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Role of surface charges in dc gas-discharge systems with high-ohmic electrodes
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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.
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[. INTRODUCTION overcome by introducing phenomenologically a second in-
hibiting component, which acts as a local feedback and sta-
Localized structures in nonlinear dissipative media andbilizes the dissipative solitons, such that the experimentally
modeling of their spatiotemporal dynamics are of recent in-observed phenomena of scattering, formation of molecule-
terest, since they lead to a growing number of possible olike bound states, or generation of dissipative solitons in
realized applications, e.g., data transmission on the basis ofiany particle processes can be reprody&4g33—-35. Fur-
dispersion-managed solitohs], the guidance of traffic and thermore, the phenomenological three-component reaction-
related self-driven many-particle systerfxs3], or parallel diffusion system enables the description of the dynamics of
processors in the context of unconventional compufilly  dissipative solitons in terms of a particle ansigg4], which
which, for example, can be applied to the parallel estimatiorhas triggered the experimental detection of the theoretically
of Voronoi diagramg5]. predicted drift bifurcation of dissipative solitons and the
Experimentally self-organized localized structures, so-measurement of the interaction law of dissipative solitons
called dissipative solitonfs,7], are best observed in verti- [29,36].
cally oscillated granular media, hydrodynamical and optical The obvious similarity of structure formation phenomena
systems, chemical media, and gas-discharge systems withiraplanar gas-discharge systems and phenomenological three-
high-ohmic electrod¢8—13]. While the modeling of chemi- component reaction-diffusion equations raises the question
cal media commonly involves the identification of reactingon the physical origin of the second inhibiting component. It
species, formulating their reaction laws, and reducing theshould be of the same nature as the first inhibitor and should
resulting set of equations, gas-discharge systems are eithéverefore be related to an additional voltage drop over the
investigated on the basis of microscopic modédl4,15, or  high-ohmic layer. The drop can be attributed to the surface
phenomenologically on the basis of two-component reactioitharges accumulated on the electrodes. Moreover, the sur-
diffusion equation$16—19, where the activating component face charge can be considered as a dynamical variable; the
is related to the avalanche multiplication of charged carriersorresponding time scale should be equal to the Maxwell
in the gap, while the voltage drop at the high-ohmic elec-time 7,,. In this paper we investigate such a possibility both
trode plays the role of the inhibitor. experimentally and analytically. The surface charges are well
While two-component models comprehensively describéknown to play a critical role in ac systerfi37], with dielec-
structure formation phenomena in one-dimensional dissipatic coating of the electrodes whetg, is formally infinite.
tive systems, the situation is much more complicated in twoOn the contrary, for DC systems with the high-conducting
dimensional systems. Concerning current-driven planar galectrodese.g., 7,,—0) the surface charge does not affect
discharge systems with the high-ohmic electrode suchdischarge properties. Our system is a mixed one, as the cath-
qualitative activator-inhibitor models explain the existence ofode is a high-ohmic electrode. The relatively large value of
Turing patterns such as stripes or hexagonal pattgtls 7, coexists here with the dc electric current. Our goal is to
23], spirals[24,25, stationary localized structurg49,26— investigate the role of the surface charges in this situation.
28], and moving single dissipative soliton29], but fail to We start with the simple estimates to show that consider-
explain the observation of several moving and interactingable quantity of charge must be deposed on the electrodes.
dissipative soliton$19,30,31, since the proposed stabilizing The induced electric field appears to be comparable with the
integral feedback does not take account of antisymmetri@downsend(breakdown electric field[38], that is, it signifi-
disturbanceg432,33. However, this problem can be easily cantly affects the discharge. Such an influence is then experi-
mentally demonstrated. The surface charge is also shown to
play an important role for transition between different states
*Corresponding author. of patterned discharge. To conclude, we discuss our findings
Email address: gurevich@uni-muenster.de in the context of reaction-diffusion modef46,19,27. We
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cathode dielectric constant. For GaAs cathode used ins Refs.
[19,25,30,39 and for Si cathode used in Rg#0] e~ 10.

In the stationary case the surface charge density is con-
stant, consequently the current densities in the gas and in the
semiconductor are both equaljtathe latter is directly mea-
sured in experiments. The conductivity of the cathodfor

" —_—i.
US: a ﬂ7
\ /
\
o,
17/}
(]

UO Usc the GaAs wafers used in Refgl9,25,30,39 was varied in
+ N\ - the range from 0X%10°7 (Qcm) ! to 3.0x10°°
& (2 cm)~L. In Ref.[40] the Si wafer has been additionally

cooled to obtain the conductivity of the same order of mag-

FIG. 1. Schematic representation of the dc planar gas-dischargatude. For given conductivity one calculates the electric
cell. field in the cathode simply througbs.=j/o.

Substituting theE,. into Eg. (1) one obtains the value of

demonstrate that the surface charges, being intrinsic for théhe surface charge density
high-ohmic electrode, act as the second inhibitor and provide .
an additional component for the considered activator- qzao(ﬂ_ E ) )
inhibitor system. The three-component reaction-diffusion o 9

model is finally justified to describe the dc gas discharge i )
with the high-ohmic electrodes. as a function of the experimental control parameters.

The additional electric fieléE,, which is produced by the
surface charge and which diminishes the field in the gas gap,
is to be estimated. The gap of the discussed experimental

The planar semiconductor/gas-discharge cell is one of thgystem is less than 1 mm although the diameter of the active
systems, which is commonly used to investigate pattern forgas-discharge area is of some centimeters. According to the
mation in laboratory conditions. Its configuration is sche-big aspect ratio of the system we can consider our planar
matically shown in Fig. 1. The discharge cell is a three layeigas-discharge cell to be made of two infinitely large planes.
structure consisting of a gas-discharge gap edged from bothhus, the equation for the electric field produced by a
sides with a low-ohmic anode and a high-ohmic cathodecharged infinite plan&,=q/(2e,) can be used.

After the external voltag®l, is applied to the electrodes, the ~ To test if this charge density should be taken into account
ignition takes plac§19,22,23,2% Increase in the voltage or We comparekE, with the total electric field in the gagg.

in the discharge current causes a variety of transition scefhe latter is equal to the Townsend electric figld for the
narios between homogeneous and patterned forms of the digark discharge or less thdsy for the glow discharg¢38].
charge. The patterns result in nonuniform discharge lumi-The value ofg, is seen to increase linearly with increase of
nance, the latter can be observed through the transparentthat is,E,=E+ for some critical valug =j.. It is straight-
electrode(normally through the low-ohmic anogde forward to say thatj.=3cEf/e. For ¢=0.2x10""

In contrast to the dielectric-barrier gas dischaigé], the (£ cm)~?1, corresponding to the external illumination of the
surface charge in the dc case does not require a separaemiconductor electrode used in RE36], one obtainsj,
consideratiori38], as it instantly follows changes in the elec- =30 wAlcm?. This value is much lower then the actual
tric field. However, in the case of the high-ohmic electrodecurrent density observed in the experiment. Similar analysis
the Maxwell time (for semi-insulated GaAs 7,  with the same result can be performed also for Rg8,40
=10 *-10% 9) is larger or comparable to the typical dura- and other experiments devoted to pattern formation phenom-
tion of discharge processes. The evolution equation for thena in a dc gas-discharge cell with the high-ohmic electrode.
surface charge comes therefore into play. Consequently, thEhat is, the electric field in the gas gap is, in fact, formed by
ions deposited on the surface of the high-ohmic cathode argurface charge accumulated on the high-ohmic layer.
not neutralized immediately, but influence the discharge Equation(2) can be plotted as a line in the plane of ex-
through their electric field. The electrical fiek, produced perimental control parameterdJ,j). Both lines and the
by the ions diminishes the external field in the gas. Let usurrent-voltage characteristic of the discharge cell are sche-
consider the simplest Townsend mode of the discharge. Thematically shown in Fig. Zthe dashed and solid lines respec-
resulting field must then be equal to the Townsend field to tively). The characteristics are shown in a semilogarithmical
maintain the self-sustained dischaf@s]. scale, consequently the dashed line, being defined by the Eq.

It is now instructive to estimate the cathode surface(2), looks like an exponential function. The dashed line di-
charge for typical experimental conditions. Its densify vides the parameter space in two regions V< E; and
causes the discontinuity of the electric field on the electrod&,>E+. The critical discharge curreft corresponds to the
surface, so that intersection point and is calculated from E@) with E,

II. ESTIMATION OF THE SURFACE CHARGE
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FIG. 2. The current-voltage characteristic of the discharge cell
(solid ling) is schematically shown in the semilogarithmic scale.
The dashed line corresponds to the conditiysE+ and is calcu-
lated according to Eq(2) for GaAs electrode withos=0.2  cathode.
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as the cathode of the gas-discharge system. The thickness of
the waferdg. is 1.5+0.1 mm, its diameter is 50 mm. The
=E7. Itis found to be 3QuA/cm? for typical valuec=0.2  conductivity of the semiconducter can be varied in experi-
X107 (Q cm)~!. On the other hand, the current density ments in the range from 010’ (Q cm) ! to 3.0
jtm corresponding to the transition from the Townsend to thex 10”7 (Q ¢cm)~* due to the intrinsic photoeffect by chang-
glow mode isjy~850 uAlcm? [38] for the conditions cor-  ing the external illumination intensity. For a detailed descrip-
responding to Fig. 2. Experiments on pattern formation werdion of the setup see Reff25,30. _
also made with cooled Si cathodi#9,40. Conductivity of In the first phase of the experiment a small region of the

the Si wafer cooled down to 100-150 K is of the same ordefemiconductor cathode (1 ¢a2 cm), which will be re-
as above, thus our estimation is valid also in this case.  ferred below as a “central part” of the gas-discharge area,

The estimations show that,>j. We stress that the Nas been illuminated through a mask. The rest of the cathode

pattern-formation phenomenon in the dc gas-discharge sy$as not been illuminated at all. The illuminated area is Zcm
tem occurs during the transition between the Townsend anfyhilé the active gas-discharge area is about 7.cthe con-

the glow dischargdsee, e.g., Refd.19,30,36,39,4]). The  ductivity of the semiconductor cathode increases with the
surface charge must therefore play a significant role for th&xternal illumination, thus the most of the discharge current
pattern formation. In particular, the cited experiments shouldlows through the illuminated area. The current distribution
be modelled with the three-component activator-inhibitorcan be estimated through the discharge luminance distribu-

system presented in Reff33,41, but not with the two- tion, which is shown in Fig. 3. According to Eq2) the
component system presented in REE6]. Also for Refs. charge on the illuminated cathode area is higher than that
[25,42 the surface charge should play an important rolecorresponding to the dark area.

though the patterns here were attributed to the nonlinear pro- N the second phase of the experiment we switch the ex-
cesses in the semiconductor cathode. ternal illumination off. As expected, the uniform distribution

of the discharge luminance is established after some relax-
ation processes. The latter is rather nontrivial. The area,
lll. EXPERIMENTAL STUDY OF THE SURFACE CHARGE which was illuminated before, becomesrker as its sur-
IN THE DISCHARGE SYSTEM rounding. The dark spot slowly disappears and after approxi-
mately 2—3 s the discharge is uniform.

Experimental study of the surface charge in a dc gas- The dynamics of the gas discharge luminance profile
discharge system is very complicated, and to our knowledgeglong the lineAC, which crosses the edge of the illuminated
it has not been done yet. We present here a indirect proof thaggion, is shown in Fig. 4. The squares correspond to the first
the charge on the surface of an high-ohmic electrode influphase of the experiment. One can see that the luminance
ences the discharge processes. intensity of the central part is much stronger than that of the

The experimental setup is a dc-driven planar gasnot illuminated area. This bright central part corresponds to
discharge system with a high-ohmic cathode similar to thatthe high current density, and consequently, to the high charge
shown in Fig. 1. Diameter of the gas-discharge gap is 3@ensity on the surface of the semiconductor electrode.
mm, its thicknessl is 0.5 mm. The anode is transparent to  After the external illumination has been switched off, one
visible light, which allows to observe the luminance distri- could expect a homogeneous distribution of the intrinsic lu-

FIG. 3. Initial luminance distribution of the discharge in nitro-
gen by the pressur@=235 Torr with partly illuminated GaAs
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FIG. 5. The time dynamics of the luminance distribution shown
15 "s . é . 1'0 . 1'2 : 1'4 . 1I6 . 1|8 in the pointsB (circles and C (triangles in Fig. 3 after switching
off the external illumination. The dashed line corresponds to the
X (mm) average value of the background luminance.

FIG. 4. The profiles of the edge of the luminance distribution discharge gap. Charge carriers multiplication processes in
alopg the IineAC in Fig. 3 after switching off the external illumi-  gas discharge are very senstive to electric fig@l, because
natlop. In_ten5|ty qf the 'discharge luminance is presented in semithe ionization coefficient depends on the field in the gap
logarithmic scale in arbitrary units. exponentially. That is why the current densitpnsequently,

luminance of the dischargé the central part is lower in the
minance, equal to the intrinsic luminance corresponding tgecond phase of the experiment.
the unilluminated area. But we observe in the second phase, Other physical processes, but the surface charge storage,
that the intensity of the radiated light is lower in the centralcannot clarify the observed phenomenon, because they
part of the discharge compared to the area, which has nayould lead, in opposite, to the increase of the discharge lu-
been illuminated. It is shown by triangles in Fig. 4, demon-minance above the background level. The temperature gradi-
strating the light intensity distribution fdr=0.16 s after the ~€nt(if any) would increase the luminance of the central part
external light is switched off. That means that the discharg®f the discharge in the second phase of the experiment, be-
current density in the central part is now lower than the socause the conductivity of semiconductors increases with tem-
called dark currenti.e., the current in the area, which has not perature. The excited atoms ease the ignition too. So, we
been illuminatefl Although the resistivity of the semicon- interpret this effect as an experimental confirmation of the
ductor and the supply voltage are in the second phase unimportant role, which the charge deposited on the high-
form, the luminance profile becomes uniform only in about 20hmic electrodes plays in gas-discharge processes.
s (see circles in Fig. ¥ We note that the luminance of the The time evolution of the discharge luminance measured
unilluminated area conserves during the experiment. in points marked aB andC in Fig. 3 is shown in Fig. 5. One

This few-second delay, in which the discharge luminancecan see that starting frot=0 (att=0 the external illumi-
is restored, does not reflect the real time scale of the surfad&ation has been switched pfthe intensity of the externally
charge, which is obviously much smaller. In reality theilluminated region does not decrease monotonically. It de-
charge disappears from the cathode in less than one millisegreases under the background level, which is shown in Fig. 5
ond, and the next breakdown takes place not immediatel@s dashed line, and then restores to it in a couple of seconds.
but after some delaj43,44. The delay time of some sec- One can also see, that there is no difference in the luminance
onds observed in the present experiment agrees with the edynamics in pointsB (edge of the illuminated parand C
perimental results obtained in Ref43,44. (center of the illuminated partConsequently, no diffusion in

The reduction of the discharge luminance under the backiateral direction can be registered.
ground level can be explained if one takes into account the But the upper limit for the diffusion coefficient of nitro-
charge deposited on the surface of the high-ohmic electrodgen ions on the GaAs surfaék, can be estimated from the
during the first phase of the experiment. This depositiorobserved experimental data. The discharge luminance under
takes place mostly in the area, where the discharge curretite the background level has been measured in two pdts (
density is higher, i.e., in the central part. After the externaland C in Fig. 3) extending onAl=4 mm from each other.
illumination has been switched off, the conductivity of the The observation timét~2.5 s, in which one cannot see the
central part decreases, thus the Maxwell time of this pardifference between the dynamics in these pofse Fig. 5.
increases. Consequently, the surface charge then goes out@fnsequently, the diffusion coefficiedt, is lower than the
the equilibrium, because the source of the deposited chargedinimal diffusion coefficient we can estimate, i.eDg
particles is the same, but the sink is reduced. This process (Al)%/At~0.06 cnf/s.
results in a local increase of the surface charge, which dimin- Such a low diffusion coefficient cannot be related to any
ishes the local electric field in that central part of the gasof gas species, by which the diffusion coefficient Og,
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stripes and current filaments are common in the discharge
with high-ohmic silicon electrode by cryogenic temperatures
[22,23. Here we study the transition between these two pat-
terns, as shown in Fig. 6, where the observations in the gas
discharge with a $Pt) (silicon doped with platinumhigh-
ohmic electrode are presented.

By low conductivity of the semiconductor the discharge
ignites in the filamentary mode Fig.(6). Increase in the cell
voltage causes both motion of filaments and appearance of a
moving Turing pattern, see Fig.(6). By higher conductivi-
ties of the semiconductor wafer the bifurcation scenario is
the same, but the structures are brighter and the transition
between the filamentary mode and the Turing pattern occurs
by lower voltage, see Figs.(6) and &d). The corresponding
bifurcation diagram in coordinatesJg, o) is shown in Fig.
7(a), where the transition between the filaments and stripes
are shown for different temperatures. The curves divide the
parameter space into two parts: the low valuetJgfand o

FIG. 6. Pattern in the nitrogen gas dischargepsy110 Torr, ~ correspond to the filamentary mode of the discharge, the high
T=110 K, d=0.05 cm. Diameter of the gas discharge a®a Vvalues ofU, ando correspond to the stripes.

=1.5cm. Semiconductor: &), thickness a=0.12 cm. (a) In this bifurcation diagrams the curves dividing the fila-
U,=1500 V, discharge current=35 uA; (b) Ug=2200 V,1=148 mentary and the stripe modes in the parameter space are
HA; () Up=1500 V, =195 uA; (d) Uy=1510 V, =238 uA. shown for different temperatures of the gas-discharge cell. If

we calculate the total charge on the surface of the semicon-
~10* cn/s for electrons oD;~1.5 cnt/s for ions[38,45  ductor g, we can plot the bifurcation diagram in new coordi-
in gas discharge. This estimation is very important, becauseates Uy, 0), see Fig. ). Note that the several curves for
in Ref. [19] authors develop a semi-phenomenologicaldifferent temperatures are actually replaced with only one
reaction-diffusion model for pattern formation in a dc gas-curve. In other words, the value of the surface charge, by
discharge cell with high-ohmic semiconductor electrodeswhich the transition takes place, does not depend on tem-
The authors obtain pattern formation with the diffusion co-perature in contrast with conductivity, which is commonly
efficients of the charge carrie®y=0.045 cmi/s, which is used as a control parameter for pattern formation in a gas-
much lower than any of the diffusion coefficients of gas spe-discharge cell with high-ohmic electrodes. It is natural to
cies, but fits the estimations fd@,. This example stresses assume that the considerations taking the surface charge on
ones again, that the charge on the surface of the high-ohmibe high-ohmic layer into account can reveal the physical
electrode plays a significant role for pattern formation modebackground of the pattern formation in gas-discharge sys-
development. tems with high-ohmic electrodes.

IV. THE SURFACE CHARGE AS A CONTROL V. PHENOMENOLOGICAL MODEL

PARAMETER FOR PATTERN FORMATION PHENOMENA . .
As it has been shown, the surface charge influences the

The role of the surface charge for pattern formation phephysical processes in a gas-discharge system with a high-
nomena can be illustrated as follows. The gas-discharge cefihmic electrode. It should be therefore taken into account by
shown in Fig. 1 was used for experimental study of largeelaborating an appropriate model. Detailed investigation of
variety of pattern formation phenomena. The structures asuch an elaboration for classical discharge models is out of

a) 1.0x10 b) 1} o
\ . 14}
8.0x10" | tripes
* 12 L
S 6.0x10° 10
" ~
9 % &r
g 4.0x10° F =
° 4
3 r
20K10 L ments oL Filaments
0.0 . . . . . . 0 . . L L .
1500 1600 1700 1800 1900 2000 1500 1600 1700 1800 1900 2000

Uv)

U

FIG. 7. The bifurcation diagram corresponding to the transition from filaments to stripes for different tempertuiies.110 K; O,
T=133 K; +, T=143 K. Diameter of the gas discharge ai& 1.5 cm. Semiconductor: 81, thicknessa=0.12 cm.(a) In coordinates
(Ug, ), (b) in coordinates (,, Q).
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scope of the present paper. Here we restrict ourselves to[87,38,47,48for the ac gas-discharge systems. In the case of
simple phenomenological mod¢ll6], which provides at the dc gas discharge with high-conductive electrodes the ex-
least good qualitative understanding of pattern formatiortrinsic charges can be quickly removed from the electrodes
phenomena in our experimental system. In the cited paper aind do not affect the discharge dynamics. That is why only
equivalent circuit has been used to derive a two-componenhe charging processes on the confining surféees, dielec-
reaction-diffusion system tric walls and spaceyshave been discussed in literature
[38,43,49,50 for a dc discharge.
Conducting properties of semi-insulating semiconductors
ow,=D AW+ Uu—w, 3) are between those o_f conductors_ and insulators. Conse-
quently, one should raise the question whether the accumu-
where the activatou and inhibitorw were interpreted as the lated surface charge affects the discharge processes. The es-
current density and voltage drop over the high-ohmic electimations claim that the influence of the surface charge on
trode, respectively. the gas discharge should be taken into account. The charge
The two-component reaction-diffusion systei® was  deposited on the electrodes inhibits the discharge in the sys-
later formally generalized to a three component oneem. It introduces an important time scale and produces the
([31,33-39). The goal of this section is to demonstrate thatadditional electric field in the gas gap, which is comparable
the surface charge can be considered as a second inhibitor f@#ih the Townsend electric fieli; [38] or exceeds it.

such a system. o The mechanism of the inhibition can be summarized as
. h.Ft')FSt’ rt\he;ur;ace charge washshlown to du;:wﬂs?}., tc;] cg)llows: The charge carriers, being produced via ionization,
n Id D t € disc t_argte (;ﬁrrent.f The r?tter %n g € °t_t.ef tﬂn re deposited on the electrodes. The extrinsic surface charge
D e oSl e immeatly vnihs on e oonmic electiee. o o

The system3) should then be completed with one more metal plate, but on the surface of a high-ohmic electrode

. . : this process is delayed because of high resistitig, rela-
equation describing the dynamics of the surface charge tively large Maxwell time of the latter. The charge is depos-

. o ited and stored on the surface diminishing thus the external
q=DyAq+]j— P (4)  electric field. Then it results in the reduction of the discharge
m current. The temporal changes in the current cause changes
where the electric current in the gasncreasesy and the in the surface charge, and the changes follow with some
electric current in the semiconductor, being describedlelay giving rise to nontrivial temporal dynamics. A similar
through the Maxwell timer,,,, decreaseg. The motion of mechanism can also be responsible for homogeneous oscil-
the surface charges is described through the diffusion termations of the discharge current as was found experimentally
whereas the term connected with the surface curvdsee, in Ref.[39].
e.g., Ref[46]) can be ignored. The relation of E@) to the Our experimental investigations also confirm that the sur-
equations in the systeii8) should be analyzed. The inhibi- face charge diminishes the discharge current and acts as in-
tory role of the surface charge, as it diminishes the currengipitor. The experiment presents also a new method to study

densityu, can be expressed by introducing a correspondingpe charge dynamics on high-ohmic surfaces in a gas dis-
term (i.e., —k3v with xk3>0) in the first equation of the charge.

system(3). After some renormalization we obtain the three-
component reaction-diffusion system used formally in Refs.
[33,41 without explanation of physical background of the
third component.

u=D,Au+ u—ud—k, W+ K,
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