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Role of surface charges in dc gas-discharge systems with high-ohmic electrodes

E. L. Gurevich,* A. W. Liehr, Sh. Amiranashvili, and H.-G. Purwins
Institut für Angewandte Physik, Corrensstrasse 2/4, D-48149 Mu¨nster, Germany

~Received 29 October 2003; published 31 March 2004!

Surface charge of the electrodes is investigated for planar dc gas-discharge systems. Both analytical esti-
mates and experimental data show that such a charge plays an important role for the dc systems with a
high-ohmic electrode. This is demonstrated by several experiments concerning discharge establishment and
pattern formation phenomena. The surface charge has an inhibitory role, as it diminishes the electric field in the
gas. Due to the low mobility of the surface charges, their distribution can be nonuniform giving rise to the
observable filamentary structure of the discharge. It is also shown that the surface charge effect can be naturally
incorporated in existing phenomenological models of the planar discharge. Thereby one can explain several
observable phenomena, such as stability, multiplicity, and motion of the localized structures.

DOI: 10.1103/PhysRevE.69.036211 PACS number~s!: 89.75.Kd, 52.80.Dy, 82.40.Ck
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I. INTRODUCTION

Localized structures in nonlinear dissipative media a
modeling of their spatiotemporal dynamics are of recent
terest, since they lead to a growing number of possible
realized applications, e.g., data transmission on the bas
dispersion-managed solitons@1#, the guidance of traffic and
related self-driven many-particle systems@2,3#, or parallel
processors in the context of unconventional computing@4#,
which, for example, can be applied to the parallel estimat
of Voronoi diagrams@5#.

Experimentally self-organized localized structures,
called dissipative solitons@6,7#, are best observed in vert
cally oscillated granular media, hydrodynamical and opti
systems, chemical media, and gas-discharge systems w
high-ohmic electrode@8–13#. While the modeling of chemi-
cal media commonly involves the identification of reacti
species, formulating their reaction laws, and reducing
resulting set of equations, gas-discharge systems are e
investigated on the basis of microscopic models@14,15#, or
phenomenologically on the basis of two-component reac
diffusion equations@16–19#, where the activating componen
is related to the avalanche multiplication of charged carr
in the gap, while the voltage drop at the high-ohmic ele
trode plays the role of the inhibitor.

While two-component models comprehensively descr
structure formation phenomena in one-dimensional diss
tive systems, the situation is much more complicated in tw
dimensional systems. Concerning current-driven planar g
discharge systems with the high-ohmic electrode s
qualitative activator-inhibitor models explain the existence
Turing patterns such as stripes or hexagonal patterns@20–
23#, spirals @24,25#, stationary localized structures@19,26–
28#, and moving single dissipative solitons@29#, but fail to
explain the observation of several moving and interact
dissipative solitons@19,30,31#, since the proposed stabilizin
integral feedback does not take account of antisymme
disturbances@32,33#. However, this problem can be easi
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overcome by introducing phenomenologically a second
hibiting component, which acts as a local feedback and
bilizes the dissipative solitons, such that the experiment
observed phenomena of scattering, formation of molecu
like bound states, or generation of dissipative solitons
many particle processes can be reproduced@31,33–35#. Fur-
thermore, the phenomenological three-component react
diffusion system enables the description of the dynamics
dissipative solitons in terms of a particle ansatz@34#, which
has triggered the experimental detection of the theoretic
predicted drift bifurcation of dissipative solitons and th
measurement of the interaction law of dissipative solito
@29,36#.

The obvious similarity of structure formation phenome
in planar gas-discharge systems and phenomenological th
component reaction-diffusion equations raises the ques
on the physical origin of the second inhibiting component
should be of the same nature as the first inhibitor and sho
therefore be related to an additional voltage drop over
high-ohmic layer. The drop can be attributed to the surfa
charges accumulated on the electrodes. Moreover, the
face charge can be considered as a dynamical variable
corresponding time scale should be equal to the Maxw
time tm . In this paper we investigate such a possibility bo
experimentally and analytically. The surface charges are w
known to play a critical role in ac systems@37#, with dielec-
tric coating of the electrodes wheretm is formally infinite.
On the contrary, for DC systems with the high-conducti
electrodes~e.g., tm→0) the surface charge does not affe
discharge properties. Our system is a mixed one, as the c
ode is a high-ohmic electrode. The relatively large value
tm coexists here with the dc electric current. Our goal is
investigate the role of the surface charges in this situatio

We start with the simple estimates to show that consid
able quantity of charge must be deposed on the electro
The induced electric field appears to be comparable with
Townsend~breakdown! electric field@38#, that is, it signifi-
cantly affects the discharge. Such an influence is then exp
mentally demonstrated. The surface charge is also show
play an important role for transition between different sta
of patterned discharge. To conclude, we discuss our find
in the context of reaction-diffusion models@16,19,27#. We
©2004 The American Physical Society11-1
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demonstrate that the surface charges, being intrinsic for
high-ohmic electrode, act as the second inhibitor and prov
an additional component for the considered activat
inhibitor system. The three-component reaction-diffus
model is finally justified to describe the dc gas discha
with the high-ohmic electrodes.

II. ESTIMATION OF THE SURFACE CHARGE

The planar semiconductor/gas-discharge cell is one of
systems, which is commonly used to investigate pattern
mation in laboratory conditions. Its configuration is sch
matically shown in Fig. 1. The discharge cell is a three la
structure consisting of a gas-discharge gap edged from
sides with a low-ohmic anode and a high-ohmic catho
After the external voltageU0 is applied to the electrodes, th
ignition takes place@19,22,23,25#. Increase in the voltage o
in the discharge current causes a variety of transition s
narios between homogeneous and patterned forms of the
charge. The patterns result in nonuniform discharge lu
nance, the latter can be observed through the transpa
electrode~normally through the low-ohmic anode!.

In contrast to the dielectric-barrier gas discharge@37#, the
surface charge in the dc case does not require a sep
consideration@38#, as it instantly follows changes in the ele
tric field. However, in the case of the high-ohmic electro
the Maxwell time ~for semi-insulated GaAs tm
51024–1026 s! is larger or comparable to the typical dur
tion of discharge processes. The evolution equation for
surface charge comes therefore into play. Consequently
ions deposited on the surface of the high-ohmic cathode
not neutralized immediately, but influence the discha
through their electric field. The electrical fieldEq produced
by the ions diminishes the external field in the gas. Let
consider the simplest Townsend mode of the discharge. T
resulting field must then be equal to the Townsend field
maintain the self-sustained discharge@38#.

It is now instructive to estimate the cathode surfa
charge for typical experimental conditions. Its densityq
causes the discontinuity of the electric field on the electr
surface, so that

FIG. 1. Schematic representation of the dc planar gas-disch
cell.
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whereEsc and Eg are the electric fields in the bulk of th
semiconductor cathode and gas, respectively,« being the
cathode dielectric constant. For GaAs cathode used ins R
@19,25,30,39# and for Si cathode used in Ref.@40# «'10.

In the stationary case the surface charge density is c
stant, consequently the current densities in the gas and in
semiconductor are both equal toj, the latter is directly mea-
sured in experiments. The conductivity of the cathodes for
the GaAs wafers used in Refs.@19,25,30,39# was varied in
the range from 0.131027 (V cm)21 to 3.031027

(V cm)21. In Ref. @40# the Si wafer has been additionall
cooled to obtain the conductivity of the same order of ma
nitude. For given conductivity one calculates the elect
field in the cathode simply throughEsc5 j /s.

Substituting theEsc into Eq. ~1! one obtains the value o
the surface charge density

q5«0S « j

s
2EgD , ~2!

as a function of the experimental control parameters.
The additional electric fieldEq , which is produced by the

surface charge and which diminishes the field in the gas g
is to be estimated. The gap of the discussed experime
system is less than 1 mm although the diameter of the ac
gas-discharge area is of some centimeters. According to
big aspect ratio of the system we can consider our pla
gas-discharge cell to be made of two infinitely large plan
Thus, the equation for the electric field produced by
charged infinite planeEq5q/(2«0) can be used.

To test if this charge density should be taken into acco
we compareEq with the total electric field in the gasEg .
The latter is equal to the Townsend electric fieldET for the
dark discharge or less thanET for the glow discharge@38#.
The value ofEq is seen to increase linearly with increase
j, that is,Eq5ET for some critical valuej 5 j c . It is straight-
forward to say that j c53sET /«. For s50.231027

(V cm)21, corresponding to the external illumination of th
semiconductor electrode used in Ref.@36#, one obtainsj c
530 mA/cm2. This value is much lower then the actu
current density observed in the experiment. Similar analy
with the same result can be performed also for Refs.@30,40#
and other experiments devoted to pattern formation phen
ena in a dc gas-discharge cell with the high-ohmic electro
That is, the electric field in the gas gap is, in fact, formed
surface charge accumulated on the high-ohmic layer.

Equation~2! can be plotted as a line in the plane of e
perimental control parameters (U0 , j ). Both lines and the
current-voltage characteristic of the discharge cell are sc
matically shown in Fig. 2~the dashed and solid lines respe
tively!. The characteristics are shown in a semilogarithmi
scale, consequently the dashed line, being defined by the
~2!, looks like an exponential function. The dashed line
vides the parameter space in two regions withEq,ET and
Eq.ET . The critical discharge currentj c corresponds to the
intersection point and is calculated from Eq.~2! with Eq

ge
1-2
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ROLE OF SURFACE CHARGES IN DC GAS-DISCHARGE . . . PHYSICAL REVIEW E 69, 036211 ~2004!
5ET . It is found to be 30mA/cm2 for typical values50.2
31027 (V cm)21. On the other hand, the current dens
j TM corresponding to the transition from the Townsend to
glow mode isj TM'850 mA/cm2 @38# for the conditions cor-
responding to Fig. 2. Experiments on pattern formation w
also made with cooled Si cathode@19,40#. Conductivity of
the Si wafer cooled down to 100–150 K is of the same or
as above, thus our estimation is valid also in this case.

The estimations show thatj TM@ j . We stress that the
pattern-formation phenomenon in the dc gas-discharge
tem occurs during the transition between the Townsend
the glow discharge~see, e.g., Refs.@19,30,36,39,40#!. The
surface charge must therefore play a significant role for
pattern formation. In particular, the cited experiments sho
be modelled with the three-component activator-inhibi
system presented in Refs.@33,41#, but not with the two-
component system presented in Ref.@16#. Also for Refs.
@25,42# the surface charge should play an important ro
though the patterns here were attributed to the nonlinear
cesses in the semiconductor cathode.

III. EXPERIMENTAL STUDY OF THE SURFACE CHARGE
IN THE DISCHARGE SYSTEM

Experimental study of the surface charge in a dc g
discharge system is very complicated, and to our knowled
it has not been done yet. We present here a indirect proof
the charge on the surface of an high-ohmic electrode in
ences the discharge processes.

The experimental setup is a dc-driven planar g
discharge system with a high-ohmic cathode similar to th
shown in Fig. 1. Diameter of the gas-discharge gap is
mm, its thicknessd is 0.5 mm. The anode is transparent
visible light, which allows to observe the luminance dist

FIG. 2. The current-voltage characteristic of the discharge
~solid line! is schematically shown in the semilogarithmic sca
The dashed line corresponds to the conditionEq5ET and is calcu-
lated according to Eq.~2! for GaAs electrode withssc50.2
31027 (V cm)21, «sc513, d50.15 cm, dsc50.05 cm, andET

56000 V/cm, corresponding to discharge in nitrogen by the pr
surep535 Torr
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bution of the discharge. Semi-insulating GaAs wafer p
duced by the company ‘‘Freiberger’’~Crystal 43725! is used
as the cathode of the gas-discharge system. The thickne
the waferdsc is 1.560.1 mm, its diameter is 50 mm. Th
conductivity of the semiconductors can be varied in experi-
ments in the range from 0.131027 (V cm)21 to 3.0
31027 (V cm)21 due to the intrinsic photoeffect by chang
ing the external illumination intensity. For a detailed descr
tion of the setup see Refs.@25,30#.

In the first phase of the experiment a small region of
semiconductor cathode (1 cm32 cm), which will be re-
ferred below as a ‘‘central part’’ of the gas-discharge ar
has been illuminated through a mask. The rest of the cath
has not been illuminated at all. The illuminated area is 2 c2

while the active gas-discharge area is about 7 cm2. The con-
ductivity of the semiconductor cathode increases with
external illumination, thus the most of the discharge curr
flows through the illuminated area. The current distributi
can be estimated through the discharge luminance distr
tion, which is shown in Fig. 3. According to Eq.~2! the
charge on the illuminated cathode area is higher than
corresponding to the dark area.

In the second phase of the experiment we switch the
ternal illumination off. As expected, the uniform distributio
of the discharge luminance is established after some re
ation processes. The latter is rather nontrivial. The ar
which was illuminated before, becomesdarker as its sur-
rounding. The dark spot slowly disappears and after appr
mately 2–3 s the discharge is uniform.

The dynamics of the gas discharge luminance pro
along the lineAC, which crosses the edge of the illuminate
region, is shown in Fig. 4. The squares correspond to the
phase of the experiment. One can see that the lumina
intensity of the central part is much stronger than that of
not illuminated area. This bright central part corresponds
the high current density, and consequently, to the high cha
density on the surface of the semiconductor electrode.

After the external illumination has been switched off, o
could expect a homogeneous distribution of the intrinsic

ll
.

-

FIG. 3. Initial luminance distribution of the discharge in nitro
gen by the pressurep535 Torr with partly illuminated GaAs
cathode.
1-3
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GUREVICH et al. PHYSICAL REVIEW E 69, 036211 ~2004!
minance, equal to the intrinsic luminance corresponding
the unilluminated area. But we observe in the second ph
that the intensity of the radiated light is lower in the cent
part of the discharge compared to the area, which has
been illuminated. It is shown by triangles in Fig. 4, demo
strating the light intensity distribution fort50.16 s after the
external light is switched off. That means that the discha
current density in the central part is now lower than the
called dark current~i.e., the current in the area, which has n
been illuminated!. Although the resistivity of the semicon
ductor and the supply voltage are in the second phase
form, the luminance profile becomes uniform only in abou
s ~see circles in Fig. 4!. We note that the luminance of th
unilluminated area conserves during the experiment.

This few-second delay, in which the discharge luminan
is restored, does not reflect the real time scale of the sur
charge, which is obviously much smaller. In reality t
charge disappears from the cathode in less than one milli
ond, and the next breakdown takes place not immedia
but after some delay@43,44#. The delay time of some sec
onds observed in the present experiment agrees with the
perimental results obtained in Refs.@43,44#.

The reduction of the discharge luminance under the ba
ground level can be explained if one takes into account
charge deposited on the surface of the high-ohmic electr
during the first phase of the experiment. This deposit
takes place mostly in the area, where the discharge cur
density is higher, i.e., in the central part. After the exter
illumination has been switched off, the conductivity of th
central part decreases, thus the Maxwell time of this p
increases. Consequently, the surface charge then goes o
the equilibrium, because the source of the deposited cha
particles is the same, but the sink is reduced. This proc
results in a local increase of the surface charge, which dim
ishes the local electric field in that central part of the g

FIG. 4. The profiles of the edge of the luminance distributi
along the lineAC in Fig. 3 after switching off the external illumi-
nation. Intensity of the discharge luminance is presented in se
logarithmic scale in arbitrary units.
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discharge gap. Charge carriers multiplication processe
gas discharge are very senstive to electric field@38#, because
the ionization coefficient depends on the field in the g
exponentially. That is why the current density~consequently,
luminance of the discharge! in the central part is lower in the
second phase of the experiment.

Other physical processes, but the surface charge stor
cannot clarify the observed phenomenon, because
would lead, in opposite, to the increase of the discharge
minance above the background level. The temperature gr
ent ~if any! would increase the luminance of the central p
of the discharge in the second phase of the experiment,
cause the conductivity of semiconductors increases with t
perature. The excited atoms ease the ignition too. So,
interpret this effect as an experimental confirmation of
important role, which the charge deposited on the hig
ohmic electrodes plays in gas-discharge processes.

The time evolution of the discharge luminance measu
in points marked asB andC in Fig. 3 is shown in Fig. 5. One
can see that starting fromt50 ~at t50 the external illumi-
nation has been switched off!, the intensity of the externally
illuminated region does not decrease monotonically. It
creases under the background level, which is shown in Fi
as dashed line, and then restores to it in a couple of seco
One can also see, that there is no difference in the lumina
dynamics in pointsB ~edge of the illuminated part! and C
~center of the illuminated part!. Consequently, no diffusion in
lateral direction can be registered.

But the upper limit for the diffusion coefficient of nitro
gen ions on the GaAs surfaceDq can be estimated from th
observed experimental data. The discharge luminance u
the the background level has been measured in two pointB
and C in Fig. 3! extending onD l 54 mm from each other.
The observation timeDt'2.5 s, in which one cannot see th
difference between the dynamics in these points~see Fig. 5!.
Consequently, the diffusion coefficientDq is lower than the
minimal diffusion coefficient we can estimate, i.e.,Dq
,(D l )2/Dt'0.06 cm2/s.

Such a low diffusion coefficient cannot be related to a
of gas species, by which the diffusion coefficient isDe

i-

FIG. 5. The time dynamics of the luminance distribution sho
in the pointsB ~circles! andC ~triangles! in Fig. 3 after switching
off the external illumination. The dashed line corresponds to
average value of the background luminance.
1-4
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ROLE OF SURFACE CHARGES IN DC GAS-DISCHARGE . . . PHYSICAL REVIEW E 69, 036211 ~2004!
'104 cm2/s for electrons orDi'1.5 cm2/s for ions@38,45#
in gas discharge. This estimation is very important, beca
in Ref. @19# authors develop a semi-phenomenologi
reaction-diffusion model for pattern formation in a dc ga
discharge cell with high-ohmic semiconductor electrod
The authors obtain pattern formation with the diffusion c
efficients of the charge carriersDN50.045 cm2/s, which is
much lower than any of the diffusion coefficients of gas s
cies, but fits the estimations forDq . This example stresse
ones again, that the charge on the surface of the high-oh
electrode plays a significant role for pattern formation mo
development.

IV. THE SURFACE CHARGE AS A CONTROL
PARAMETER FOR PATTERN FORMATION PHENOMENA

The role of the surface charge for pattern formation p
nomena can be illustrated as follows. The gas-discharge
shown in Fig. 1 was used for experimental study of la
variety of pattern formation phenomena. The structures

FIG. 6. Pattern in the nitrogen gas discharge byp5110 Torr,
T5110 K, d50.05 cm. Diameter of the gas discharge areaD
51.5 cm. Semiconductor: Si^Pt&, thickness a50.12 cm. ~a!
U051500 V, discharge currentI 535 mA; ~b! U052200 V, I 5148
mA; ~c! U051500 V, I 5195 mA; ~d! U051510 V, I 5238 mA.
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stripes and current filaments are common in the discha
with high-ohmic silicon electrode by cryogenic temperatu
@22,23#. Here we study the transition between these two p
terns, as shown in Fig. 6, where the observations in the
discharge with a Si^Pt& ~silicon doped with platinum! high-
ohmic electrode are presented.

By low conductivity of the semiconductor the dischar
ignites in the filamentary mode Fig. 6~a!. Increase in the cell
voltage causes both motion of filaments and appearance
moving Turing pattern, see Fig. 6~b!. By higher conductivi-
ties of the semiconductor wafer the bifurcation scenario
the same, but the structures are brighter and the trans
between the filamentary mode and the Turing pattern occ
by lower voltage, see Figs. 6~c! and 6~d!. The corresponding
bifurcation diagram in coordinates (U0 , s) is shown in Fig.
7~a!, where the transition between the filaments and stri
are shown for different temperatures. The curves divide
parameter space into two parts: the low values ofU0 ands
correspond to the filamentary mode of the discharge, the h
values ofU0 ands correspond to the stripes.

In this bifurcation diagrams the curves dividing the fil
mentary and the stripe modes in the parameter space
shown for different temperatures of the gas-discharge cel
we calculate the total charge on the surface of the semic
ductor q, we can plot the bifurcation diagram in new coor
nates (U0, q!, see Fig. 7~b!. Note that the several curves fo
different temperatures are actually replaced with only o
curve. In other words, the value of the surface charge,
which the transition takes place, does not depend on t
perature in contrast with conductivity, which is common
used as a control parameter for pattern formation in a g
discharge cell with high-ohmic electrodes. It is natural
assume that the considerations taking the surface charg
the high-ohmic layer into account can reveal the physi
background of the pattern formation in gas-discharge s
tems with high-ohmic electrodes.

V. PHENOMENOLOGICAL MODEL

As it has been shown, the surface charge influences
physical processes in a gas-discharge system with a h
ohmic electrode. It should be therefore taken into accoun
elaborating an appropriate model. Detailed investigation
such an elaboration for classical discharge models is ou
FIG. 7. The bifurcation diagram corresponding to the transition from filaments to stripes for different temperatures.l, T5110 K; s,
T5133 K; ¿, T5143 K. Diameter of the gas discharge areaD51.5 cm. Semiconductor: Si^Pt&, thicknessa50.12 cm.~a! In coordinates
(U0 , s), ~b! in coordinates (U0, q!.
1-5
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GUREVICH et al. PHYSICAL REVIEW E 69, 036211 ~2004!
scope of the present paper. Here we restrict ourselves
simple phenomenological model@16#, which provides at
least good qualitative understanding of pattern format
phenomena in our experimental system. In the cited pape
equivalent circuit has been used to derive a two-compon
reaction-diffusion system

ut5DuDu1lu2u32kww1k1 ,

uwt5DwDw1u2w, ~3!

where the activatoru and inhibitorw were interpreted as th
current density and voltage drop over the high-ohmic el
trode, respectively.

The two-component reaction-diffusion system~3! was
later formally generalized to a three component o
~@31,33–35#!. The goal of this section is to demonstrate th
the surface charge can be considered as a second inhibito
such a system.

First, the surface charge was shown to diminish~i.e., to
inhibit! the discharge current. The latter on the other ha
produces~i.e., activates! the surface charge by depositing th
charge carriers on the surface of the high-ohmic electrod

The system~3! should then be completed with one mo
equation describing the dynamics of the surface chargeq,

q̇5Dqnq1 j 2
q

tm
, ~4!

where the electric current in the gasj increasesq and the
electric current in the semiconductor, being describ
through the Maxwell timetm , decreasesq. The motion of
the surface charges is described through the diffusion te
whereas the term connected with the surface curvature~see,
e.g., Ref.@46#! can be ignored. The relation of Eq.~4! to the
equations in the system~3! should be analyzed. The inhib
tory role of the surface charge, as it diminishes the curr
densityu, can be expressed by introducing a correspond
term ~i.e., 2k3v with k3.0! in the first equation of the
system~3!. After some renormalization we obtain the thre
component reaction-diffusion system used formally in Re
@33,41# without explanation of physical background of th
third component.

VI. CONCLUSION

The role of the surface charge accumulated on the die
tric coating of the electrodes has been broadly discus
et

s,
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@37,38,47,48# for the ac gas-discharge systems. In the case
the dc gas discharge with high-conductive electrodes the
trinsic charges can be quickly removed from the electro
and do not affect the discharge dynamics. That is why o
the charging processes on the confining surfaces~e.g., dielec-
tric walls and spacers! have been discussed in literatu
@38,43,49,50# for a dc discharge.

Conducting properties of semi-insulating semiconduct
are between those of conductors and insulators. Co
quently, one should raise the question whether the accu
lated surface charge affects the discharge processes. Th
timations claim that the influence of the surface charge
the gas discharge should be taken into account. The ch
deposited on the electrodes inhibits the discharge in the
tem. It introduces an important time scale and produces
additional electric field in the gas gap, which is compara
with the Townsend electric fieldET @38# or exceeds it.

The mechanism of the inhibition can be summarized
follows: The charge carriers, being produced via ionizati
are deposited on the electrodes. The extrinsic surface ch
immediately vanishes on the low-ohmic electrode~e.g., on a
metal plate!, but on the surface of a high-ohmic electrod
this process is delayed because of high resistivity~i.e., rela-
tively large Maxwell time! of the latter. The charge is depos
ited and stored on the surface diminishing thus the exte
electric field. Then it results in the reduction of the discha
current. The temporal changes in the current cause cha
in the surface charge, and the changes follow with so
delay giving rise to nontrivial temporal dynamics. A simila
mechanism can also be responsible for homogeneous o
lations of the discharge current as was found experiment
in Ref. @39#.

Our experimental investigations also confirm that the s
face charge diminishes the discharge current and acts a
hibitor. The experiment presents also a new method to st
the charge dynamics on high-ohmic surfaces in a gas
charge.
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