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Stripe Turing structures in a two-dimensional gas discharge system
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Pattern formation phenomena in current density distributions have been investigated experimentally in a
dc-driven planar gas discharge semiconductor system. Patterns are observed and recorded via a light density
distribution in the discharge gap, which can be seen through one of the electrodes. Under appropriate condi-
tions the spatially homogeneous discharge glow undertakes a transition into hexagonal or striped patterns as
the global current is increased. The observed phenomena are interpreted as a Turing bifurcation into a patterned
state. The transition into a striped pattern is studied in detail. Transitions both to stationary and to slowly
moving stripe patterns have been observed. It has been ascertained that the typical velocity of stripes, which is
of the order of mm/s, is independent of the distance from the bifurcation point in a rather broad range of
variation of the bifurcation parameter. The underlying mechanism of pattern formation, as well as the move-
ment of the patterns, is discuss¢81063-651X%97)11206-5

PACS numbse(s): 82.40.Ck, 05.60+w, 52.80-—s

[. INTRODUCTION [18,19. With this approach one was able to comprehend the
experimental observations of both spatially regular patterns
In 1952 Turing[1] proposed a theoretical model for the and solitarylike statefilamentg in these systemgl8—21].
description of morphogenesis in nature. This principle is stillln contrast to chemical reactions, in which the transport of
supposed to be basic for the understanding of spatial selfnaterial is a basic property, pattern formation phenomena in
organization in a variety of real systerf&3]. However, au- electronic media are related to the transport of charged car-
thentic experimental investigations, in which the Turingriers and the redistribution of the electric potential. From this
mechanism is shown to play a decisive role for the creatiopoint of view electronic media are basically different from
of diverse spatial patterns, have been published only recent§hemical or hydrodynamical systems. Nevertheless, phenom-
[4-7]. Among the mentioned experimental setups the inveséna that are similar to those observed in chemical reactors
tigations on Turing patterns in chemical reactions with acan be found also in electronic devices, in p_articular_in gas
disk-shaped active area have become most famous. This m&{scharge systenfd.4,15. In contrast to chemical media, in
be attributed to their two-dimensional geometry, thus reveal€1€Ctronic systems spatial structures with small amplitudes
ing patterns like stripes and hexagdwss. 8. are observed less frequenlﬁy]. This fact can be mostly
In his pioneer work Turing considered diffusion as one Ofattrlbuted to the strong kind of nonlinearities pertinent to

the most important mechanisms to be responsible for thﬁiectronl_c systems. Howe_ver, “T‘der appropriate conditions
. . o . . . e nonlinearity can be adjusted in such a way that also soft-
instability of a nonequilibrium state in chemically reacting

mode bifurcations of the Turing type can be observgds].

£ quite diff ain. Thi ides th ibil q mfp to now the main research on semiconductor-gas dis-
of quite different origin. This provides the possibility to de- charge systems has been done on quasi-one-dimensional

scribe_ these systems i_n the frame of Fhe same mathematics &Fuctures[7,16-18. In [15] we have reported that at the
chemical systems, which are destabilized by diffusive transgqngitions of the cryogenic discharge in nitrogen also two-
port processes of the reacting substances. dimensional regular patterns, hexagons, and stripe structures
Gas discharge systems generally are essentially nonlinegan be observed experimentally in these media. In the cited
devices, which can manifest a variety of instabiliti¥d.  publication it was reported how the bifurcation to stationary
Spatial pattern formation is a widespread phenomenon ipatterns occurs.
these systems. In this context investigations of several two- In the present paper we describe results of the further
dimensional dc- and ac-driven systeffi9—15 and on a research of pattern formation processes in this system. This
quasi-one-dimensional dc-driven struct{irel6,17 are to be  experiment provides a very well controlled transition from a
mentioned. Gas discharge systems with layeredharrow linear regime of the discharge to a nonlinear domain,
“semiconductor-discharge gap” structurgk5], contrary to  and various kinds of spatial patterns can be observed. On the
conventional systems containing metallic electrodes, are afne hand, we present some scenarios of pattern formation in
special interest. It was shown earlier that these systems showve system; on the other hand, we give results of the quanti-
pattern-forming properties and can be theoretically considtative study of stripe patterns that are known to be among the
ered in the frame of the reaction-diffusion mechanismgeneric spatial forms appearing in pattern forming systems.
Experimental evidence suggests that the formation of a stripe
pattern in the considered system usually is accompanied by a
*FAX: 0049-251-8333513. Electronic address: ammelt@uni-slow drift of the pattern. However, also bifurcations into sta-
muenster.de tionary stripe patterns have been verified. In the present work
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FIG. 1. Experimental setup of the gas discharge system. It con- Current density j (A/cm?)

sists of two planar electrodes enclosing the discharge gap. The catt
ode is made of a photosensitive silicon plate and the anode is trans- ) ) _
parent for the visible light emitted by the discharge. By illuminating _ FIG- 2. Mean value of the light densitp,,, emitted by the
the semiconductor its specific resistivity decreases. This may beischarge layer as a function of the current dengiths suggested

followed by the destabilization of the spatially homogeneous distri-2Y the linear fit,®,, is proportional toj in a broad range of the
bution of the discharge. current density. The offset foy=0 is due to the electro-optical

equipment and has no physical meaning.

the main attention is paid to the defect-free, slowly drifting
stripe patterns. Their behavior is compared with the behaviosupposed to be responsible for the generation of patterns.
that is specific for stationary patterns. Another consequence of the low current density is the rather
small power consumption, being in the rangP
<20 mW/cnt. During the experimental runs, a variable, ho-
mogeneous illumination of the semiconductor has been real-
The experiments have been carried out with a planar gaiged. For the quantitative determination of the illumination
discharge system represented schematically in Fig. 1. Theensity®;, a silicon photodiodéBPW 544 is installed in
discharge gap is enclosed between a semiconductor cathotte light beam.
and a transparent anode, which is a glass plate covered by an According to the model we refer to in a subsequent sec-
indium-tin-oxide(ITO) layer. As the semiconductor cathode tion, the current densitj is the dynamic variable of interest.
a silicon plate that has been doped with deep impurities o§ince the luminous densitp,, emitted from the discharge
gold or zinc is used. On the external surface the silicon platga is related tq, a spatially resolved analysis fcan be
carries a transparent, conductive electrode that is prepared, rieq out.d,,, has been recorded through the transparent
either by implantation of B into the semiconductor surface ITO anode by a conventional charge coupled devi2€D)
or by_ ev_aporat_ion c_)f a thin layer of Ni on_to it. The dis‘Ch""rgecamera or a CCD camera with microchannelplate image am-
gap is filled W'th hitrogen at a pressupein the range 60— lifier, respectively. In both cases the exposure timer of
200 hPa. Typical values of the thickness of the discharge ga& 50 : i
. <50 ms was short compared to the dynamics of the nonsta
dq and the silicon platels are dy~ds~1 mm, whereas the tionar )
y patterns we report on below. In order to determine

diameter of the active region is 20 mm. The dc supply volt- RN .
ageU, being applied to the ITO and to the conductive Iayerthe lateral current density distribution quantitatively, the re-

on the semiconductor surface ranges from 1.5 to 3.0 kv. Aationship betweerb,, andj should be well known. For this
load resistor withR,= 25 k() is placed in series for current PUrPose the spatial mean value®f,, has been measured as
measurement. As the total current usually is less than a fed function of the total electric current. As being suggested by
tens of microamperes, the voltage drop acrBgscan be the linear fit in Fig. 2,®,, is proportional to the current
neglected with respect to the supply voltage. The device as@ensityj in a rather good approximation in the parameter
whole is operated close to the liquid-nitrogen temperaturgange of interest.
(T=90 K). By cooling the semiconductor down to this tem-
perature its specific resistivity rises up to 16-10° Q m.
Taking advantage of the internal photoelectric effectan Ill. EXPERIMENTAL RESULTS
be varied by illuminating the semiconductor plate with a ) ) ] ) )
tungsten lamp. This experimental arrangement is rather flex- 1he System we investigate shows a rich variety of bifur-
ible with respect to changes of experimental parameters arfgtion scenarios while varying the experimental parameters.
scenarios of self-organization processes. Therefore, some bt the following measurements the current density, being
the parameters can be changed interactively. controlled by the illumination density, serves exclusively as
At low current density the spatially homogeneous distri-a bifurcation parameter. Without restrictions, the supply volt-
bution of the discharge in the system is stable due to the highge can be used as experimental bifurcation parameter too.
resistivity of the semiconductor. By increasingthe dis- The results we present here refer to a particular system with
charge passes from the Townsend regime to a range of thesilicon cathode being heavily doped with Zn at a concen-
charge carrier density in which longitudinal space chargesration of up to 2 10'® cm™3. We notice, however, that the
arise, thus entering the nonlinear regime of the dischargeame behavior can be found when silicon doped with Au is
layer. Therefore, it is the nonlinearity of the gas layer that isapplied as resistive electrode too.

Il. EXPERIMENTAL SETUP
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hexagonal patterns will be published elsewhere. Here we
only notice that both slightly and pronounced subcritical

transitions from a homogeneous state to hexagonal patterns
can be recorded; the latter occurs predominantly at high pres-
sures. Concerning the stripe pattern, a supercritical transition
from the homogeneous state has been observed exclusively.
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B. Quantitative behavior

a)

In the following the supercritical bifurcation into a peri-
odic stripe pattern is investigated in dependence on the illu-
S ) o mination density®;,. Two gap distancesl;=0.6 and 0.8

FIG. 3. Density distribution of the emitted glow. Principally o iy were used in these experiments. The nitrogen pressure in
basic kinds of spatial patterns can arise as a result of the instabilityj, o discharge gap was adjusted in such a way that higher gas
(@) a hexagon pattern ari) a stripe pattern. The parameters are yregsures were used at lower interelectrode distances. In an
p=142hPa, d,=0.80 mm, and (8 Uo=1886kV, =74  experimental run, starting from an established structure,
pAlem” and (b) Up=2.142 kV, j=20.4 uAlc. ®,, is decreased gradually far below the bifurcation point

o . while the stripe pattern vanishes steadily. Subsequently,
A. Qualitative behavior ®,, is increased again and thus the stripe pattern reappears.

For low ®;,, when the resistivity of the semiconductor In this way we are able to register transitions to both station-
electrode is high, the increasingdf, to a value that exceeds &y and moving pattems. Since the measured velaciof
the ignition voltage is accompanied by the appearance of §10ving stripes is rather lows(<1 mm/s) such patterns are
homogeneous glow in the gap. Starting from this styeis cons!dered to be quasistationary. AIthoggh the illumination
increased gradually, resulting in a homogeneous increase §ENSIY ®in is (tjhe g)_(p.erlmer(;tal c?‘ntrgllfllng parameter, the
d,c until a critical value of®;, is overstepped. Beyond the If”(n)(raat%ecufr(;ﬁg\tlvinegnsrlteyalssoﬁ:e A?:f:otmeparll)L/jirr?;tlr%negsal:?en:r?é?\:s
thrgshold valueb;,=dy, a spatlal_ly nonhomogeneous distri- proved that the mean current density depends linearly on the
bution of ®,, evolves. Depending on the systems param

al h d the ol de di Tuminous density in a good approximation. From the physi-
eters, especially on the gas pressprand the electrode dis- | noint of view the current density is more characteristic
tancedy the resulting pattern may be either stationary orsy, 5 discharge system thah,, and at the same time it is

nonstationary. In the following our interest focuses on vari-gasjer to measure. Furthermore, as shown above, the local
ous kinds of stationary or slowly moving patterns. Within the cyrrent density is proportional to the emitted light density.
class of stationary structures hexagonal and stripe patterngerefore, the local glow intensity is a good measure for the
represent the basic patterns evolving when passing the critigcal current density.
cal value of the current in the device. In Fig. 3 typical ex- In order to measure the evolving pattern quantitatively,
amples for both kinds of patterns are shown. In all cases ¢he spatial distribution of the emitted discharge glow has
further increase of the illumination density leads to nonstabeen recorded successively with the camera while varying
tionary patterns. This transition is rather independent of theb;, gradually. From each image being captured, a rectangu-
kind of pattern being produced at the first stage of the pattertar section extending over the entire active region was ex-
formation process. Figure 4 shows schematically differentracted and processed by a two-dimensional Fourier transfor-
cascades of bifurcations we have observed. It is worth mermation. In order to diminish the arbitrary influence of the
tioning that the stripe pattern may not only develop via theboundaries on the results, the image has been weighted by a
primary bifurcation from the homogeneous state but may‘Hanning” window previously.
also result from the hexagonal pattern in the course of a While repeating the experiments at constant external con-
secondary bifurcation. Results concerning the studies of thditions, the system reflects reproducible results in general
features. However, some peculiarities in the behavior of the
system might be different. For example, for the lowest gas
pressures, which was about 60 hPa in the present experi-
nonstationary ments, we could register moving stripe patterns only. For the
structures intermediate-pressure conditions that we will discuss in the
present paper, we could observe transitions of the system

0 4 8 12 16mm 0 4 8 12 16 20mm

hexagonal
stationary
pattern

homogeneous
stationary
state

periodic
stationary
stripes

periodic either to a stationary or to a moving stripe pattern for some,
O ipes almost equal conditions. But after evacuating and cooling the
system its behavior was reproducible while repeating experi-

Illumination density @y, > mental runs. Having in mind such a behavior of the investi-

gated system, we will present experimental data obtained for
transitions both to moving and to stationary patterns, which
have been observed at intermediate pressures, and compare

FIG. 4. Observed bifurcation scenarios when varying the illumi-
nation density®;, of the semiconductor cathode. The spatially ho-
mogeneous state may be destabilized via different cascades. Dg']em.
pending on the parameters, the initially homogeneous state may be
destabilized in favor of a hexagon or a stripe pattern. The hexagon
structure may perform a transition to a stripe pattern or to nonsta- Typical results observed for the transition to moving
tionary structures. stripes are represented in Figs. 5-11. In Fig. 5 one-

1. Bifurcation to a moving stripe pattern
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FIG. 5. Light density distributions in the stripe pattern for dif- FIG. 7. Power of the leading wave number of a moving stripe

ferent values of the control parameter. The parameters are the saffgttern for both the Increase and de(.:rease control par_ameter. The
as in Fig. 3b). pattern evolves when crossing the critical current density. Beyond

the bifurcation point the power of the leading wave number
smoothly increases as a function of the bifurcation parameter. The

dimensional luminous density distributions in the case of th arameters are the same as in Fig)3

emerging of a stripe pattern are shown for different values o

the controlling current density. The distributions have been Apart from the contribution of the offset &t=0 two peaks
measured along the diameter of the discharge plane and pefppear representing thevalue of the periodic stripe pattern.
pendicular t02 the stripe pattern. The initial value pf 5 aqdition, the first harmonic of the stripe pattern can be
=2.61 pAlcm* corresponds to some homogeneous State thafoticed. For the quantitative analysis the total power of the
is specific for low current density. Fgr=10.02uA/cm®the  |aading wave has been calculated by summarizing the spec-
distribution reflects the systems state being close to the birg| power density in the contributing vicinity of the estab-
furcation point. At some large value ofj (j  j|ished wave number. This characteristic of the pattern plotted
=20.38 uAlcn’) the stripe pattern is fully developed. No- ag a function of the mean current density is shown in Fig. 7.
tice the spatially decreasing amplitude of the stripe pattercrossing the bifurcation point g¢=10.5+0.5 wA/cm?, the
when moving from the center to the boundaries. ower increases monotonically with the current. For large
Figure_6 shows a Iinea.r reprgsentation pf the contour ployg|yes ofj a discrepancy between the ascending and the
of a section of the two-dimensional amplitude spectrum ofyescending curve becomes evident. Within the experimental
the high-amplitude stripe pattern introduced in Figb)3  resolution there was no hysteresis in the vicinity of the bi-
furcation point. Referring to the curve in Fig. 7, the bifurca-
] 1 ] ] 1 I ] tion point is not defined very sharply; instead a smooth tran-
sition into the rather linear regime can be observed. We also
remark that for the conditions represented in Fig. 7, the
power of the first harmonic did not exceed 0.5% of that for
o - the leading wave. This indicates that in a broad range of the
current the emerging pattern remains rather harmonic.
B In the course of this bifurcation the wave number of the
evolving stripe pattern varies systematically. Figure 8 shows
the wave number as a function of the mean current density.
The exact wave number has been determined by calculating
the center of mass of the spectral power distribution in the
vicinity of the maximum value. In a wide range of the bifur-
cation parameter the wave number decreases slightly with
increasing mean current density.
The error bars shown in Fig. 8 are related to some sys-
. . tematic error of the measuring procedure. They reflect the
error of all data points as a whole, whereas the individual
errors of the data points are much smaller. Therefore, the
Horizontal wave number k, (rel. units) data presented in Fig. 8 give evidence for a smooth, continu-
ous variation ofk while j changes. In particular the linear
FIG. 6. Contour plot of the two-dimensional amplitude spectrumfits, shown in the diagram for both upward and downward
of the established stripe patteifiig. Ib)]. The central peak corre- CUrrent changes, suggest a linear and nonhysteretic variation
sponds to the spatially homogeneous fraction of the pattern, whil®f the wavelength of the pattern as dependent on the control
the others represent the periodic stripe pattern. As a result of thparameter.
nonlinear behavior, also the first harmonic rises above the noise The following measurement is devoted to checking
level. The parameters are the same as in Fig). 3 whether the spatial orientation of slightly moving stripe pat-
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fth . ; . f th FIG. 10. Phase velocity of the stripe pattern as a function of
. FIG‘_S' Wave number of the stripe pattern asa L_'nCt'On of thee current density in ascending direction. Only a slight variation of
bifurcation parameter. In the course of the bifurcation the wavey velocity has been observed within the range of change of the

number of the stripe pattern decreases. Due to the small power @f  cation parameter. The parameters are the same as in(Big. 3
the leading wave number in the vicinity of the bifurcation point the

error of the wave number increases drastically. The linear fits for
both the increase and decrease of the control parameter reflect so
linear dependence. The parameters are the same as in(Bjg. 3

ve number in subsequent images have been compared,
thus yielding a value for the phase velocity of the stripe
pattern. In Fig. 10 the related data are presented. Obviously,

terns in the plane of the two-dimensional system remainéhe variation of the velocity is small. Again the precision of
fixed under variation of the bifurcation parameter. As athe method decreases in the vicinity of the bifurcation point.
quantitative measure for the orientation of the pattern the Figure 9 shows that at the bifurcation point the pattern
angle of the leading Fourier component against the vertical’0Ves in quite a definite direction with the velocify This
axis of the experimental system may be chosen. This angléirection can be considered as belonging to some attractor of
has been determined by calculating the angle of the center §f¢ system. By increasing the value of the global current the
mass of the spectral power density of the related peak. Theector o is enforced to deviate from the direction that is
result is shown in Fig. 9. Although the main direction of the Preferred at the bifurcation point. It is interesting that the
stripe pattern is maintained while the bifurcation parametepumber of attractors that control the direction of the move-
changes, a slight rotation of the whole pattern has been rénent of the pattern in space may be more than one in this not
vealed. For current densities close to the bifurcation point thétrictly homogeneous system. In this respect we notice that
scattering of the data points is rather irregular because thi@ addition to the global attractor, some otfkighe) attrac-
total power of the spatial wave is small. At larger values oftors that correspond to different spatial orientations of the
the mean current density a more systematic behavior exhignoving pattern may be adopted by the system. These
iting a hysteresis can be found. “higher” states can be occupied for some time, but are
In order to estimate the velocity of the moving stripes as dnetastable. The system can be enforced to make a transition

function of the control parameter the phases of the IeadingOm a global attractor into such a “nonequilibrium™ con-
iguration by some strong perturbation. An example of such

a behavior is represented by a set of images, shown in Fig.

60 PSSOV AT T TN [ ST ST TN (TS RN R [N SR TR S T T Y S ST S 1
1 11.
: { JRET T TON - _F_igurfa 118 presents a sr_lapshot of a stripe pattern that is
—~ 55 R et - drifting in the direction indicated by the arrow. It is pre-
_@“ ] AR ;*:.’ i sumed to belong to the global attractor because the pattern
5} 0] ,{g::&m’ g does not_show any tende_ncy to change th_e direction of move-
2 . I ment during reasonable time of the experiment, say, for some
2 + increase minutes. The system may be strongly perturbed by shadow-
45 + decrease [ ing some part of the active area of the structure. This is done
] with a nontransparent mask that is installed in the light beam
] exciting the semiconductor. In the shadowed domain the cur-
408 S B e A A rent density is strongly suppressed. An example of the sys-

Bifurcation point

Current density j (MA/cm?2)

tem’s response to such a perturbation is shown in Fi¢h)11
One can see that the pattern loses its regularity: There is a
tendency for stripes to orientate orthogonally to the new in-

FIG. 9. Orientation() of the stripe pattern dependent on the t€rnal sharp boundaries. After the mask is removed the sys-

current density. For large values of the bifurcation parameter a sydém passes through a complicated transient behavior, the
tematic deviation of the orientation from that at the bifurcation Characteristic feature of which is the creation of defects, their
point can be found as well as a hysteretic behavioflofClose to ~ “curing,” and the reconstruction of the whole pattern. For
the bifurcation point the error is rather large. The parameters are thde conditions shown in Fig. 11 such a stage may last as long
same as in Fig. ®). as several seconds. One of the characteristic appearances of
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FIG. 11. Appearance of the stripe pattéahbefore,(b) during, and(c)—(f) after some intentional local perturbation of the system. These
images show the complex transient behavior of the system while it attempts to comply with the most preferable direction of motion. The
observed directions of the steady movement of the pattern are indicated by arrows. The paramgters6araéPa,d,=0.80 mm, U,
=2.530 kV, andj=9.5 uAlcm?.

this behavior is shown in Fig. 1d). After the relaxation experimental data that have been obtained for increased pres-
process has finished, the system again finds a striped cosure and a diminished value df; in comparison to those
figuration. It may occur that the regular stripe pattern nowdiscussed in the preceding part.

drifts in some other direction. This behavior is represented in Figure 12 shows the bifurcation curve obtained for the
Fig. 11(d). In this case the new direction does not represent @ransition of the system from a homogeneous state to a sta-
stable configuration. However, there is a tendency for thdionary stripe state. When comparing this result with that
system to return to the former configuration, which is represhown in Fig. 7, one can conclude that the bifurcation be-
sented in Fig. 1@a). To achieve this, a new instability devel- havior is similar to that which has been observed in the case
ops being accompanied by the appearance of stripes thaf the slowly moving stripe patterns. It is also worth remark-
propagate in some new directidfiig. 11(e)]. Finally, the ing that the spatial period of the stripe patterns has been
system finds its initial configuration again: The regular stripediminished by lowering the value ag. As in the case of
pattern moves in the same direction that would be observeslowly moving stripe patterns, considered above, stationary
before the external perturbati¢fig. 11(f)]. It is worth no-  stripes at the specified experimental conditions also do not
ticing that in the course of the relaxation of the system to the

global attractor, a sequence of attempts to overcome the bar T T T S DU T DU DI I
rier that separates a higher attractor from the global one may ; E
be observed: In the course of such attempts the instability of - 30 o increase L
the kind shown in Fig. 1(e) starts to develop, but then the ~ E 553 + decrease * a
system may return to the configuration of the Fig(d)1At e ¢ :
last there may be a successful attempt, and the system passt & 204 - 3
into a stable final configuratiofsee Fig. 14f)], which cor- % 153 J 3
responds to the initial staféig. 11(a)]. £ R s
o 109 ot 3
2. Bifurcation to a stationary stripe pattern 5_ ,,3' _

As it was pointed out above, the tendency to form a sta- R IR AN *"“*T"‘"’ —
tionary stripe pattern is more pronounced at higher pressures 6 8 10 12 14 16 18 20

It is necessary to have in mind that higher voltages are to be Current density j (WA/cm?)

used to feed the system for increased pressure, while othe.

parameters are equal. But applying too-high volta@gesur FIG. 12. Power of the leading wave number for both the in-
case=3 kV) may be not feasible because of the danger of aRyease and decrease of the bifurcation parameter for the case of a
electrical breakdown of the photoconductor of the systeMgtationary stripe pattern. At the bifurcation point, a periodic stripe
That is why, from an experimental point of view, while using pattern evolves. Beyond the bifurcation point the power of the lead-
higher pressures, it is appropriate to diminish the interelecing wave number increases monotonically as a function of the bi-
trode distance in the discharge gap, thus keeping the voltag@rcation parameter. The parameters ap=190hPa, d,

in a reasonable range. In this part of the paper we presert0.62 mm, andJ,=2.750 kV.
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manifest any pronounced nonlinearity in their shape.
However, when comparing the data of Figs. 7 and 12, ¢
somewhat different behavior of the spectra can be observe
for low current densitie$<<j.. The data of Fig. 12 show a g ¢
continuous increase of the spectral component at the sy: &
tem’'s leading wave number before the regular pattern ap >4
pears. This effect is evidently related to the increased influ:
ence of spatial inhomogeneities in the discharge area on tr
distribution of the glow brightness. Nevertheless, the princi-
pal features of this transition remain the same as those th:
have been observed for transitions to the slowly drifting pat- a)
terxss' has been mentioned previously, some discrepancy be- FIG. 13. Contour plot of the light density distribution in a cen-

: . spatial section for a bifurcation value slightly belog
tween the ascending and descending branches of the spectz 0.0 wAJom, left) and slightly beyondj = 10.6 Alcm?, right)

power of the leading wave in the case of moving Strlpesthe bifurcation point. The variation of the brightness of the image

becomes evident for relatively large values of the l:"furcatlonover the analyzed area as expressed in relative units is from 55 to

parameter; see Fig. 7. This behavior is not considered to b&. | 1o |oft plot and from 60 to 80 on the right plot. The step-

typipal for this system, neither for.moving stripes nor for width between neighboring lines is 5 each. The parameters are the
stationary ones. Instead, the difference between bothyye as in Fig. ®).

branches may be attributed to a slight parameter drift, which

may occur while the discharge takes place._ This parametghe apsence of pronounced distortions of the patterns during
drift is assumed to be related to some heating of the seMiyer grift that could occur as a consequence of these nonho-

conductor and complicated processes on the surface of thgqqeneities. On the other hand, strong localized inhomoge-
electrodes that may affect the electric properties of the sySsaities in the system can be responsible for the trapping of a

tem rather sensitively. However, these processes are not su Attern or its strong deformation. An example of this is
posed to be relevant for t_he pattern f_orm.ation.proce_ss WShown in Fig. 14. This picture has been obtained from a
focus on. Therefore, the discrepancy in Fig. 7 is not intery,yerm that developed when, prior to the start of the experi-
preted in terms of hysteretic behavior. Furthermore, the Spepent an unintentional contamination of the surfaces of the
tral power function of patterns is shifted for values ratherg|actrodes had occurred. This had happened due to the con-
distant from the bifurcation point only, while the critical val- densation of some impurities from the gas-filling system dur-
ues of t_he bifurcation parameter coincide for the case of it§.ng the cooling of the experimental cell. For these experi-
increasing and decreasing. mental conditions the initial stat@ot shown was recorded

to contain localized bright spots in the distribution of the
discharge glow even at the conditions of the homogeneous
illumination of the discharge system.

One basic experimental feature of the system described The regular radial variation of the semiconductor resistiv-
here is the supercritical evolution of a periodic stripe patternity results from the fact that the semiconductor is cooled only
This behavior does not depend on whether the emerging pa#t the boundary, thus leading to a radial variation of the
tern is stationary or slowly drifting in space. In the experi- temperature. This is followed by a radial dependence of the
ments described, the electric current serves as the bifurcation
parameter. The study of the initial state of the system shows
that before a bifurcation occurs there exist both smooth ra-
dial and smooth angular inhomogeneities in the initial distri-
bution of the current density. The contour pldfsg. 13
show the light density distribution within a section of the
whole active region for a value of the bifurcation parameter
slightly below[Fig. 13a)] and slightly above the bifurcation
to the drifting stripe patterfFig. 13b)]. From Fig. 13a) the
global inhomogeneity in the initial current density for the
case studied can be evaluated to be in the range
+10-20 % of the mean value before the bifurcation occurs.
As a result, by passing the bifurcation, the critical value is
reached at the center first, therefore, the bifurcation does not
take place homogeneously. It is worth remarking also that (') 4 8 12 16
when carefully prepared, the experimental system provides a
high homogeneity of the bifurcation parameter over the spa- |G 14. Example of the stationary stripe pattern in a system
tial scale of the order of the pattern’s wavelength. This mayyith relatively strong localized inhomogeneities. As a result of
be the reason why for cases of small spatial gradients in th@ese unintentional inhomogeneities, the pattern is not strictly peri-
bifurcation parameter that are observed under these condidic and is trapped by inhomogeneities. The parameterspare
tions, generally there is no essential pinning effect that could=101 hPa, d,=1.50 mm, and (a8 U,=2.50kV, j=26.2
be responsible for the anchoring of the pattern. We also notgA/cm?.

IV. DISCUSSION

1

20 mm
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physical parameters of the semiconductor electrode includwhich are rather smooth, some sharper boundaries with arbi-
ing its sensitivity to the incoming light. Consequently, the trary shape that are located in the central region of the active
resistivity increases radially. Taking into account this inho-domain may affect the local behavior of stripes rather
mogeneous distribution of the resistivity, all the quantitativestrongly; see Fig. 11. The different influence of the system
measurements mentioned above should be carefully consigoundaries and some more artificial boundary in the central
ered as the result of a convolution between the spatial pa€gion, respectively, on spatial pattern formation can be at-

rameter distribution and the local system properties. Furtheflibuted mainly to the following: The system’s external
more, Fig. 18) reveals a slight anisotropic orientation of the boundaries have a rather small curvature and in the case of

spatially homogeneous illumination the pattern can accom-
modate these boundaries without generation of internal de-
fects. (Defects are “pushed out” beyond the boundanies.
gut when, additionally, some strong perturbation is imposed
on the internal area of the pattern, it cannot accommodate
goth the external and internal boundaries in a defectless man-
ner anymore. As a result, a complex, nonstationary pattern is
generated by the system and its movement is accompanied
by the complex dynamics of defects inside the pattern.

inhomogeneity in the region of the maximum light density
® .- Figure 13b) shows the light density distribution in the
same spatial section as in Fig.(aBfor the slightly devel-
oped stripe pattern. Obviously, the pattern evolves just in th
region of the maximum ofb,; in Fig. 13a) and the direc-
tion of the pattern is the same as that of the anisotropi
central region in Fig. 1&). Thus the slight intrinsic inhomo-
geneity of the system provides the “seed” for the spatial
orientation of the final pattern. The correlation revealed be
tween the geometry of the inhomogeneity of the system and
the orientation of the developed pattern is in accordance with
the theoretical considerations on systems with ramped con- From the experimental point of view the underlying sys-
ditions [22]. tem evidently consists of two layers, which have quite dif-
The experimental system has natural boundaries that boferent properties but are coupled electrically. This provides a
der the current channel. These borders serve as pronouncsthrting point for a model description of this system. Various
inhomogeneities imposed on the system. It is appropriate tmeasurements at different parameter values vyield that the
recall that the experimental cell we are working with has arsilicon plate has to be considered as a linear, weakly conduc-
aspect ratio, which is the ratio of the diameter of the dis-tive material, whereas the discharge layer is the nonlinear
charge channel to a period of a pattern, that is rather low. and therefore the active part of the sandwich structure. No-
For bifurcations to stripes the ratio was typically 10—15;tice that the semiconductor component in this experiment
see Fig. &). It is surprising that for these conditions a pat- should withstand a voltage drop of greater than or equal to 1
tern, even if it occupies all the active domain, can driftkV in order to operate linearly. Throughout these experi-
slowly with a steady velocity, withoyumpsin space. Dur- ments this demand was met. This concept of the system,
ing the movement of the pattern, stripes that are decayineing applicable in the present experiment, may not be valid
while leaving the active area, as well as incoming stripes thafor other discharge arrangements with the same geometrical
are created on the diametrically opposite side, undertakeetup. In particular it is found that a very similar system is
some deformation, but the core of the pattern moves as stable at a small gap distance @f~100um for a rather
rigid object. large current density of>1 mA/cn? [23]. For other cases
Despite the system’s boundaries influence on the periphthe appearance of lateral pattern formation is related to some
ery of the pattern they seem to undertake no essential effegtstability in the semiconductor cathode, which presumably
on thewave selectiorof the emerging and moving pattern appears due to the process of charge carrier injection into the
because a very smooth dependence of khealue on the high Ohmic semiconductor at a high electric field, while the
control parameter could be registerege Fig. 8 This sug- discharge layer serves as a display medium ¢a4;25.
gests that the characteristic wavelength of the pattern is an In order to understand basic features of spatio temporal
intrinsic property of the system and is not essentially deterpattern formation in electrical systems, a phenomenological
mined by the presence of the systems boundaries even fonodel was proposed by Radehaus and co-workers
the system whose aspect ratio is rather small. Howevef19,20,26,2T. This model was applied to the description of
when diminishing the gap distance in general the wave numdiscrete electrical networf28] and a quasi-one-dimensional
ber of the stripe pattern increases. gas discharge systefi27]. A basic presupposition of this
In the context of these observations of slowly drifting model is the composition of two layers with different char-
patterns it is appropriate to consider the internal structure oéicteristic electrical properties. Although a detailed derivation
the current channel inside the experimental cell. The disef the model, the description of its solutions, and its appli-
charge gap extends laterally over a distance of 22 mm iration to a semiconductor-gas discharge structure were pub-
diameter, but close to the physical boundaries of the channdéished elsewhergl9-21], the basic ideas of this model and
the current density was very low because the diameter of thi¢gs transfer to our experiments are outlined here. One of the
light beam, which was used to excite the semiconductor, wakayers is assumed to be linear resistive and corresponds to the
restricted with a mask of a diameter of 20 mm of8ge Fig. silicon cathode, whereas the other layer, matching the dis-
1). As a result, the current density decayed smoothly in theharge layer, is characterized by a nonlinear relationship be-
vicinity of the channel boundaries; see Fig. 5. Perhaps thisween the voltage drop across this layer and the current den-
peculiarity of the considered system is among the most imsity.
portant to provide the appearance of moving patterns, even if The pattern formation in this two layer system can be
all the active area is occupied by a pattern. properly interpreted with a model based on equations of the
In contrast to the “natural” boundaries of the system, reaction-diffusion typ¢18,19. The physical mechanism that

Mechanism of pattern formation
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is incorporated into the model is quite transparent: The nonAs o is proportional to the inverse of the specific resistivity
linear domain(the gas discharge in the case stuglipdo-  of the semiconductop the critical wave numbek, is ex-
vides anS-type current density—electric-field characteristic. pected to decrease with a decrease.of

This behavior is due to the autocatalytic properties of the This behavior is correlated with the experimental data of
process of charge carrier multiplication in self-sustained disfig. 8. We remark, however, that the perturbation theory,
chargeq9]. The gas discharge domain with nonlinear trans~yhich has been used to obtain the relations(® is valid

port properties is responsible for the destabilization of thggr the bifurcation point exclusively. In the experiment the
homogeneous distribution of the current density over th,onotonic decrease of the leading wave number of the pat-
conductive area. Contrary to discharge devices with metalli¢s -, is observed in a broad range of current density. The
electrodes, for the system considered here the current densiyvinyous dependence of the pattern period on the distance
in the narrow discharge gap is controlled by the resistivom the bifurcation point is a rather general phenomenon
semiconductor electrode. This linear, spatially distributedy, i has heen extensively studied for hydrodynamic systems
load has an inhibiting influence on the electric current den[2’29,3q_ It was theoretically considered in the frame of a
sity in the gap. _ _ weakly nonlinear analysis of pattern formation on planforms

The state of the system and its dynamics were SUgQest§ff the’ domain where the harmonic approximation is valid.
to follow the reaction-diffusion equatioria9] When the distance from the bifurcation point increases, the
P number of unstable modes also increases. A stable pattern

v ow . . -
—=cAv+f(v)-w, &—=Aw+ov—w. (1) being formed is controlled by the mechanism of mode selec-
Jt Jt tion. At the moment we are not aware of results of a corre-

sponding theoretical analysis of this problem for reaction-
The variables andw denote the normalized current density diffusion systems. It is worth also adding to the point that the
j within the discharge layer and the voltage drop across thanalysis of possible transformations of patterns on a plan-
semiconductor layer, respectively. Their dynamics are deteform, as dependent on the spectral content of growing
mined by some internal relaxation time constants in the dismodes, has revealed other regularities, which are usually
charge layer and the dielectric properties of the semiconduggraphically presented by the “Busse balloof?9]. It shows
tor expressed id as the relative time constant. The Laplacedomains of stability of modes ik space against instabilities
operators take into consideration the lateral diffusion ofof different symmetries, when the control parameter is
charge carriers with the relative diffusion constarand the changed. Up to now preliminary experimental attempts to
lateral spreading of the electric potential in the interface beobserve further pattern transformations described by this
tween both layers. Additional terms that take care of theheory have not given positive results. When the system is
interaction between both components have been derivedriven further from the domain to which the experimental
from the Kirchhoff rules. f(v) symbolizes the normalized, data of Figs. 7—11 refer, there tends to be a strongly nonsta-
nonlinear current density voltage characteristic of the gastionary behavior of the system. In particular, defects in regu-
For appropriate values of the model parameters the homogéar patterns are generated. This process is usually accompa-
neous state can be destabilized in favor of some more commied by the complicated movement of a pattern due to the
plex spatial patterns that can be understood in the framewornnovement of defects, their recombination, and the creation
of local activation and lateral inhibition procesges]. of new ones.

How does this model explain the bifurcation into periodic  In addition, for the one-dimensional case, the power of
stripes? By increasing the density of the cathodes illuminathe leading wave number can be calculated by means of the
tion, the conductivity of the semiconductor is increased, recenter manifold theory18,31. It was found that the power
sulting in a growth of the discharge current density. Becausef k. increases linearly in the vicinity of the bifurcation point
of this the discharge gradually executes the transition fronwhen exceeding the critical value. This behavior has been
the Townsend discharge mode to the creation of spacfund in this experimental system too; see Fig. 7.
charges, thus resulting in a glow discharge state. This pro- One of the problems raised in the present work is the
cess is accompanied by the decrease of the differential slopaechanism of the pattern movement. The intriguing experi-
in the current density-voltage characteristic. At the criticalmental fact is that in a broad range of the control parameter,
value the negative resistance of the discharge differentiallyhe velocity of a stripe pattern is constant. This effect, as well
overcompensates the losses in the resistive layer and locak the movement of patterns itself, may be explained in terms
activation sets in: Just this destabilization is reflected by thef the reaction-diffusion mechanism. The theoretical analysis
model. Let the slope of(v) pass a critical valué,. Then, of this problem show$32] that inhomogeneitieggradients
under an appropriate choice of the system parameters, thf parameters suspend the translational invariance of the
one-dimensional stability analysis yields a supercritical desystem. An inequivalence of different directions in the plane
stabilization of the homogeneous state in favor of a periodi¢hen tries to force the pattern to slide along the active area. It
wave pattern. The critical wave numberis determined by is interesting to point out that if there is a gradient of the
the electric properties and the thickness of both the nonlineatiffusion coefficient of at least one of the variableghich is
and the linear layer. For the one-dimensional pattern the nomot dependent on the currgnthen the pattern velocity will

malizedk, value can be expressed [&i] not depend on the current val{@2]. This is just the case we
have observed experimentallyig. 10). It seems that a stable
and continuous movement can exist in a rather perfect sys-
Ke= \ /i—l. (2) tem that contains no strong localized imperfections that
Jo could attach a pattern to the electrode surfaces.
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V. CONCLUSION the bifurcation point is related to an intrinsic inhomogeneity

The quasi-two-dimensional electrortigas dischargedc- of the system studied. This result is in accordance with the-
q ga gretical predictions for roll(stripg patterns in physically

driven system studied shows different scenarios of patterpamped systems. However, it has been revealed that under a

formation. In the present work these processes have been . . .
investigated experimentally with the measurement of the Iat-SpeCIaI strong perturbation the system may undergo transi

eral light density distributions emitted by the alow of the tions to other states with different directions of the move-
9 y i y 9 .~ ment of the pattern. These states may be occupied for a long

gme, but are metastable. The system finally relaxes to the

formed, stripe patterns have been discussed in detail. D?ﬁitial state, which has to be considered as the global mini-

pending on the parameters, the stripe pattem turns out to l:f%um. Finally, this work has demonstrated that the system

Shaz;ft?tzg(/eozar?zgllms?sg oe;ttr?e I%V(\;V?nndSfr?nstag,:tevril%ﬂgws-rthhea%tudied may show quite universal pattern forming behavior
q y g stripe p ; with the formation of low-amplitude regular patterns, which
the power of the related wave number increases linearly as

function of the bifurcation parameter in a good approxima—lg%“'Jls been the subject of research for hydrodynamical and

tion. Furthermore, the wave number of the established paghemmal systems for a long time.

tern decreas_es slightly with increasing bl_furcatlon parameter. ACKNOWLEDGMENTS
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