole range we vary in Fig. 4 the position
and the number of intersection points of the straight line
with respect to the nonlinear function f(v). Along with
the variation of the intersection points the slope f' at
those points is varying and therefore the stability proper-
ties are changing. This can be seen from the diagrams f”’
versus k in Fig. 3.

Carrying out the described simulation for selected
values of A we get the curves of Fig. 5(a) for J versus the
term T =k, which corresponds to the global I-U,, charac-
teristic of the device of Fig. 1. All numerical simulations
in this section are carried out without considering noise
unless it is mentioned explicitly. From the diagram in
Figs. 5(a) and 5(b) we see that the behavior of the systems
depends on the form of the nonlinear function. There ex-
ist three characteristic values of A, for which the behavior
of the system changes. Two of them, denoted by A, and
A,, result from bifurcation analysis.’® While A, merely
depends on o, A, depends on o, k,, and u. For u=0
these values are given by

11201/2(2_01/2) ,

(1_0,]/2)2

A=A+ ,
2T (84300172) /9012~ Q (k,)
42 f (29)
e e — or system
(0214,
Q(Kz)" 4[(2

for system (28) .
(0'2=1)+K,1, Y

The third characteristic value, denoted by A;, is larger
than A,, but the exact value could not be determined yet.
The typical behavior of the model shall be discussed by
means of these characteristic values.

For A <A, the corresponding distributions for v and w
remain homogeneous during one sweep, because the slope
f' of the nonlinear characteristic is smaller than the
minimum of the soft-mode neutral curve in the whole
range.

For A, <A <A, the homogeneous state is destabilized
when the slope at the operating point is equal to the
minimum of the soft-mode neutral curve. This is given
when « reaches the critical value

M=A P 2aa,
Ke(A) 3y 1 3 .
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At this point the system undergoes a supercritical bifur-
cation, i.e.,, it changes continuously into a spatially
periodic steady state with growing amplitude by further
increasing k. The amplitude reaches a maximum for
k=0 and decreases for positive values of « to a homo-
geneous distribution at —k,. as can be seen in Fig. 5(c)
for A=0.5 and the amplitude defined as half of the
difference between the maximum and minimum value of v
within the distribution. The resulting characteristic J
versus k is continuous without any hysteresis [see Fig.
5(a), curve A=0.5].

For A, <A <A; the homogeneous state is again destabi-
lized when the critical value k. is reached, but jumps
discontinuously into a spatially periodic steady state with
well-defined wave number k, i.e., the system undergoes a
subcritical bifurcation. The amplitude of this state grows
up to a maximum and vanishes discontinuously when a
second critical value «., is reached, where |«.| > |k,,| [see
Fig. 5(c), curve A=0.8]. Passing through the critical re-
gion the other way around we observe a hysteretic behav-
ior of the amplitude curve and of the J-T characteristic.
Note that the characteristic is unique at the origin [see
Fig. 5(a), curve A=0.9 and the larger scale presentation
in Fig. 5(b)].

For A>A; the spatially uncoupled system has three
steady states corresponding to two stable and one unsta-
ble homogeneous state. When reaching the critical value
K., the system jumps discontinuously from one homo-
geneous state into the opposite homogeneous state and
the J-T characteristic shows an enlarged hysteretic re-
gion, the origin is not unique [see Fig. S5(a), curves
A=2.5,3.0]. If we apply noise, we can observe as inter-
mediate state an inhomogeneous distribution, which hints
that the system is multistable for this parameter range.
The distribution reached depends on the history of the
system (see Fig. 6).

2. k,> 0, varying k

This case is characterized by an additional global inhi-
bition, which is controlled by the total current flow and
leads to a kind of limited resource controlled by the load
resistance Rg in the following way. If at a certain loca-
tion there is a high current flow, the other regions are
hindered from switching to a high current state. This
leads to a competition of the occurring patterns resulting
in localized patterns. We now have to distinguish be-
tween the two cases €; /b <<€y /a and €; /b >>€y/a. In
the following we present numerical simulations carried
out in the same way as has been done for the case «,=0
with a somewhat changed value for A,. The main
difference is that solitary structures in the form of single
filaments and also groups of filaments can occur by the
competition. In contrast to the case k,=0, where spatial
modulations appear all over the space, we now observe
well-defined regions of nearly homogeneous distribution
and other regions with strong modulation of v and w.

For A <A, and A, <A <A, we obtain similar results as
those observed in the case Rg =0.

For A, <A <A;, the parameter range of the subcritical
bifurcation, we get a separation into two spatial regions

C. RADEHAUS et al. 42

(a)

2.0
1.5
1.0|
0.5
) 0.0t
-0.5
-1.0
-1.5
-2.0
2.0 -15 -1.0 -05 0.0 05 1.0 1.5 2.0
T
—A=05 «A=09 ----A=25 --=A=30
(b)
0.8
0.6
4
|
0.4 !
0.2 1
v
- 0.0
A
-0.2 :
-0.4
v
-0.6
—080 % -0.2 0.0 0.2 0.4
T
(c)
07— — e e e
. A=08
0.6 /—x |
i I
0.5 } : v
® ‘ i
T 04 I
- |
= A | v
[ | |
g 03 i ‘
s ' \
A=05 |
0.2 : ! j:
s | |
0.1 ] : i
0.0 Tor o ' Ty T2 Tt |
~0.20 -0.15 -0.10 —0.05 0.00 0.05 0.10 0.15 0.20
T

FIG. 5. (a) J-k characteristic obtained from (29) with f(v)
from (30) for selected values of A. Parameters: 0 =0.071, u=0,
y=—1, a=0, B=—50, 6=1, and r=0. (b) Larger-scale pre-
sentation of the curve A=0.9 of (a). (c) Amplitude of v defined
by half of the difference of the maximum and minimum values
of the v distribution vs T=k for A, <A=0.5<A, and
A, <A=0.8 <A;, respectively, and the other parameters as in (a).
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14
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-2 -1 0 1 2 3 4 5 6
T

FIG. 6. J-k characteristic obtained from (29) with f(v) of
(30) for A>A; with (O) and without (@) noise. Parameters:
A=2.0 and the other parameters are the same as in Fig. 5.

when reaching the critical value T, a homogeneous and
a spatially periodic region [see Fig. 7(a)]. Increasing « the
periodic region becomes larger, whereas the homogene-
ous region is decreased until the whole interface is filled
by the periodic pattern. This behavior is accompanied by
small discontinuities in the J-T characteristic. By further
increasing of «, the amplitude of the periodic pattern
grows, reaches a maximum at 7=0, and decreases again.
When reaching T, the structures vanish, accompanied
by a steep slope in the J-T characteristic, until the distri-
bution is homogeneous again [see Fig. 7(b)]. By decreas-
ing k we observe a hysteretic behavior, but as in the case
of R, =0, the J-T characteristic is unique at the origin.

For A > A; the homogeneous state is again destabilized
upon reaching the critical value T, and bifurcates into a
spatially periodic pattern, which, however, is not stable
but increases in amplitude. Through this pattern we have
a grid of peaks the amplitude of which increases. Now
the competition takes effect and through fluctuations one
of the peaks is selected and enlarges at the expense of all
other peaks resulting in a solitary filament at one of the
well-defined maxima of the preceding periodic pattern
(winner-takes-all principle).

Up to now the drift term does not affect the solutions
qualitatively. However, it becomes important for the
process of generation of more filaments. When reaching
the critical point at both sides of an existing filament, the
distribution of v and w is modulated by a wave, the am-
plitude of which is very small and strongly decaying with
the distance from the filament so that the region appears
to be homogeneous in Fig. 8(a). For u=0 further fila-
ments are spontaneously generated at the maxima of this
modulation accompanied by a discontinuity in the J-T
characteristic [see Figs. 8(a) and 8(b)]. In the case of ap-
propriately chosen u¥0, new filaments are generated by
the separation of already existing filaments into two.
This is also reflected in the shape of the resulting J-T
characteristic [see Figs. 9(a) and 9(b)] in that the critical
value of T, at which the first filament was generated, is
not reached again. These differences will be discussed in
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detail later on in connection with the experimental re-
sults.

B. Nonstationary structures

Large values of the parameter & favor nonstationary
structures, and calculations done so far show that if, in
addition, o is large, nonstationary inhomogeneous pat-
terns may appear. In this case exciting temporal-spatial
patterns can be observed. In what follows we present cal-
culations of the dynamic behavior for some typical sets of
parameters. The diagrams show the temporal evolution
of the spatial patterns and/or time series of the mean
current density J. We observe the following typical kinds
of behaviors.
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! Ky=333
' N =V. 5> Ky=328
-1
! N T K1=318
p
' N e eV K1=313
-1
1
_}xm,cw:»cv—:-v:«:» K1=3.08
}%QMWV':—» Ki=298
1
_'F@@PACVD«F%DAA* K1=293
‘,
_lv’-\voo%%aoocpb%od%—’ K1=199
1
_'UOG'DD%QDQC)%%P;" Kq=1.44
1
_J:?%“c:"@“%‘b‘l:' Kq=134
1
. LAA ALA Ky=124
' —E  K=109
- (1720 v
(b)
0.6—
o /
-
-~
/‘/
0.2
- 0.0—— —+ +
-Te Ter “Ter Ta
-0.2 -
i~
/ -
-0.4 /
-0.6 —
~0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

T

FIG. 7. (a) Spatial distribution of v and (b) J-« characteristic
of system (29) for A, <A <A;. Parameters: o0=0.071, p=0,
y=—1,a=0,=—50,6=1,r=4,and A=0.9.



7438

Self-creation and propagation of pulses. To get this be-
havior we work with no-flux boundary conditions and
operate system (29) with x,70 and A around 1 near the
threshold where the stationary homogeneous state is des-
tabilized. Starting from a homogeneous initial condition
near this critical point and, applying noise, a pulse is
created which splits into two pulses that move in opposite
directions. When the two pulses have a sufficiently large
distance, two new pulses are generated spontaneously be-
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FIG. 8. (a) Spatial distribution of v and (b) J-T characteristic
of system (29) by changing «; the filaments are spontaneously
generated from the quasihomogeneous parts of the distribution
accompanied by discontinuities in the J-T characteristic. Pa-
rameters: o=0.1, u=0, y=—11.5, A=7.89, a=0, B=0.6,
8=1, and r=4.
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tween them, while the initial pulses vanish at the boun-
daries. Figures 10(a) and 10(b) show this behavior of the
distribution and the corresponding time series of J.

Oscillating homogeneous domains. Operating system
(29) with r=0 and a large value of §, and starting from an
initial condition, where about half of the distributions v
and w in the center of the system is put in a state of
higher concentration, we observe an oscillation of the
homogeneous domains as presented in Fig. 11.

Breathing filaments. The breathing filament as
presented in Fig. 12 is obtained when the system (28) is
operated with the parameters r=0, A=1.4, and a large
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FIG. 9. Analogous simulation to the one in Fig. 8, but with
changed parameters, especially u0, which causes a division of
filaments. Parameters: o¢=0.1, u=0.000035, y=—11.5,
A=7.89, a=0, =0.6, 6=0.1, and r=10.
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value of 5. As an initial condition a distribution for v and
w was chosen, about 20% of which was lifted to a higher
concentration. This filament becomes alternately thin
with a higher amplitude and broad with a somewhat
lower amplitude. The time series of the mean current
density J is sinusoidal [see Fig. 12(b)]. A similar behavior
if predicted in Ref. 28 for a semiconductor model and
was also observed by Mimura. ¥

By carrying out a similar numerical simulation with
system (29), but choosing two induced filaments as initial
condition and 0, we observe an oscillating motion of a
“push-pull” mode [see Fig. 13(a)], i.e., when either of the
filaments reaches its maximum in width, the other one at-
tains its minimum, and vice versa. The time series of the
mean current density J is a sinusoidal signal with a hint
of period doubling [see Fig. 13(b)].

Irregular behavior. By increasing u, for a given set of
parameters we can obtain a transition from a stationary
structure to a nonstationary irregular behavior. The fila-
ments start to move, then coalesce and split in an irregu-
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FIG. 10. (a) Time evolution of the spatial distribution of v
and (b) time series J vs number i of time steps A7 in the pulse
transmission mode obtained from system (29) with f(v) from
(30). Parameters: o=100000, u=0, y=-—2, A=1, a=0,
B=—50,6=50,r=4,k=—4,and A7=0.2.

7439

lar way. This is reflected in the time series of the mean
total current, which also has an irregular shape. Figure
14 shows the time series of both systems. Note that there
is a qualitative difference between the two signals. For
system (29) it is mainly the amplitude of the signal that is
irregular, while for system (28) the frequency also shows
an irregular shape.

By these examples we gave a rough impression of the
interesting dynamic behaviors that are obtained when
operating the systems with large values of 6 and 0. The
patterns keep their solitary character, but show nervelike
pulse motion, oscillations of the filament walls, and irreg-
ular behavior of filaments. There are several authors®*
who consider stationary and nonstationary solutions of
equations, which are very similar to the systems under
discussion except for the integral term. The results con-
cern mainly the bifurcation into periodic structures, the
stability of filaments, and the propagation of nervelike
pulses. Some of the papers also report breathing motion.

(a)

w4

0 as2)r Tt
(b)
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-275
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FIG. 11. (a) Time evolution of the spatial distribution of v
and (b) time series J vs number i of time steps A7 for oscillating
homogeneous domains resulting from system (29) with f(v)
from (30). Parameters: =10, u=0, y=—0.02, A=1, a=0,
B=—50,6=5.2,r=0.5,k=—3,and A7=0.2.
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FIG. 12. (a) Time evolution of the spatial distribution of v
and (b) time series J vs number i of time steps A7 for a breathing
filament obtained from system (28) with f(v) from (30). Param-
eters: 0=0.1, u=0, y=—0.01, A=1.37, a=0, B=—50, §=35,
r=0,k=—0.5,and A7=0.4.

IV. APPLICATION OF THE MODEL
TO REAL DEVICES

A. General requirements for appropriate devices

We have demonstrated that the model in the form of
Egs. (15a) and (15b) can be applied to real devices which
have (a) the ability to define two zones of different electri-
cal properties, where one of the zones must be resistive,
while the other one must contain an S-shaped part in its
J-E characteristic; and (b) two kinds of charge carriers
which behave quasineutrally with respect to deviations
from a reference state, i.e., changes in the concentration
of charge carriers during the process of pattern formation
must happen in pairs so that changing in the space-
charge distribution can be neglected.

Many materials and devices show the effect that a la-
teral current density inhomogeneity is accompanied by a
potential drop. Examples for this are p-i-n diodes.'®!®
Therefore it should be possible to identify two regions ac-
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cording to (a) in materials or devices which show this
effect. The conditions described in point (b) are given in
gas-discharge systems and double injection devices such
as thyristorlike structures.’> We believe that the model
can be applied to the latter devices, too, although it is
still an open problem to derive an equation of the form
(11a) for them. In general, the experimental results ob-
served at p-i-n diodes match the predictions of the model
quite well. %3¢

GaAs and Ge at low temperature are additional non-
linear materials that show stable inhomogeneous struc-
tures, that have a negative differential region in the U (})
characteristic, and whose kinetics is dominated by impact
ionization.!”!® Although the behavior of these materials
resembles the model, further detailed investigations are
needed to decide whether these devices can be described
with the current model. A detailed investigation with
respect to the model of all the devices mentioned above is
outstanding up to now and will be subject of future inves-
tigations.
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FIG. 13. (a) Time evolution of the spatial distribution of v
and (b) time series J vs number i of time steps A7 for the breath-
ing of two filaments obtained from system (29) with f(v) from
(30). Parameters: o=0.1, p=0, y=—0.01, A=137, a=0,
B=—50,8=5,r=4,k=—16,and A7=04.
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FIG. 14. Time series J vs number i of time steps A7, in which
the irregular behavior is caused by the drift term (a) for system
(28) with f(v) of (30); parameters: o=0.1, p=0.0005,
y=-—115, A=8, a=0, B=0.6, §=0.1, r=7, k=1, and
A7=0.02; no noise; (b) for system (29) with f (v) of (30); parame-
ters: 0=0.1, p=0.0003, y=—11.5, A=8, a=0, =0.6, 6=
r=10, k=17.46, and A7=0.01; no noise.

B. Gas-discharge system—experimental setup and results

As mentioned above an application of the model is
found in glow-discharge devices. Figure 15 shows
schematically a cross section through a glow-discharge
system parallel to the direction of the current flow.
Volume ionization and processes at the cathode cause the
generation of charge carriers and lead to transport pro-
cesses that are associated to the typical distributions of
charge carriers, electric field, space charges, etc. In this
case, we have electrons and positive ions as charge car-
riers. The positive column of a discharge has a charac-
teristic whlch contains a region of negative differential
re51st1v1ty and fulfills the requirement of quasineutrali-
ty.” From Fig. 15 it can be seen that the positive
column has a positive net space charge. From these facts
the positive column can serve as nonlinear layer in terms
of the two-layer model.
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FIG. 15. Schematical spatial distribution of dark and lumi-
nous zones, space-charge density, electrical potential, and elec-
tric field in a glow-discharge system. It can be seen that the
“net space charge” e(ny —ng )>0 between the electrodes.
(Cited from Ref. 33.)

In the following we describe the experimental setup
and the results obtained with a gas-discharge system con-
sisting of two rectangular electrodes, one of which is
made of copper and the other of a doped silicon single
crystal as resistive layer. The discharge slit between the
electrodes is covered by glass plates, with a spacing of
about 0.3 mm. The discharge slit contains an inert gas
(He with 10% air) with a pressure varying in the range
10-160 hPa. This arrangement is connected to a voltage
source through a series resistance Rg of about 80 k().
The device is shown in Fig. 16.

M= /T

T

]

| b

1
LA i @Us

1

————————————————— a
N —%° s % vi(a) 7 VU0,
M4
1 d

FIG. 16. Schematical arrangement of the gas-discharge sys-
tem: M, Cu electrode; L, doped n or p silicon; M’, Al contact of
the layer L; N, gas-discharge gap; Ry, resistance; Us, applied
voltage.
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In its dependence on the parameters pressure, applied
voltage, and electrode distance, the gas-discharge system
exhibits inhomogeneous patterns of the radiation density,
which is proportional to the current density in a wide pa-
rameter range. In particular the following experiments
have been performed.

By increasing the applied voltage Ug to a critical value,
a luminous filament is spontaneously generated while the
I-U, characteristic exhibits a discontinuity. Further
enhancement of Ug leads to a broadening of the filament
and finally to its splitting into two filaments. Additional
filaments result from subsequent division processes of the
same kind. Figure 17(a) shows the evolution of the spa-
tial distribution of the radiation density, which can be
shown to be proportional to the current density in the in-
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FIG. 17. (a) Spatial distribution of the radiation density,
which is proportional to the current density and (b) correspond-
ing I-Uy characteristic under variation of the externally applied
voltage Us. Parameters: specific resistivity, p=0.9 kQcm;
pressure, 212 hPa; Rg=74.5 kQ; =45 mm; d=0.3 mm; a=2.5
mm; and 5= 10 mm.
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vestigated current-density range, when Uy is varied. The
corresponding discontinuities in the global I-U, charac-
teristic are shown in Fig. 17(b).

By starting from a homogeneous discharge and de-
creasing the applied voltage, we obtain a spatially period-
ic pattern of the radiation density shown in Fig. 18.
Furthermore, when the polarity of the applied voltage is
changed, we observe a struggling motion of the filaments
accompanied by an irregular behavior of the total
current, which is shown in Fig. 19.

In order to determine the important parameters 8, o,
and p for the experiments leading to stationary struc-
tures, further experiments have been done. The time 7
that passes until the current density in the gas volume
reaches its stationary value after an increase of the ap-
plied voltage was determined by means of a pulsed
discharge between two metal electrodes. As result we ob-
tain 7~10"% s; from this we can estimate £ =5%10"°
Vsm?/A (for details see Ref. 30). With ¢, =10, ey =1,
and typical values b =10 mm, p=0.9 kQlcm, and a=3
mm the gas-discharge system matches the case
€, /b >>€y /a better than the case €; /b <<Ey /a, so that
according to (18b), we obtain 8§ =0.14 provided that y = 1.
From the intrinsic wave length, which appears in bifurca-
tion experiments similar to that of Fig. 18, we can deter-
mine the ambipolar diffusion constant to D,~50 cm?/s,
which is in a reasonable range between the diffusion con-
stants of He ions and electrons, respectively. This leads
to the value 0 ~3X107°. Furthermore, we know that
the positive column has a positive net space charge so
that u > 0 can be assumed.

These estimations reveal that the parameters for the
experiments concerning the filament generation and the
bifurcation from a homogeneous into a spatially periodic
state lie in a suitable range. The conditions ¢,8<1,
which are decisive for the occurrence of stationary struc-
tures, and p >0, which is important for the division of
filaments, are fulfilled. This gives us the legitimation to
compare the experimental results to the numerical solu-
tions in Sec. IIIL.

Concerning the experiment in Fig. 17, the comparison
to the numerical simulations of Egs. (29) shows that the
model with =0 supplies the spontaneous generation of
filaments and suffices to explain the occurrence of stable
inhomogeneous current density distributions (see Fig. 8),
but does not provide more details. The extended model
with the appropriate u0 matches the experimental re-
sults to a great extent. Numerical simulations and exper-
imental observations are in good qualitative agreement
about filament division [see Figs. 9(a) and 17(a)]. The
theoretical J-T characteristic fits well the measured I-U,
characteristic in that the critical value of T for which the
first filament is generated is larger than the value of T for
which the division process starts [see Figs. 9(b) and
17(b)]. The experiment referring to Fig. 18 can be ex-
plained in terms of bifurcation theory in that the behav-
ior of the radiation density is in good accordance with
the predictions of Turing structures. A bifurcation
analysis and a detailed comparison are the subjects of an
additional paper,*® where also a first quantitative analysis
of the wavelength of the periodic patterns is given. To
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FIG. 18. Photograph of the spatially periodic structure of the luminous density in the discharge slit. Parameters: specific resistivi-
ty, p=0.9 kQ cm; pressure, 90 hPa; Rg =20 kQ; /=45 mm; d=0.3 mm; a=4.6 mm; b=12 mm, and U5 =922 V.

what extent the irregular behavior presented in Fig. 19
corresponds to the numerical results in Sec. III B upon
mere qualitative agreement is still an open question.

In summary we can state that the experimental obser-
vations at the gas-discharge system are in good qualita-
tive agreement with the numerical solutions of the model
equations. Furthermore, the bifurcation experiments
yield a first quantitative confirmation, whereas the
filamentation up to now could not be calculated with ex-
actly the value o =~3X 1075, which is typical for the gas-
discharge system due to a present limitation of comput-

ing power.

As a variation of o in the range 0.005-0.5 leads to
similar results as described above for the case o =0.1, we
assume that a further decrease of ¢ would not effect a
fundamental change in the behavior. From the present
state of investigation we therefore conclude that the mod-
el can serve to reveal the mechanisms of pattern forma-
tion in the described gas-discharge system. Further
work, especially concerning quantitative analyses, will be
done to confirm the model.

21
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FIG. 19. Experimentally measured time series of irregular time-spatial behavior of the total current. Parameters: specific resis-
tivity, p=1.7 kQ cm; pressure, 230 hPa; Rg =120 k), /=45 mm; d=0.3 mm; ¢=2.5 mm; b= 18 mm; and Us=1250 V.
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V. CONCLUSIONS

We have derived, on a mesoscopic scale, a two-layer
model for physical systems in which the reaction and
transport of charge carriers causes the formation of pat-
terns. The model consists of a pair of linear and non-
linear layers, each of which is described by a partial-
differential equation. The approximation of the equation
for the nonlinear layer is carried out for the case of two
types of charge carriers whose densities deviate from a
reference state but behave quasineutrally. By the
quasineutrality the two equations for the charge carriers
can be reduced to one and the space-charge terms drop
out. The reference state itself can have a nonvanishing
distribution of space charges, which is constant parallel
to the electrodes. This is a typical situation for boundary
layers in gas-discharge and in semiconductor devices.
Therefore this should be a good approximation for sys-
tems such as, for example, capillary gas-discharge de-
vices, p-i-n diodes and the thyristorlike devices.

The phenomenological equation for the nonlinear layer
of Ref. 16 contains only a diffusion term and reaction
term. Numerical simulations of the resulting system of
equations show that this model supplies the spontaneous
generation of filaments and roughly reflects the experi-
mentally observed formation of inhomogeneous distribu-
tions of luminous density, and the I-U, characteristic of
the gas-discharge system described above. Drift effects
caused by the net space charge and potential gradients at
the interface of the two layers are taken into account in
the so-far-developed extended model. The predictions of
the extended model match the experimental results to a
satisfactory extent, especially with respect to the division
of filaments and the form of the global I-U, characteris-
tic.

Besides the comparison to experimental results, we
have shown that the model possesses a rich variety of
solutions depending on the values of parameters charac-
terizing stationary and nonstationary states of the system.
In particular we discussed spatially periodic solutions and
the formation of filaments with special attention to some
parameters and to the influence of the drift term. We
have studied the dynamic behavior of breathing fila-
ments, nervelike pulses and irregular motion.

Further investigations will be concerned with an
analysis of the quantitative agreements between experi-
mental and theoretical results. For this purpose, we must
determine carefully the parameters corresponding to the
material constants, and the j-E characteristic of the gas-
discharge system. Another matter of interest is to find
out to what extent the dynamic behavior of the model
corresponds to the experimental observations. This in-
cludes the dynamics of filament division and the experi-
mentally observed irregular behavior of the luminous
density distribution. We hope that the model can be ap-
plied also to the two-dimensional high-frequency gas-
discharge system of the Boyers-Tiller type.

The next step in the further development of the model
will include extensions in modeling the nonlinear layer
for thyristorlike devices and models for the nonlinear lay-
er in which the condition of quasineutrality is not
fulfilled. In the latter case we have to deal with stronger
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inner fields because of the charge separation. As a result
the internal drift terms can no longer be disregarded
compared to the external drift terms, which are propor-
tional to U ,. A typical example for effects of this type is
the injection of one kind of charge carrier in semiconduc-
tor devices.
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APPENDIX A

Using the definitions (2) we get from (1a)

n 1‘,t :f +:u;n r,xElx +N;I’l 7Elx X +#;n;Ez
+u;n"E, ;4D n o +D n;

2z

and the corresponding equation for the positive charge
carriers. The Poisson equation turns to

E\, «tEy ,tE,, ,=(e/ee)ng +n{ —ng —n; +C)
=(e/e€)ng —ng +C)=E,, , .

Summing up in F all terms containing no operators in x
and/or ¢t we obtain

n l_,leﬁ +.u;n l_,xElx +/‘1‘;n 7E1x ,x+Dx_n l_,xx/‘:-n * ’
(A1)

+ ot 4+ o+ + - -
nl,l‘—F y’xnl,xElx MUy n Elx,x+Dxn1,xx:u'xn >

with the “effective reaction terms” F ™ and F~ given by

F =f+p,n,E,+u,n"E, ,+D, n,

,22

Ft=f—p'n E,—pn"E, ,+D;n;,,
and F~-=F* =0 for Py=(ny ,nJ,EO) according to (2b).
Note that F~ and F*' contain z derivations and are
therefore operators.

Multiplication by the factors un* and pu n ~, respec-
tively, and adding both equations (A1) causes the space
charge terms pu n E,, , and —un"E, , to drop
out. With n, =n; =n it follows that

ny =F*ng +n;,ng +n,Ey,+E,,)
tu*ny (E\ +D*n, .., (A2a)

with
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. Hapglng —ng) _pipc(ng —ng)
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ping tpeng
=D:+T,
puin*F 4+u;n"F*
T win e

+T

F*
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pin F 4p nF?
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pentpon”

where T represent terms higher than first order in n,.

Expressing F* in terms of the deviations we define the
function G§(n,E,,,z)=F* with coefficients that depend
on the reference state. Approximating p* and D* by
their constant parts puj and D§ and introducing G§ we
get from Eq. (A2a)

ny =Gg(n,E,)+tpugn, (E,+Dgny ., . (A2b)

Note that this equation is z dependent.
The z component of the current density j is given by
=i i
=—e(ny +n vy, +v)+elng +n)vg,+vh)
=—e(ngvg, +ngv,+nwwy+ny

4+ 4+ +_ +
NgUg, “Hg Uy, —RUg, —R V) .

With vt =u*E,=au  E,=—av,” we get
: T H L z g

z
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J,=—elngvy,tnov,+tnwy,+nv,
+ang vy, +angvy, +an g, +anv;,)
=Jjotjotiwtia
=Jjotin: » (A3
with
jo=—elng +nfav,,=a,E,, ,
ap=—elny +ng ap;
joo=—elng +ng aw,=ayE;,=ayEy, ,

Jo=—ell+anve,=a,n Ey,, a,=—e(l+au,
J,=—elltalnw;,=joE\,/E,, ,
in:=Jantjwtis-

Multiplying (A2b) by —e(1+a)v,, we obtain an evo-
lution equation for the partial current density j,,,

Jio,,=—ell+ag,n; ,
=—e(l+a,,Gs —uge(l+alyn, E,,
—Dge(l+awgn,
=Gotugji0,<E1xTDGj10 xx »
with G defined as
Golj10(x,2),E\,(x,2))
=—e(l+avy,G(n,E,,)
= —e(1+awgG3 (/[ —e(1+al; Eg,1E,,)
and G,(0,0)=0 because of F~=F"=0for n; =n =0.

APPENDIX B

Denoting the deviation from a mean value (Y ) by 8Y
we can write every quantity as Y =(Y ) +0dY. Inserting
Eq. (8), the expansion of G, in Eq. (6), and splitting the
quantities we get

<jxo>,z+aj10,z:(<#5)+aﬂ)((j10>,x+aj10 ,x)((E1x>+aE1x)+((D8 >+aD)(<j10>,xx+aj10 ,xx)

+((G,) +3G){j10) +3j10)+({Gp) +3G)(E,,) +3E,,)

+({(Gg)+3G ;) jio)+3j ;o ((E,)+3E,,)

+((G}; ) +3G ;) )({j10) +3j10)*+({Ggg ) +3G g ((E ) +3E,)*+ - - -

Averaging this equation yields
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o), e =8 210 ? < CE1 ) +ED§ ) io) ax +(G;) (1o) (G IE ) +{(Gg){j1o){E, )+ - -
+<a.uaj10,x>(Elx)+<ay’aE1x)<j10),x+<aleaElx)(y’(‘)‘)-‘_(a:u'ajlanlx)+<aDale,xx>

+(9G;8j19) +{3GLIE,, ) +(3G,z0j o) (E,,)

+(0j100E1,)(G;g ) +(3G;dE, ) {j1o) + (3G ;8j1gdE, ) + - - -
=<“3)<110>,X<E1x>+<D6 ><]1()>,xx+<G])(]10>+<GE)<E12)+<GJE><.]10><E12>+ T +Rm
=g 2 <10? xCEx ) +{D§){10) ax +(Go)({j10), (E,))+R,,

where R, contains all terms containing mean values of higher-order products of 3Y;.
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FIG. 18. Photograph of the spatially periodic structure of the luminous density in the discharge slit. Parameters: specific resistivi-
ty, p=0.9 k€ cm; pressure, 90 hPa; R =20 k; /=45 mm; d=0.3 mm; a=4.6 mm; b=12 mm, and Us=922 V.



