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Abstract

We report the existence of small autonomous amplitude oscillations without the presence of an external series resistor during
electrodissolution of both p- and highly illuminated n-type Si electrodes in a 60 mM NH4F electrolyte at pH 1. This finding enabled
us to study possible emergence of patterns without the presence of the global coupling induced by an external resistance. While
with p-type electrodes we could not find a spatial bifurcation upon varying the parameters, stable domain-type patterns with distinct
dynamics formed spontaneously when lowering the illumination intensity. Their emergence could be linked to the lateral coupling
through valence band holes. Experiments where only part of the electrode was illuminated gave further insight into the role of the
hole dynamics for the formation of spatio-temporal dissipative structures.
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1. Introduction

Oscillations during Si electrodissolution have attracted an
unbroken interest since their discovery more than half a century
ago [[1]]. They occur in wide parameter ranges and were stud-
ied with a multitude of methods, most of the studies focusing
on elucidating the oscillation mechanism (for an overview see
chapter 5 in [2]). Yet, the origin of the oscillations could not yet
be explained satisfactorily. The main approaches are discussed
in [3H8]]. A more recent publication from our group points to
the existence of different types of oscillations, most likely in-
volving different feedback loops [9]. We have also started to
investigate the formation of spatio-temporal patterns in the ox-
ide layer thickness with an emphasis on elucidating the univer-
sal properties of the self-organisation phenomena [10H12].

Among the observed patterns were so-called chimera states
[T} [12], a dynamical state that received an enormous atten-
tion during the last decade in the nonlinear dynamic community
[13]]. Chimera states form in oscillatory systems, or ensembles
of identical, coupled oscillators, and denote states which are
composed of parts which oscillate in synchrony and parts that
exhibit incoherent oscillations with different mean frequencies.
The formation of such a state is highly counter intuitive, ex-
hibiting the opposite behaviour of what we experience in ev-
eryday life, namely the synchronisation of oscillators with dif-
ferent frequencies [14]. Yet, chimera states might be linked to
phenomena such as unihemispheric sleep, blackouts in power
grids, or bump-states observed in neural systems [13]], which
calls for detailed theoretical and experimental studies in labo-
ratory settings. As for the latter, truly self-organised chimera
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states were first observed in the Si electrodissolution system.
Here, ’truly self-organised’ indicates that they formed sponta-
neously with neither a computer fed back spatial coupling nor
special preparation of initial condition as in most other experi-
mental realisations [[15H19]], and it remains one of the few ex-
perimental systems in which their emergence and properties can
be studied. The Si electrodissolution chimera states were found
for n-type Si electrode under moderate illumination intensities,
and the spatial coupling through the illumination is believed to
be responsible for their emergence. With a generic model as-
suming a nonlinear global coupling the observed states could be
reproduced [11} [20], however, a link between the physical and
electrochemical quantities and the model parameters has still to
be established.

An understanding of what triggers the emergence of chimera
states during Si electrodissolution requires more insight in
the spatial coupling. In the experiments conducted so far in
our group, there were mostly two sources of spatial coupling
present, a global coupling induced by an external ohmic series
resistance and coupling through valence band holes imposed by
the reduced illumination intensity [12]].

In this paper, we present experiments that focus on further
insights into the impact of the spatial coupling through valence
band holes on pattern formation. Therefore, no external resis-
tance is used throughout. We first show that self-sustained cur-
rent oscillations with a very small amplitude also exist without
an external ohmic series resistance for both p-type and highly
illuminated n-type electrodes. Then, we demonstrate that re-
ducing the illumination n-type Si leads to a spatial symmetry
breaking, and even to the coexistence of coherently and inco-
herently oscillating parts of the electrode surface, reminiscent
of chimera states.
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Figure 1: Illustration of the optical set-up used for the in-situ measurements of the Si electrode surface.

2. Experimental

2.1. Sample preparation

The experiments were conducted with single crystalline Si
(111) wafers with a resistivity of 5-25 Qcm (p-doped) or 1-
10 Qcm (n-doped). To ensure an ohmic back contact a 200
nm Al layer was thermally evaporated and annealed at 400 °C
for 30 min (p-doped) or at 250 °C for 15 min (n-doped) un-
der 100 mbar nitrogen atmosphere. The Si wafers were treated
with an oxygen plasma at 200 W for 5 min under 1.4 mbar
oxygen atmosphere, mounted on a custom made polytetraflu-
oroethylene (PTFE) holder, contacted with silver paste on the
back, and sealed using silicone rubber (Scrintex 901, Ralicks
GmbH, Rees-Haldern, Germany), leaving an opening of 15-25
mm?. Before the experiment the mounted working electrode
was cleaned from organic contamination and dust by first gen-
tly wiping it with a tissue drenched in acetone (Merck, p.a.) and
subsequently immersing it in acetone (Merck, p.a.) (10 min),
ethanol (Merck, p.a.) (5 min), methanol (Merck, p.a.) (5 min)
and ultra pure water (18.2 MQcm) (5 min).

2.2. Electrolyte

An aqueous solution, prepared with ultra pure water (18.2
MQcm), containing 60 mM NH4F (Merck, p.a.) and 142 mM
H,SO4 (Merck, Suprapur) with a total volume of 500 ml was
used as electrolyte for all experiments, if not mentioned other-
wise. Literature values [21]] for the dissociation constants of HF
and H,SO,4 were used to calculate the pH value to be 1.

2.3. Electrochemical Set-up

The experiment was performed in a custom-made three elec-
trode electrochemical cell with a circular shaped platinum wire
(99.99%, Chempur), @ = 5 cm, as counter electrode and a com-
mercial HglHg,SO, reference electrode. The counter electrode
was placed symmetrically in front of the working electrode and
the reference electrode several centimetres behind the working
electrode. All PTFE and platinum parts were cleaned regularly
in Piranha solution. The glassware was cleaned immersing it in
nitric acid and sequentially in an 1 M aqueous potassium hy-
droxide solution. All parts were stored in covered ultra pure
water baths. Before the experiments the electrolyte was purged

with argon for 30 min and constantly stirred with a magnetic
stirrer at 10 Hz. The glass bubblers used for purging the elec-
trolyte were removed before the measurements to prevent an
undefined change in the fluoride concentration due to the glass
dissolving in the electrolyte. An argon overpressure was kept
with an additional gas inlet and the stirring was maintained
throughout the experiment. The potential was controlled us-
ing a FHI-2740 potentiostat (electronic laboratory of the Fritz-
Haber-Institut, Berlin, Germany) and the current and voltage
were digitized using a data acquisition board (PCI-6221, Na-
tional Instruments).

2.4. Ellipsometric Imaging Set-up

The ellipsometric silicon oxide detection was realised us-
ing a LED (Linos, HiLED, A =470 nm). The light was po-
larised using a Glan-Thompson prism and a zero order 1/4-
plate (1 = 488 nm) and then shone at the sample with an in-
cident angle close to the Brewster angle (@ = 70°) to assure
maximal contrast. Upon reflection the polarisation changes de-
pending on the optical path through the oxide. The reflected
polarised light then passes through a second Glan-Thompson
prism for contrast enhancement and then imaged on a charge-
coupled device with 640x480 pixels (JAI CV-AS50). The signal
was in turn digitized using a frame grabber card (PCI-1405, Na-
tional Instruments). The optical components were mounted and
aligned using a microbench system (LINOS). A schematic of
the optical set-up can be seen in Fig.

2.5. Hlumination Set-up

The illumination of the n-doped samples was realised using a
linearly polarised He-Ne laser (HNL150L-EC, Thorlabs). The
illumination intensity was adjusted using an adjustable polar-
isation filter. To assure a spatially homogeneous illumination
the beam was optically expanded to a diameter of 1.5 cm and
subsequently passed through an iris diaphragm so that only the
central part of the beam was incident on the sample. To test
for the homogeneity of the illumination, experiments were re-
peated using an extra mirror in the optical path of the He-Ne
laser, resulting in a mirroring of possible spatial asymmetries in
the illumination intensity.
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Figure 2: (a) Cyclic voltammogram (2 mV/s) of a p-Si electrode in a 60 mM aqueous NH4F electrolyte, pH 1 (black curve - forward scan, red (grey) curve -
backward scan). Region II and I-a,I-b indicate the voltage regimes where sustained and damped oscillations were found, respectively. Hashed regions indicating
the approx. borders between the different regions. (b) Cyclic voltammogram (2 mV/s) of an illuminated n-Si electrode (3.88 mW/cm?) in the electrolyte of plate
(a) (black curve - forward scan, red (grey) curve - backward scan) and of a p-Si electrode (2 mV/s) in 50 mM NHy4F electrolyte (pH 2.3) (green (dark grey) curve -

forward scan, blue (light grey) curve - backward scan).

3. Results

3.1. Sustained current oscillations

Figure [2a shows a cyclic voltammogram (CV) of p-doped
Si in our fluoride containing base electrolyte (pH 1) taken at 2
mV/s. At this slow scan rate the current-voltage curve is quasi-
stationary. The electropolishing region of Si is found at volt-
ages below the pronounced current maximum at 2 V vs. SHE.
Above this peak an oxide layer forms at the Silelectrolyte in-
terface which is first wet and gradually turns into a rather com-
pact, dry form that is fully developed above approximately 3 V
vs. SHE [2]. When the dry oxide has formed, the oxidation
current is limited by the etching rate of the oxide layer, becom-
ing practically independent of the potential up to about 7 V vs.
SHE where morphological changes in the oxide layer allow for
a modest increase in oxidation current with potential. These
features are well known to exist in a wide pH and fluoride con-
centration range [2]. In Fig. 2b, CVs obtained with a highly
illuminated n-type electrode in this base electrolyte as well as
with a p-type electrode in a 50 mM NH4F electrolyte (pH2.3)
are shown for comparison. Besides a shift of the n-doped CV
by +350 mV, corresponding to the difference in open circuit po-
tential, the two CVs obtained in the same electrolyte are nearly
identical, especially at voltages > 2.5 V which are of interest
in the context of the paper. We attribute the slight difference
in the absolute values of the current density to an uncertainty
of the electrode area of up to 0.5 mm?. In contrast, the CV
obtained at higher pH exhibits a higher current density in the
current plateau of the dry oxide region.

A careful look at the plateau region of the CVs in our base
electrolyte (pH1) reveals that in a wide potential window the
plateau current is superimposed by small oscillations. Potential
step experiments from the open circuit potential to a potential
value within the dry oxide region were carried out to test for
the stability of the oscillations. Three such experiments are de-
picted in Fig. [3] for potential steps to 3.15, 4.65 and 7.65 V
vs. SHE. The respective two upper graphs show the current
density (left) and the spatially average ellipsometric intensity

(right) time series after the jump. The left graph below depicts
a 2D ellipsometric snapshot of the electrode, and the right one a
one-dimensional cross section through the ellipsometric images
versus time. In the region of dry oxide, the ellipsometric inten-
sity is proportional to the oxide layer thickness [22]. Clearly, in
Figs. [3p and c the oscillations are damped, while in b small am-
plitude oscillations persist over several thousand seconds and
acquire a stable amplitude. We therefore conclude that in this
electrolyte the system exhibits stable oscillations without the
insertion of an external resistor. In this region of sustained os-
cillations phase waves usually emerge on the electrode, as can
be seen in the ellipsometric image of Fig. [Bp. As a conse-
quence, the local oscillation amplitude of the oxide layer was
larger than the average one. In Fig. 2h the potential regions in
which transient and self-sustained oscillations were found are
indicated by I and II, respectively, with the borders between
them shown as a hashed region, their width indicating the un-
certainty in the determination of the threshold voltage which is
due to the ever slower damping as the transition to sustained
oscillations is reached. The low voltage border where damped
oscillations start to exist could also only be determined with
a relatively large uncertainty as indicated by the width of the
hashed line.

In Fig. ] the same type of measurement as in Fig. 3p is pre-
sented, but with the electrolyte used for the p-type electrode in
Fig. 2b. Here, no stable autonomous oscillations were observed
without an external series resistor (neither with n- nor with p-
doped Si electrodes) confirming findings in the literature [4].
Note the finer colour scale compared to Fig. 3] Clearly, both
the spatially averaged signal and the spatially extended signal
show a continuous damping, in contrast to the behaviour in Fig.
[Bb, and thus in this measurement, as well as in all other mea-
surements in this electrolyte, the system eventually reached a
stationary state. In other words, no stable oscillations are found
and region I-a reaches all the way to region I-b.
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Figure 3: Dynamics found in the different regions marked in Fig. EI Current density, j, and spatially averaged ellipsometric intensity, &, (top) together with the
ellipsometric intensity distribution on the electrode and the temporal evolution of a 1D cut indicated in the snapshot. (a) Damped oscillations at Uap, = 3.15 V vs.
SHE, region I-a, snapshot at # = 1000 s. (b) Stable oscillations at Uap, = 4.65 V vs. SHE, region II, snapshot at # = 4000 s. (c) Damped oscillations at Uyp, = 7.65
V vs. SHE, region I-b snapshot at # = 1000 s. All measurements with highly illuminated n-Si (3.88 mW/cm?) in a 60 mM NH4F solution (pH 1).

3.2. Spatial pattern formation

We demonstrated that the sustained oscillations obtained in
our base electrolyte without an external series resistance were
qualitatively indistinguishable for p-type and highly illumi-
nated n-type Si electrodes. Therefore, we are now in a situation
in which we can study the influence of the spatial coupling in-
duced when lowering the illumination without the simultaneous
presence of a global coupling brought about by an ohmic series
resistance, as in previous published measurements on pattern
formation during Si electrodissolution [T0H12} 20].

Figure [5] manifests how the dynamic changes compared to

the one shown in Fig. Bp when reducing the illumination inten-
sity: The global time series of current and spatially averaged
ellipsometric intensity become irregular (Fig. [Bp) and the wavy
arms on the electrode are deformed and exhibit strong intensity
modulations (Fig. Ek). Local time series of the ellipsometric
signal at positions indicated in the right snapshot of Fig. 5k are
shown in Fig. [5p. The time series in the top-most plate has a
clear period-2 signature (only every second maximum has the
same height) and a somewhat higher base frequency (24 mHz)
than the simple periodic oscillations in the lower plate. The
time series shown in the middle plate exhibits irregular oscilla-



4250 4500

1.00

o 5 040 30
E 0.75 : — A i Bt At it i m /\»»v:ll»___v- ¥
© 0.50 B —— & _dso " a0
< e ~ 28 A30v5
E o257 w £ 30 O prem——
=0.00 26 705
0 1000 2000 3000 4000 0 1000 2000 3000 4000
tls tls

X 3500

3750

4000 4500

tls

4250

Figure 4: Current density, j, and spatially averaged ellipsometric intensity, &, (top) together with the spatially averaged ellipsometric intensity distribution on the
electrode at = 4000 s and the temporal evolution of a 1D cut indicated in the snapshot. Uy, = 4.65 V vs. SHE, highly illuminated n-Si (3.88 mW/cm?) in a 50

mM NHy4F solution (pH 2.3).

tions. Looking at the 1D cross section vs. time displayed in Fig.
[3k, it becomes evident that all oscillators within this cut belong
to one of these three behaviours. The fast period-2 oscillations
are found in the right oscillating strip, the slower oscillations
of period-1 on the left while the irregular oscillations occur in
between these two regions. To identify these regions on the en-
tire electrode, the spatial distribution of the normalised absolute
value of the Fourier coefficients corresponding to the main fre-
quencies of the period-1 sinusoidal oscillations and the period-2
oscillations are plotted in Fig. [5H. Here it can be seen that the
period doubling occurs in the upper left corner of the electrode
(high pink amplitude) while the lower frequency oscillations
dominate in the complementary region (high red amplitude re-
gion). Note that the frequencies in the two periodically oscillat-
ing parts of the electrode are not locked and that the irregularly
oscillating region mediates the dynamics between them. These
patterns were found to be stable over several hours.

While reducing the illumination intensity always induced the
spontaneous formation of regions with different oscillatory dy-
namics, the specific characteristics of the emerging pattern sen-
sitively depended on the value of the illumination intensity. An
example with a lower degree of spatial and temporal coherence
is shown in Fig. |§l Here, the temporal evolution of the 1D
profile suggests that there is an almost periodically oscillating
region with a somewhat higher mean amplitude, flanked by in-
coherently oscillating regions. In general once the uniform os-
cillations became unstable, the coherence of the patterns tended
to increase with decreasing illumination intensity. This sug-
gest that a lower illumination intensity corresponds to a stronger
coupling.

‘When the illumination was reduced further, both oscillations
and patterns vanished, the system attaining a uniform steady
state with a current density higher than the plateau current. Fig.
[7depicts how the current density and the spatially averaged el-
lipsometric signal developed immediately after lowering the il-
lumination intensity during the measurement from a high value,
where the system oscillated (cf. Fig. [Bp), to an illumination at

which the dry oxide layer was no longer stable. In the tempo-
ral evolution of the 1D cut as well as in the snapshots we see
that the initially approximately uniform oxide layer quickly de-
velops two regions with different mean thickness, one of them
again being incoherent in space and time, before a uniform state
with low oxide layer thickness and high current density spreads
over the entire surface. The transient dynamics seem to tra-
verse through the dynamic states that are stable in an interval of
a somewhat higher illumination intensity.

So far, we have demonstrated that a lower but uniform illu-
mination intensity induces the formation of spatial patterns or
domains with different oscillation frequencies, whereby one of
them might oscillate incoherently in space and time, being rem-
iniscent of a chimera state.

A different way to probe the influence of the illumination in-
tensity is to only illuminate a part of the electrode. In this way,
a gradient in the density of valence band holes is created at the
boundary of the illuminated region, such that we can expect an
outward flow of holes, which mimics a gradient in the illumi-
nation intensity, and thus again sheds light on the role of the
spatial coupling through charge carriers in the semiconductor
and its interaction with the oxide formation/dissolution dynam-
ics. Fig. [8| shows one such example measurement. Here, the
opening of the circular aperture in the illumination path was
narrowed so that only the part of the electrode inside the area
indicated by the dashed circle was illuminated. The illumina-
tion intensity was set to a level below the high illumination level
of Fig. 3] and above the level necessary for creating multiple
domains. Under these conditions, concentric waves of slightly
thicker oxide propagated from the rim of the illuminated circu-
lar region towards its center. In the course of time, the border
from which these waves emerged withdrew slowly towards the
center, Fig. [§] depicting a situation after about half an hour, the
outer illuminated ring now taking on a constant oxide thickness.
Here, the temporal average of each pixel is subtracted such that
all non-oscillating parts of the electrode are set to 0. We note
that after about 8 hours the illuminated surface became uniform
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Figure 5: Two regions with different frequencies, emerging at low illumination (0.28mW/cm?) in pH 1, [NH4F] = 60 mM electrolyte at an applied voltage of
Uapp = 4.65 V vs. SHE. (a) Time series of the current density (top) and spatially averaged ellipsometric intensity signal (bottom). (b) Local time series of the
ellipsometric intensity signal as indicated in the right snapshot in (c) in corresponding order top to bottom. (c) The ellipsometric intensity distribution on the
electrode at t = 246 s (left) and r = 268 s (right) indicated by the vertical lines in (a). (d) Spatial distribution of the normalised absolute value of the Fourier
coefficients corresponding to the frequency 19 mHz (red) and 24 mHz (pink). (e) Temporal evolution of a 1D cut along the line indicated in the left snapshot in (c).

and the dynamics stationary, however, due to the enormous du-
ration of the experiment in which one can expect also minor
changes in electrolyte composition and possibly also other pa-
rameters (e.g. temperature) it does not seem to be sensible to
further interpret this result.

4. Discussion

Our experiments present evidence that the anodic oxida-
tion of Si in fluoride containing electrolytes may exhibit au-
tonomous oscillations at high anodic voltages, even when there

is no external resistance present. This allowed us to investigate
spatial self-organisation on the electrode surface in the oscil-
latory region without the presence of a linear global coupling.
The latter is known to act synchronising for sinusoidal oscil-
lations close to a Hopf bifurcation but might lead to cluster
formation if the global coupling function contains higher har-
monics [23]]. The ellipsometric snapshot in Fig. [3p shows that
in contrast to findings in the presence of an external resistance
[22]), the oscillations were accompanied by wave like structures,
apparently propagating across the electrode. This is true for p-
type as well as highly illuminated n-type Si. In successive ex-
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Figure 6: Current density, j, and spatially averaged ellipsometric intensity, &, (top) together with the ellipsometric intensity distribution on the electrode at t = 1426
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Figure 7: Current density and spatially averaged ellipsometric intensity (top), the 1D temporal evolution of the ellipsometric intensity signal at the cut indicated in
the snapshot (middle) together with the ellipsometric intensity distribution on the electrode (t = 0's, t = 185 s, t = 900 s) (bottom). Uapp = 4.65 V vs. SHE, 0.25

mW/cm?) in a 60 mM NH4F solution (pH 1).

periments with different samples the orientation of the waves
was always the same. Furthermore, the wavelength decreased
over time. We attribute these waves to a slight parameter gra-
dient in the system that in turn induces a slight gradient in the
frequency distribution which implies that the apparent waves
are phase waves. However, we were not able to identify the ori-
gin of the inhomogeneity. They existed in stagnant as well as
in stirred electrolytes and did not seem to be related to the posi-
tion of the circular-shaped counter electrode. Furthermore, the
phase waves persisted when using a Cu sheet that was brought
in electrical contact with the Al back contact by a Ag conduc-

tive paste over the entire area of the electrode. Therefore, we
consider it unlikely that the gradient is caused by the back con-
tact. In addition, when rotating the electrode by 180°, the phase
waves kept their apparent propagation direction in laboratory
frame. Therefore, we also exclude an inhomogeneity in the
doping level. The most likely possibility appears to be an influ-
ence of the insulation border from the silicone seal. Regardless,
our interpretation of the waves as phase waves suggests that un-
der perfectly uniform parameter settings the oscillations would
be uniform as well.

This changes when lowering the illumination intensity. At a
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Figure 8: Resulting 1D temporal evolution of the ellipsometric intensity when only the center part of the electrode was illuminated, together with the ellipsometric
intensity distribution on the electrode (r = 1730 s, t = 1745 s, t = 1760 s). The illuminated part is indicated by the dashed circle in the left most snapshot and the
1D cut is indicated in the middle most snapshot. The temporal average of each pixel was subtracted. U,pp = 4.65 V vs. SHE, 0.78 mW/cm?, 60 mM NH,F solution

(pH D).

threshold intensity the electrode splits into domains with dis-
tinct temporal behaviour pointing to a spatio-temporal bifurca-
tion induced by a destabilizing action of the spatial coupling.
Since the illumination determines the number of electron-hole
pairs generated, and at least the first step of the oxidation of Si
involves a valence band hole, it appears obvious that a change
in the illumination intensity affects the spatial coupling through
diffusion (or migration) of holes. As long as the oxidation cur-
rent is limited by the etch rate or, equivalently, by migration of
ions through the oxide, the dynamics is insensitive upon fluc-
tuations of the concentration of holes at the Si|SiO, interface.
However, when the internal photon flux (i.e. the flux corrected
for reflection losses) comes close to the faradaic charge carrier
flux, i.e. when the momentary internal quantum efficiency ®
approaches 1, Si atoms in the Si|SiO; interfacial region start
to compete for holes, any lateral hole concentration difference
being translated in both different local hole capture rates and a
lateral hole flux.

This picture is supported by the experiments in which only
a circular region of the electrode was illuminated, cf. Fig. [§]
As long as the illumination intensity was high enough to allow
for an internal quantum efficiency (related to the mean current
density) considerably below 1, phase waves developed within
the illuminated circle identical to the ones found when the entire
electrode was illuminated. Only when ® approached 1 did the
outward flow of holes affect the dynamics inside the illuminated
region and concentric waves emerged from the illuminated rim
propagating towards the center. Fig. [8|depicts an example with
® =~ 0.9, where the phase waves were replaced by such a border
induced target wave pattern.

The formation of patterns on an entirely illuminated elec-
trode only took place at considerably lower illumination in-
tensities, i.e. ® considerably larger than 1. For example, in
the experiments shown in Figs. [5]and [f] ® was approximately

2.3 and 2, respectively. Therefore, charge carriers not created
through the absorption of a photon must be involved in the oxi-
dation process. Under our experimental conditions, it seems to
be most likely that these are valence band holes that are created
through tunnelling of valence band electrons into the conduc-
tion band. Note that a quantum efficiency larger than 1 during
Si electrodissolution in NH4F electrolyte was reported before
at low voltages where the Si surface is not covered by an oxide
[24]. Here, the photocurrent multiplication could be explained
by the injection of electrons into the conduction band of the
dissolving Si atoms. A value of @ ~ 2 thus signifies that at
least two charge carriers that are not generated through photon
absorption are involved in the four-electron oxidation of a Si
atom. Despite this change in hole generation mechanism, the
overall rate of oxidation is still the same as at high illumina-
tion intensity and the oxide layer (as measured through the el-
lipsometric intensity) is hardly effected in thickness or quality.
These considerations are in agreement with the assumption that
the spatial instability is induced by lateral coupling between dif-
ferent parts of the electrode through diffusion and migration of
holes (hole-transport induced spatial instability).

At even lower illumination intensities, oscillations and pat-
terns occurred only transiently (cf. Fig. [7), the system attain-
ing a steady state with higher current density and thinner oxide
layer thickness. Here, with respect to the initial mean current
density, which is close to the dry oxide plateau current density,
® was about 2.8. This value increased to 3.6 at the attained
current density. A steady state current density well above the
value of the plateau current at high illumination intensity im-
plies a faster etch rate of the oxide, which in turn reflects a
change in oxide composition or morphology under low illumi-
nation conditions. In addition, it changes the photodissolution
of Si from etch rate limited to kinetically limited, inducing a
feedback loop: A decrease in the hole concentration (due to the



lower illumination intensity) slows down the oxide formation
rate, disturbing the balance between oxide formation and disso-
lution in favour of a faster dissolution. This, in turn, results in a
thinner oxide layer that obviously promotes the generation rate
of charge carriers in the dark, and therewith a higher current
density.

5. Conclusion

In this paper, we demonstrated that the electrodissolution of
p- and n-type Si may exhibit autonomous oscillations which are
stable over several hours without an external series resistance.
Exploiting the illumination intensity as a bifurcation parameter,
we study the impact of the illumination intensity on the dy-
namic behaviour of n-type Si electrodes. In this way we could
eliminate the presence of a global coupling mediated through
the external control that had been present in all previously pub-
lished pattern formation experiments. At high illumination in-
tensities the system tended to form phase waves but does not
possess a true spatial bifurcation. However, the latter could be
induced when the photon flux was lowered to an intermediate
level. In contrast to previously published patterns found in the
Si electrodissolution system, the ones presented here are found
at different parameters and do not involve illumination limited
current plateaus. Yet, the electrode splits into different domains
with distinct dynamics, similarly to the patterns reported in the
literature. These patterns include states reminiscent of chimera
patterns, their mechanism of formation being one of the cru-
cial questions in nonlinear dynamics. We demonstrated that the
spatial coupling through valence band holes seems sufficient to
cause the emergence of coexistence patterns, which is a first
step towards the elucidation of the properties of the spatial cou-

pling.
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