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Hexagon structures in a two-dimensional dc-driven gas discharge system
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In a dc-driven planar gas discharge semiconductor system, self-organization phenomena have been investi-
gated experimentally. The spatial structures we focus on appear as a spatial modulation of the transversal
distribution of the electric current density. These patterns have been observed and recorded through a trans-
parent electrode with spatial resolution via their corresponding light emission. When choosing appropriate
experimental conditions, the initially homogeneous current density distribution undertakes a transition to a
periodic hexagon and then to a stripe pattern. This behavior of the experimental system is investigated quan-
titatively and is discussed in the frame of a phenomenological mp8&063-651X98)09812-2

PACS numbd(s): 47.54+r, 52.80—s, 05.60+w

I. INTRODUCTION [25—-27. These patterns are studied in detail for chemical
and hydrodynamical systems, see, e[d.28]. Revealing
Nonequilibrium spatially extended systems manifest a vathem in a gas discharge system has opened perspectives of
riety of self-organized patteriqd—4]. Among the different the systematic study of pattern-forming properties of planar
systems in the domain of natural science, a special interest &lectronic media. Quantitative peculiarities of the formation
directed towards pattern-formation phenomena in electroniof stripe patterns from the homogeneous state in the dis-
media. The spreading of research to these subjects is basedssed system have been studied in a previous Wk It
not only on the intrinsic logic of the development of science.was experimentally verified that the stripe formation goes via
It is believed that principles which govern the behavior ofa supercritical bifurcation. Experiments have also revealed
self-organized media can be employed for advanced inforthat usually slowly drifting stripe patterns can be observed.
mation processing5]. The study of pattern formation in This phenomenon reflects the absence of strong inhomoge-
electronic media has a rather short history. The main attemeities in the system that could trap a pattern. At the same
tion in this field has been paid to the investigation of artificialtime, slight spatial ramps in the system’s parameters could
media based on discrete electronic networks, see, [€]., initiate the gliding of a pattern across the active area of the
guasi-one-dimensional semiconductor discharge gap systersgstem[29].
[7,8], quasi-two-dimensional gas discharge systems which The main purpose of the present work is to investigate
are driven by a¢9] or dc[10-15 voltage, and semiconduc- experimentally peculiarities of the transition from a homoge-
tor structure§16—22. neous state to hexagon patterns. This is interesting from the
We have shown earli¢d 1] that the planar semiconductor point of view of the problem of formation of small-amplitude
discharge gap structure, which operates at the conditions of @atterns in electronic systems. In this relation the subsequent
dc-driven low current cryogenic discharge in nitrogen, pro-transition to a stripe pattern is also analyzed. On the other
vides a flexible quasi-two-dimensional electronic mediumhand, small-amplitude patterns may serve in the considered
for studying pattern formation. The essential feature of thissystem as an intermediate stage for the formation of high-
experimental object is that electric current can be controlledmplitude patterns, composed of localized states.
there interactively, by the amplitude of the feeding voltage As a procedure for the quantitative evaluation of emerg-
and by the intensity of IR light, which irradiates the semi-ing patterns, a two-dimensional Fourier transformation tech-
conductor electrode, and thus governs its photoconductivitynique is applied. The seemingly supercritical growth of the
Both small-amplitudé¢harmonig patternd 11,12 and large- amplitude of Fourier components of the hexagon pattern has
amplitude(solitary) excitations[13—15 can exist in the sys- been shown to be partly related to the spreading of the low-
tem in an appropriate range of parameters. It is important tamplitude pattern over the active area of the system while
stress that, contrary to ac-driven systems, strictly stationarincreasing the bifurcation parameter. This effect is connected
structures can form in this case. The destabilization of thevith the existence of a small but noticeable radial ramp of
homogeneous state by the formation of periodic smallthe physical parameters in the plane of the experimental cell.
amplitude patterns proceeds via the Turing-like scenaridhis gives a gradual increase of current dengifyfom pe-
[11,12,14,23,2hwhere transverse coupling of processes thatiphery of the discharge area to its center, where its value
control the current transport in the laterally extended systenbecomes about 20% highgk2]. That is why, while describ-
is involved. ing dependences of observed phenomena on electric current,
Harmonic(or quasiharmonichexagon and stripe station- instead of local current density we use its spatially averaged
ary patterns are among the basic structures of planar medialue(j).
Due to the indicated ramp in the parameters, the destabi-
lization first occurs in the center, while the bifurcation pa-
*Also at the A. F. loffe Physico-Technical Institute, Russian rameter is increased. Despite this effect, there is left a pro-
Academy of Sciences, 194021 St. Petersburg, Russia. nounced hysteretic behavior of the amplitude of the leading
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d conductive ring electrodes deposited onto transparent contact layers. The

transparent thicknesses of the gas layey and of a silicon platedg

layers ~dy~1 mm, whereas the diameter of the discharge area is
in the range 20—22 mm. The dc supply voltagdg typically
ranges from 1.5 kV up to 3.0 kV and is applied via a load

glass substrate

( (. resistorRy=25 k() to the ele_ctrodes_of the planar structure.
D, D, As the total current usually is not higher than a few tens of
emitted homogeneous microamperes, the voltage drop across the external ipad
light illumination can be neglected. By utilizing the internal photoelectric ef-
camera fect in the IR range, which is provided by the specific dop-
discharge gap gizév ing, thep value can be controlled in a well defined manner
l R, »i<en> by illuminating the semiconductor. This feature provides the

possibility to modulate spatially and temporally in a rather
flexible way. In experiments the cathode layer has been illu-
FIG. 1. Experimental setup of the gas discharge system. Theninated homogeneously by a thernf@ingsten light source.
discharge gap is enclosed by two planar electrodes. The cathode is Thus, the discharge state, in particular the total current,
made of a photosensitive silicon plate and the anode is transpareoain be controlled in a rather broad range. It includes quite
to the visible light emitted by the discharge. By illuminating the [ow current densitieg<1 MA/cmz where the discharge op-
semiconductor, its specific resistivity decreases. This may be folerates in the Townsend regime. While increasing total cur-
lowed by the destabilization of the spatially homogeneous state ofent by illuminating the semiconductor cathode or increasing
the discharge. the supply voltage, the density of the charged carriers in the
discharge layer increases. This is accompanied by the forma-
mode in the Fourier spectrum when changing the controllingjon of the net space charge in the discharge gap, and gradu-
parameter. This is the expected regularity which is specifi(‘a”y the transition from the Townsend regime to the glow
for transitions from the homogeneous state to a hexagon Pafegime takes placgsi].
tern [25]. The thorough investigation of the transition from  "Eormation of patterns in the spatial distribution of the
hysteresis, while, according to general theoretical results fogpatial distributions of the glow in the visible range, which is
these transitions in pattern forming me¢9], it shall exist.  emjtted by the discharge. Former investigations of this sys-
We suppose that this behavior in our case is again due to them[12] have shown that the brightness of the discharge in a
mentioned ramp in the system. Finally we try to apply agood approximation is linearly dependent on the current den-
simple reaction diffusion physical model suggestedid] ity of the discharge. Thus, recording emitted light by optical
for the interpretation of some phenomena reported in thgechniques provides an adequate characterization of the spa-
present work. tiotemporal behavior of the current density in the system.
The low specific luminosity of nitrogen and the rather low
Il. EXPERIMENTAL SETUP current density necessitate rather sensitive optical instrumen-
tation. In the course of these experiments a CCD camera
r\)’x"ﬂth a MCP (microchannel-plateamplifier has been em-
r’_g;;)yed. The exposure timét of this device was sufficiently

high voltage supply U, by

The essential parts of the considered experiment are t
same as in previous work$1-15 and is schematically pre-
sented in Fig. 1. The system consists of a gas layer, a se
conductor layer serving as cathode, and a transparent ano
which is made of the indium tin oxiddTO) layer covering
a glass plate. The anode had a specific plane resistivity of IIl. EXPERIMENTAL RESULTS
Ro~150 Q/0. The discharge gap is filled with nitrogen at
the pressure in the range=60—200 hPa. As semiconduc-  The experimental system we investigate exhibits a rather
tor material silicon doped with Zn has been used. The totaProad range of pattern-formation phenomena as dependent
concentration of impurities amounts #§;,,,~10'%cm=2,  on various system parametdfsl—15. Throughout this pa-
Nevertheless, it turns out that the type of dopant is not esPer we consider experimental conditions, where all param-
sential: Similar results could be obtained also with use of Aweters of the studied structure are constant and spatially ho-
as a dopant of the silicon electrode. To provide a transparerifogeneous(if not otherwise indicatedp=142hPa Ny),
and conductive layer on the outer surface of the silicon wadg=0.8mm, andds=1.2mm). As controlling parameters,
fer, this plane has been homogeneously doped by the implafoth the illumination density and the supply voltage have
tation technique withB. The layer structure as a whole is been used. In a small range of control parameters, the system
cooled with liquid nitrogen down to the temperatufe responds to changes of one of them in a similar way. Only in
~90K. Due to the cooling, the semiconductor specific resis@ large range of their variation differences may the system’s
tivity p increases up tgp=10"—10° QO m. Because both behavior become pronounced. First, we discuss quantita-
transparent electrodes, the ITO layer and that on the outdively the appearance of hexagon patterns. Then we consider
surface of the semiconductor plate, are of a low resistance d8€ transition from hexagons to striped patterns.
compared to resistances of semiconductor and gas discharge
domains, they can be considered as equipotential surfaces of
the planar structure. The feeding voltage is applied to the In this section we focus on the appearance of a spatially
described planar structure via highly conductive concentrigperiodic, hexagon modulation of the current density. The re-

hort (St<50ms) with respect to temporal phenomena
ich have been studied in the described experiments.

A. Transition to hexagons
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FIG. 2. An example of the
gradual evolution of a hexagon
pattern while spatially averaged
current density in the system rises.
Current control is due to the varia-
tion in intensity of IR light that
irradiates the semiconductor elec-
trode. Brighter areas correspond
(@) (b) © @ to increased current density. No-
tice, that the pattern is not strictly
stationary but moves continuously
across the active area(j),
uAlcm?: (@) 5.59; (b) 5.72; ()
5.79; (d) 6.54. Parameters:p
=142hPa N,), dy=0.8 mm, dg
=1.2mm,U,=1.886 kV.

—
[ 38

Position y (mm)
oo

lated experiments have been carried out by varying the illuthese hexagons is the fact that they are not strictly stationary,
mination density®;,, being applied homogeneously to the but drift across the active area at rather low velocity, which
semiconductor’s surface, while all other parameters are keps about 0.3 mm/sec.

constant. For the experiments described, the supply voltage In the following we provide a quantitative analysis of the
was Uy=1.886kV. When the illumination densitgp,, is  bifurcation to hexagon patterns. The first estimation is de-
low, there is observed a stable spatially homogeneous distriroted to the symmetry of patterns. For this purpose the im-
bution of current density. Starting from this initial situation, age data have been processed by a Fourier transformation
a gradual enhancement ib;, is accompanied by current with use of the Hanning window, in order to diminish the
increase, while its homogeneous distribution is retainedarbitrary influence of boundaries of the experimental cell on
When exceeding some critical valgg).,; of the mean cur- the resulting spectra. A logarithmic representation of the cen-
rent density(j), the homogeneous state is destabilized intral section of the two-dimensional Fourier transformation of
favor of a periodic hexagon structure. Further increase;pf  the well developed hexagon pattern of Figh)2is shown in
yields a successively pronounced pattern. A typical exampl€&ig. 3. Apart from the central peak in the spectrum which
for the evolution of a hexagon pattern is shown in Fig. 2.

These images correspond to states of the system with differ- 0dB
ent current densityj) while current has been increasing.
The distribution of glow reflects the lateral, periodic hexago-
nal current density distribution with a total numbir of -20
spatial periods along one coordinate upNte-7. The rather -
large amount of noise is attributed to the fact that the inten- § 40
sity of the emitted glow is rather low and, therefore, the =
optical signal had to be amplified. While increasing the con- -
trolling parameter further, the system can undergo further -60
transitions, from a hexagonal pattern subsequently to stripe
patterns and to zigzag destabilized stripe patt¢h3 We

-80

remark that increasing the current in a broad range is gener-
ally accompanied by transitions to nonstationary structures 2 -l 0
[11]. For example, the zigzag instability of stripes appears as ky (mm-1)
the transversal distortion of a stripe propagating along its , )
body[13]. In other scenarios the system can generate spirals F'C: 3 Fourier spectrum of the hexagon pattern in Fig).an
and targets, wich can siso be zigzeq destabiized at lrgl 1 AT Pertatons of e Spectum by e patery
amplitude of these patterfi$5]. When diminishing the con- X

ftrolllng parameter, the e_ntlre evolution depicted above Passe&s, peak, six pronounced peaks that represent the hexagon pattern
in the reverse succession and the homerneoyS s_tate IS & seen. As a result of nonlinear effects in the formation of peri-
5t0f?‘?‘- The hexagor).pattern We have opserved in this Systefiic spatial structure also higher harmonics rise above the noise
exhibits some specific peculiarities which have been founge,e| The picture has been prepared in logarithmic presentation, in
throughout the investigated parameter space: We exclusivelger to make clear high-frequency spectral components of small
have observe#l, hexagons which can be considered as hexamplitudes that coexist with the large amplitude componerk at
agonal arrangements of spots with increased brightness efo. Amplitudes of the corresponding spectral components can be
discharge, while the system did not shbky hexagons being evaluated using the calibration grey scale bar on the right side of the
complementary patterns td,. Another typical property of figure. Parameters: see Fig. 2.

1 2

attern was filtered with the Hanning window. Apart from the cen-
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FIG. 5. Wave number of the hexagon pattern as a function of the

FIG. 4. Total poweP of the basic wave number of the hexagon bifurcation parameter. Parameters: see Fig. 2.

pattern for both increasing and decreasing the control parameter
which is current density averaged over the active dj¢aUnder ~ developed and saturates. Decreasingis then followed by
(j) increase the pattern evolves from the homogeneous state, whéhe decrease dfj). However, the power of the hexagons is
reaching the critical current density).;. Beyond the bifurcation retained in a certain range of the current, then the further
point the power of the leading wave number increases steadily as@ecrease ofj) results in an approximately linear drop Bf
function of the bifurcation parameter until, ) ~6.5uA/cn?, its  at the same slope as the growing branch. Finally, a second
value saturates. Whefj) is diminished,P also decreases and fi- critical value(j), is reached, an® becomes equal to zero
nally becomes zero at some other critical va{il.,. Parameters:  for smaller values of current. Obviously, the system exhibits
see Fig. 2. a pronounced hysteresis with respect to the creation and an-
nihilation of a hexagon pattern.
reflects the homogeneous offset, six pronounced peaks at The characteristic property of a periodic pattern is its
wave numbek~0.73mn1*, which correspond to the hexa- wave numbek. In our case of smoothed Fourier spectra it
gon pattern, can be recogmzed The broadening of the peak@s been estimated by calculating the center of mass of the
is mainly due to the fact that only a few spatial periods arerelated peak in the spectra. In order to increase the precision
consideredl<7) and are due to the preprocessing of origi- of the method, the mean value kthas been independently
nal spatial distributions by the Hanning window. When char-calculated for three independent peaks, and then data have
acterizing a periodic two-dimensional pattern, an importanbeen averaged. The wave number as a function of current
issue is the angl€ between adjacent peaks with respect todensity is shown in Fig. 5. From these data we conclude that
the origin ink space k=0). The angles have been deter- k varies only slightly when the bifurcation takes place. In this
mined by the following method: For each of the three inde-context we point out that in the case of the development of
pendent peaks the center of mass has been calculated Biipes a pronounced systematic dependence ok thaue
considering the contributing vicinity, thus providing a rather on the bifurcation parameter has been revefidi.
high precision of its position ik space. It turns out that in Starting from a well developed hexagon pattern, the fur-
the course of the evolution of the pattern the angle betweether increase ij) due to the enhancement of IR light in-
adjacent peaks is fixed and amounts tat29. Deviations tensity may initiate different scenarios in the system’s evo-
from this value become pronounced only at low peak amplijution, as dependent on parameters: In the case of the
tude near the bifurcation point, where the precision of thishexagon patterns being discussed above, bright spots become
technique decreases. In the frame of the angle resolution @lccessively pronounced and finally they become nonstation-
this method, we can state that we deal with a real hexagoary as the resistance of the silicon electrode decreases. By
pattern in the total studied range of current density. this, the spots undergo a transition from a state where they
We now discuss the magnitude of the pattern while theare strictly embedded in the lattice determined by the hexa-
control parameter changes. A quantitative measure for thgon structure to a state where the spots become progressively
intensity of a pattern is given by the total spectral poWer solitary. In the course of the spots’ motion, they interact with
yielded by integrating the spectral intensity over all regionseach other, and their splitting and merging may be observed.
in k space which contribute to the pattern under study. In thisSuch patterns evidently contain defects, so the long-range
case we have summarized the intensity fokalalues in the  order of the spatial structure is no longer retained. For small
radial intervalk=0.50—1.16 mm?*, thus covering the six deviations of control parameters above the threshold value
peaks. The poweP as a function of the averaged current for the creation of defects, they can be quite isolated, thus
density(j) is shown in Fig. 4. Starting at some low value of being considered as solitary defects in the otherwise perfect
the illumination intensity®;,, also the current density is low structure. An example of a solitary penta-hepta defect in a
and its distribution is homogeneous. Whéx, is steadily hexagon pattern is presented in Fig. 6. These pictures show
increased, the current density grows, wiilat first remains two snapshots of the system’s evolution after switching on
at zero value. Only wheij) exceeds some critical value the feeding voltage. In the development of the hexagon, a
(j)¢1 doesP become nonzero and grow monotonously andstage has been seen in which the pattern had a défigt
approximately linearly during a further increase(pf. This  6(a)] that has been cured by the system at a later stage of its
regularity is observed until the hexagon pattern is rather welevolution[Fig. 60b)].
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FIG. 6. Observation of d5+7) defect in a hexagon pattern.
Pictures have been taken at different tidteafter the supply volt-
age has been switched on. Defect is seeriapinside the marked
domain.(a) st=1.0s,(b) st=1.4s. Parameterg=129 hPa ,), ()
dy=0.75mm,d;=1.2mm,Uy=1.9kV.

0dB

24

B. Transition from hexagons to stripes -48

2

It has been shown earli¢t 1] that by varying the illumi- . °
£

£

nation densityd,,, one is able to obserigexagon— stripe .
pattern transitions. Here, in addition to these prior experi- @ >,10 X : '

ments, we show that also the voltage amplituljecan serve

as the control parameter for such a transition, wiilg is
kept constant. Figures 7 and 8 report states of the system fa
four different stages during the transition from a homoge-
neous st_ate_ toa hgxagon pattern and finally to a Stf‘pe pat- FIG. 7. Transition from a homogeneous stéeto a hexagon
tern, while |ncrea3|ngJ0_. The Ieﬁ-hand c_:olu_mn n Fig. 7 pattern(b) and, via a mixed hexagon/stripe std®, to a stripe
represents the spatial light density distributions in pattérnyater(d). In the left-hand column the spatial light density distri-
while the f'ght'ha”d (_:Olumr_l shows th-e central section of theyytion is represented while the right-hand column reflects corre-
corresponding two-dimensional Fourier transforms in logasponding Fourier transforms. This sequence has been achieved by
rithmic representation. In Fig. 8 the angule_lr dl_strlbL_Jtlon Ofincreasing the supply voltage,. Parametersp=142 hPa [,),

the spectral intensity of the spectra shown in Fig. 7 is repred,=0.8 mm, d;=1.2mm. (@ Uo=1.903KV, (j)=3.10uAlcn?;
sented. For their calculation the radial intervdd (b U,=1.940 kV, (j)=7.66 uAlcn?; (c) Uy=2.008 kV, (j)
=0.47-1.24 mm?! in k space has been encountered. This=12.00uA/cn?; (d) Uy=2.145kV, (j)=18.21uA/cr?. Shown
interval has included the main wave numbers, which contriben the right-hand side are calibration grey scale bars for spatial
ute to the pattern. The angf® in Fig. 8 refers to some fixed distributions(upper bay and for Fourier spectrédower baj.

orientation ink-space axis. We start at low voltagk [Fig.

7(a)] where the system is homogeneous. Accordingly, thevithin the accuracy of measurements. Furthermore, it is
spectrum contains a single peak kat0 and the angular rather interesting that even in the spectrum of Fig) ®ne
distribution shows some variation at very small amplitude. Incan observe a rather low signal which is characteristic of a
the next stagg¢Fig. 7(b)] a pronounced hexagon pattern in stripe pattern. It evidences the existence of a precursor of the
the central region has appeared, and the related spectrugifipe pattern, and indicates the spatial orientation of stripes
exhibits essentially six peaks. The corresponding angulawhich will be created by a system at a later stage of its
distribution shows that already at this stage the six peaks ar@evelopment.

not equal but the amplitude of two peaks significantly ex- Now we turn to measurements of the variation of the
ceeds that of the others, thus already announcing the appe&pectral power of patterns in the course of the transitions
ance of stripes. In Fig. (@), the spatial image reflects the homogeneous statehexagon-stripe patternand back. For
formation of stripes. Starting in the center, bright spotsthis purpose the spectral power density has been summed up
merge in order to form stripes. During this process, stripes ifin the radial interval fronk=0.47 to 1.24 mm*. By this we

the center and residual hexagons in the outer area apparentiptain the total spectral powér of the basic wave numbers
coexist. Analogously, the spectrum and the related angularhich represent the structures we focus on. In particular, this
distribution stress the dominance of the stripe pattern wittimethod considers both periodic hexagon and stripe patterns
small traces of the hexagon. Finally, the stripe pattern occuin the same way. The dependenceRobn the controlling
pies the whole active aré&ig. 7(d)] and the hexagon pattern parameteiU, is represented in Fig. 9J, covers approxi-

has totally disappeared. Notice that during current increasmately the same range of the supply voltage as in Fig. 7.
the spatial orientation of the stripe pattern could change. ThiStarting at low voltage Y,<1.900KkV) the current density
effect is seen when making comparison of angular distribudistribution is homogeneous. A8, exceeds a threshold
tions (c) and (d) of Fig. 8. We remark that the effect of value Uy, (Uy.~1.910 kV), the transition to the hexagon
rotation of a stripe pattern by some angle has been observguttern takes place. This is accompanied by a successive in-
earlier[12]. It is also worth pointing out that wave numbers crease oP. At Uy~2.000 kV the hexagon pattern undergoes
for hexagons and stripe patterns are approximately the sange transition to periodic stripes whil® increases without

i -96
0 10 20 -1.6 0.0 +1.6

x (mm) ky (mm-1)
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any evident change of its monotonous growth, is further
0.08 I increased until the stripe pattern is entirely developsek
(a) 004: Fig. 7(d)], thenUg is gradually diminished and the magni-
s tude of the stripe pattern decreases. After having palised
0.00 S VAN S S AL ~2.030kV the stripe pattern decays and the hexagon pattern
is successively reconstructed. While diminishlog further,
3 the strength of the hexagon pattern decreases, and finally it
2| vanishes. Throughout the whole range of variationUgf,
(b) the dependence &f on U, can be described by a linear fit in
2 1k a rather good approximation. Only for values @f in the
g 0 | , range fromUy~1.910 to 2.000 kV is a pronounced system-
3 40 atic discrepancy between the branches for increasing and de-
; creasing control parameter observed, which can be consid-
i ered as hysteretic behavior. The related data points are
© 20t ]\\ J\ indicated by two linear fits. It is worth pointing out that just
L this range of the control parameter corresponds to the do-
0 . . I main of existence of the hexagon pattern. Too strong scatter-
ing of data in Fig. 9 in the domain outside the range of
120 existence of hexagons does not permit us to conclude
%0 | whether there exists a hysteretic behavior in the transition
@ bet\/\_/een hexagon_s and stripes. _
40 |- Finally, we notice that both hexagon and stripe patterns
exhibit a slow drift over the active space of the experimental
0 0 9'0 lileo 2;0 260 system. Estimations of the velocity of the hexagons give the

Q (degree) valuev ~ 0.3+ 0.1 mm/s which is on the same order of mag-
nitude as in the former studied case of strip#g], but is
FIG. 8. Angular distributions of power of spectral componentssomewhat lower.
in Fourier spectra for different stages of the transition from a ho-

mogeneous statéa) to a hexagon patterfb) and, via a mixed IV. INTERPRETATION OF THE OBSERVED
hexagon/stripe stat@), to a stripe patterigd). The data have been PHENOMENA

extracted from the corresponding Fourier spectra shown in Fig. 7.

values in the radial rangke=0.47—1.24 mm* have been encoun- Bifurcations from a homogeneous state to hexagon or
tered. Notice variation of scales for spectral amplitudes on differengtripe patterns, as well as transitions between them, are well
plots. Parameters: see Fig. 7. understood theoretically, especially in the case of small-

amplitude patterns, where the description with Ginzburg-
Landau equations is valid, see e[d,5,34. In order to un-
derstand the peculiarities of a concrete experimental system,
it is necessary to reveal the physical mechanisms which con-
. trol the behavior of the system. In a real highly nonequilib-
® rium system, a number of processes may be important for the
e° formation of patterns. However, even for such complex me-
dia as chemical reactors, in some cases it has become pos-
sible to extract those degrees of freedom of the system which
o® are important for the understanding of the main features of
wa’° - the observed phenomena; sg85]. A similar problem of
Sk e increase Uy, constructing a theoretical model exists for the electronic re-
/ o decrease U, actor experimentally studied in the present work. Being far
| . from thermal equilibrium and strongly nonlinear, processes
in gas discharges are rather complicated for a theoretical de-
scription. Discharges in molecular gases, such as nitrogen,
are even more complicated as compared with the case of
FIG. 9. Power of the leading mode of the pattern as a functionatomlc gases, such as Ar or I'Eliél] .
of the supply voltage for the scenario shown in Fig. 7. The range of Experimentally, the destabilization of the homogeneous

changingU,, includes transitions from a homogeneous state to Mistribution of current density and formation of patterns in

hexagon pattern and, via a mixed hexagon/stripe state, to a strigd® device occurs when the transition from the Townsend to
pattern. TherlJ, is decreased, and data related to transformationdhe glow mode of the discharge takes pld¢é—13. This
of the pattern in the reverse order are also collected. Note the diffansition is accompanied by the appearance of a negative
ferent values of critical voltages for the appearance and disappeaglifferential resistancéNDR) of the discharge gaj81]. It is

ance of the pattern. In order to obtain the power of the leadinghis process in the system which provides the active proper-
mode, the range wave numbers witk:0.47—1.24 mm* are ana- ties of the semiconductor-discharge gap pattern-forming me-
lyzed. Parameters: see Fig. 7. dia[23,24.
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The transition from the Townsend to the glow dischargegas domain, its capacity is charged up to the amplitude of the
is due to the influence of space-charge density of ions in thgoltage source. In the presence of free carriers in the gap, the
discharge gap on the efficiency of the multiplication of car-rate of its discharging is proportional to th&J product, that
riers in the gag31]. That is, the higher the concentration of is, to the active current in the gap. Constamietermines the
charge carriers in the gafzorrespondingly, the larger the efficiency of this process; in our simple model where the
electric current the more efficient are discharge avalancheconductance of the gas domain is controlled by one kind of
processes which support the current transport. At large curarrier having mobilityu, its value is[32,33
rent density this process may be saturated, and the absolute
value of the NDR decreases. eu

The accumulation of positive ions in the gap has a conse- €= €0€q(1+CIC,)"
guence that the longitudinal electric field, that is, the field ’ ’

along the current, varies in the interelectrode space. Th@hereeis the charge of electror, is the dielectric constant
same is true also for densities of charge carriers in the dissf yacuum, ande,=1 is the relative dielectric susceptibility
charge domain. When considering patterning of the currengs 5 gas discharge gap.
in such a system, one has then inevitably to deal with a 3D The second equation deals with dynamics of the density
representation of physical processes in it. Such variables g charge carriers in the gap. The main mechanism of the
local electric field and densities of charge carriers in the gapreation of carriers for discharges with cold electrodes is
shall appear in the model. This approach is evidently difficultyheir avalanche multiplication in electric field. So, when
for a theoretical analysis. In order to simplify a problem, in —q the density of charge carriers decays with a characteris-
Ref.[14] it has been supposed that the formation of patterngic rate which is controlled by the relaxation timg .
which are lateral to the current direction can be interpreted Generation of carriers by electric field is due to positive
on the_ basis of a_2D model. Such a quel can operate Withsrms on the right-hand side of EQ). At smallN the first of
some integral variables of the problem: instead of local elecihem prevails. For this condition the rate of generation of
tric field E and local densities of charged carriers in the dis-cgriers is proportional to the produstU. This corresponds
charge gap, there have been introduced the voltage drop 4 the vertical branch of the isocline curve for Eg), that is,
across the gap the stationary voltage on the discharge gap is not dependent
on N. This is the so-called Townsend mode of a self-
U= f Edz sustaining dischargg31]. IncreasingN is accompanied by
z the growth of the influence of the second positive term in Eq.
(2). This is followed by the dropping in a steady-stafe
value, as a function oN, which corresponds to a gradual
square: transition to the glow mode of the discharge. In terms of
electrical circuits, this is a transition to the NDR of the con-
N= f ndz, ductive medium. The value & specifies the point of cross-
z ing the U axis by the isocline of Eq(2), thus defining the
) , . critical voltageU .= (rya) ~ ! for the transition from the non-
where the corresponding local variables are integrated ovelyquctive stateN=0 to the conductive statdl>0. The
the longitudinal coordinate. _ _ parameters and N* determine the shape of the isocline
With use of these integral variables, the following two- ;e for Eq.(2) (in other words, the shape of the current

component reaction-diffusion model has been suggested iy|iage characteristic of gas discharge domain for the homo-
Ref. [14] to deal with the pattern-formation problem in the geneous state of the systenThus, nonlinearities of the

4

and the total number of free charge carriddsper unit

system: model atry=const are governed by the parametrb, and
JU U.—U N*, which are phenomenological parameters of the model.
b —cNU+DyAU, (1) The diffusion terms in Eqg1) and(2) control the rates of
ot Ty transversal coupling of the variables. As it has been shown in

Ref.[14], at a proper set of coefficients the model manifests
the transition from a homogeneous state to a hexagon pat-
tern. This transition is of the Turing type, that is, at some
(critical) voltage the system becomes unstable against the

The first term on the right-hand side of Ed) takes into ~ growth of a modek>0, iw=0. In its numerical solutions
account the charging of the capacity of the discharge gap bShIS model has also reproduced the experimentally o_bs_erved
the voltage sourc&),,. The characteristic time of this pro- Phenomenon of the growth of a hexagon cluster consisting of
cessry, is determined both by the resistivity of the semicon-Solitary spots. The development of a cluster proceeds via
ductor electrode and by capacities of the layered semicoriultiplication of the number of spotshe growth of a dissi-

N N 2
o iNU

a+b
ot TN

+DWAN. (2

ductor discharge gap systdit4,32,33: pative structure via a self-completion scengrisee Ref.
[14].
Tu=Rs(Cs+Cy), 3 Here, using numerical solutions of Eq4) and (2), we

show that this model can also encounter experimentally ob-
whereR; is the resistance of a semiconductor electrode, anderved sequence of bifurcatiodr®mogeneous stater hex-
Cs andCg are capacities of semiconductor and gas dischargagonal pattern— stripe pattern while increasing the feed-
layers, correspondingly. When there is no discharge in théng voltage. An example of computed stationary solutions of
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y the conclusion that the transition from the homogeneous
/ state to a hexagon structure has to be considered as a sub-
critical bifurcation, where the decay of a pattern takes place
at a lower value of the bifurcation parameter, as compared to
the threshold of its generation.
A This subcritical behavior evidently disagrees with the fact
(©)

that the spectral densitly of the leading mode in Fourier
spectra of patterns varies steadily in the vicinity of both criti-

FIG. 10. An example of numerical solutions of the model Eqs.Cal values. This apparent contradiction can be enlightened by
(1) and(2) at increasing the control parametdy, in the domain of the phenomenon just mentioned: Due to the successive
instability of the homogeneous state. Pictures reflect distributions o§preading of the pattern, the total spectral power of the pat-
variable N. Parameters:7;=10"? sec, 7y=10"° sec, Dy  tern varies steadily. Only when the sign of the variation of
=0.625 cni/sec, Dy=0.045 cni/sec, a=1, b=0.4, c=164  the bifurcation parameter is changed does some hysteresis
X 10" * cm/sec,N* =1.5x 10° cm™ . Calculations are done on the pecome evident. Obviously, in this case the occurrence of the
domain LXL, where L=2.72cm. (a) Up=1165.0V; () Uy pysteresis is related to the spatial spreading of the pattern
=1205.0V:(¢) Up=1217.5V. rather than with the pattern’s amplitude as it would be ex-
pected in strictly homogeneous systems.
All the patterns observed in the present experiments were
t really stationary, instead they were slowly drifting over
the area of the system. As it has been discussed eptBgr

is behavior reflects the high quality of the pattern-forming

Egs. (1) and (2) obtained under increasing voltagé, is
shown in Fig. 10. Calculations have been performed for theho
same set of parameters as in the witK], where a some-
what more complicated version of the same model has be
exploited: Namely, in the cited work there has been include ystem, in the sense that it has no strong local inhomogene-
in the equations a global negative feedback where the vohﬁ '

teeding the two-l term is d dent on it ies which could be able to anchor patterns. It seems, how-
age feeding the two-layer system 1S dependent on 11s CurrenéVer, that slight gradients of the system’s parameters can lift
It is seen from Fig. 10 that, while increasing the control

ter in the devel t of th ; th ) up the translational invariance of the system and cause the
parameter, in the development of the system there IS Oy, ament of the pattern in a definite direction. In this case

served a stage vv_here the elements_of a he_xagonal PAUELR hoticeable radial gradients of the system’s parameters
merge togethetb) in order to form periodic stripet).

. : some azimuthal inhomogeneity can remove the rotational in-
We shall point O.Ut’ however, that the sem|phenomeno§/ariance of the system. As a result, some definite orientation
Iog_lcal model exploited in the present work needs a furtherof patterns in the space of the gas discharge cell and the
refinement. Such an extension shall include the relation bedirection of their movement are chosen by the system.

twiﬁg) Va:|tlr,l1€S Olf p'henome'nologwal coetfgc;ents .'3 E(q’$'|. In the studied system the current flow can be easily varied
an WITh real MICToScopiC processes that provide noniin-, 4 ways: changing either the feeding voltage or the in-

ear properties of gas discharge media at conditions of eXper{énsity of IR light that irradiates the semiconductor electrode.
ments. Both approaches have been used in getting the data. The
feeding voltage is a quite natural control parameter for an
electrical system. For the case of controlling the structure
photoelectrically, one may argue that it would be more ap-
The experimental part of the present work relates to theyropriate to present data as a function of the intensity of IR
sequence of transformations in spatial distributions of electight. However, in order to relate explicitly the data on pat-
tric current density inside the discharge domain of a semitern formation with the state of the current-carrying system,
conductor discharge gap structure. One essential peculiarifgr this second case we have used the averaged current den-
of the experimental object is the slight radial inhomogeneitysity (which is the scaled value of the total current of the
of the distribution in electric current in the stable domain.device.
This imposes specific features on the observed bifurcation To reproduce theoretically transitions between patterns of
scenarios. different spatial symmetry, observed in the experimental sys-
Peculiarities of the growth of the hexagon pattern on the@em, a two-component semiphenomenological model which
radially ramped area can be followed from the pictures intakes into account the main physical processes in the system
FIgS 2 and 7. Under increase of the total current at the eXhas been apphed Numerical solutions of the model have
pense of either increasing the intensity of IR |Ight irradiatingdemonstrated the sequence of bifurcatiohemogeneous
the semiconductor electrodEig. 2), or increasing the feed- state— hexagonal pattern— stripe pattern while the con-
ing voltage (Fig. 7), the spontaneous destabilization of thetro| parameter(feeding voltagg in the calculations is in-
system starts in its center where current density is somewha@teased. This behavior, which is a concrete example of the
higher. Then the pattern spreads to the peripheral regions @feneral properties of reaction-diffusion systedk is in ac-

the experimental system. New maxima of the current districordance with experimental results of the present work.
butions build up in the hexagonal arrangement near the ex-

isting ones. In this way the hexagon structure grows from the

primary current maximum as from a “seed.” One of the ACKNOWLEDGMENT

characteristic properties of these structures is the hysteresis
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