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Abstract

The emergence of oscillations during the silicon electrodissolution has often been tackled using a framework where the global
oscillatory signal is seen as the outcome of a synchronization of self-oscillatory microdomains with a certain frequency distribution.
It is the main objective of this publication to reject this widely adopted modeling framework by showing that it is incompatible with
spatially resolved experiments. Instead, we propose a fundamentally different modeling framework where the system is seen as an
oscillatory medium.
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1. Introduction

The oscillatory electrodissolution of silicon in fluoride con-
taining media has attracted a lot of interest in the decades since
its first finding by Turner in 1958 [1, 2]. Despite the intense
research efforts and the wealth of experimental findings both
under potentiostatic and galvanostatic control, a mechanism of
what causes these oscillations is still missing. Nevertheless,
there is an immense amount of speculation on the topic and
based on the numerous experimental results many promising
candidates for physical quantities participating in the oscilla-
tion mechanism such as physical stress or electrical quantities
have been put forward [3–5]. Two influential publications from
Chazalviel et al. [6, 7] 25 years ago have set a framework for
modeling efforts taken up by many groups [8–11]. These pub-
lications are concerned with oscillations of the current under
potentiostatic control with an external resistance, but the same
modeling framework has also been used to explain potential
oscillations under galvanostatic control [12]. In this frame-
work the electrode is thought to be composed of oscillatory
microdomains with some frequency distribution. These mi-
crodomains are believed to be desynchronized in general with
a steady global current as the outcome. Only when an exter-
nal coupling is present, for example imposed by an external
resistance, these microdomains oscillate with a high degree of
synchrony and thus produce a macroscopic oscillation. In the
absence of the external coupling only transient oscillation are
observed. These are thought to be brought about by a volt-
age jump from a value outside of the stable oxide region, typ-
ically < 2 V vs. SHE, to the region where oscillations occur,
typically > 3.5 V vs. SHE [2], resulting in an initially strong
degree of synchronization between the microdomains. This is
then gradually lost leading to a non-oscillatory steady state as
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the long term behavior. This means that, in this view, the lo-
cal oscillatory behavior is persisting even in the globally non-
oscillatory state of the system. Overall the local oscillator
modeling framework is strongly reminiscent of the Kuramoto
model, where the behavior of globally coupled phase oscilla-
tors is treated in a quite general manner [13, 14]. Specifically,
the Kuramoto model explains the surprising formation of oscil-
lator groups with approximately identical phases only above a
certain threshold value of the global coupling strength.
The local oscillator framework was established as a means to
explain a number of experimental findings where three findings
were especially addressed. First, stable oscillations are only
found above an electrolyte-specific threshold value of the ex-
ternal resistance and transient oscillations are found below this
value [15]. Second, impedance spectra recorded in the steady
state show resonances at the base frequency of the above-
threshold oscillation and its overtones [7]. Third, when the an-
odization voltage is switched to a value slightly above the open
circuit potential of the sample, transient anodic currents have
been found [16, 17]. The shape and total charge of these cur-
rent peaks were then found to be phase dependent in the case
of stable oscillations and an averaged value of these phase de-
pendent curves was observed in the corresponding steady state
obtained without external resistance [18].
At first glance, the view of a spatially inhomogeneous elec-
trode behavior is tempting, since electrified interfaces are rarely
inherently homogeneous due to for example qualitatively dif-
ferent reaction sites such as kink or terrace sites or different
crystal facets. However, it has to be noted that often spatially
long-range couplings equalize local differences. These global
quantities, as for example the average potential drop across the
interface, then govern the local behavior and not the other way
around [19]. This is well demonstrated for nonlinear behav-
ior at metal electrodes, and in the case of the CO oxidation on
platinum electrodes the emergence of bistability or oscillations
could be well described with mean field models [20, 21]. In
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Figure 1: Schematic of the experimental setup used for the in-situ measure-
ments of the spatio-temporal evolution of the oxide layer in silicon electrodis-
solution experiments.

these cases the interface is best described as a homogeneous
medium. We strongly favor this view also for the silicon elec-
trodissolution system.
In the following we will argue that the local oscillator frame-
work does not stand up to further experimental testing, specif-
ically to spatially resolved measurements. Instead we propose
to look at the silicon electrodissolution system as a uniform os-
cillatory medium.

2. Experimental system

Our spatially resolved measurements of the temporal devel-
opment of the oxide layer thickness ξ(~x) are obtained with an
in-situ ellipsometric imaging system as schematically shown in
Fig.(1). We use a conventional three electrode setup where
great care is taken to assure uniform experimental parameters
at the silicon interface, which has an approximately rectangular
shape and an area of around 4 × 5 mm2. Specifically, the elec-
trolyte (350 ml) is continuously stirred, unless stated otherwise,
and the counter electrode is a ring-shaped platinum wire placed
symmetrically several cm in front of the working electrode. The
reference electrode is placed relatively far away from the other
electrodes outside of the current path. The experimental setup
and sample preparation is described in detail in earlier publica-
tions [22, 23].

3. Results

We focus our attention on the measurement of a series of sta-
ble sinusoidal oscillations with an amplitude decreasing with
decreasing global coupling strength, mediated by a decreasing
value of the external resistance. In the local oscillator view
the change in amplitude corresponds to a change in the degree
of synchronization while the local oscillators are mostly unaf-
fected. Conversely, in the framework of an oscillatory medium
the same series of resistances corresponds to a gradual shift
in a parameter governing both the local oscillatory dynamics
and the coupling of the points at the surface. The change be-
tween the oscillatory and non-oscillatory state occurs here via a
Hopf bifurcation at a critical lower value of the external resis-
tance. The series of measurements presented below has been

Figure 2: Time series of ξ (solid lines left scale) and j (dashed lines right
scale) for oscillations with a constant Uel = 8 V vs. SHE in an electrolyte with
cF = 60 mM, pH = 1 for RextA = 1.57 kΩcm2, U = 8.51 V vs. SHE
(top), RextA = 0.78 kΩcm2, U = 8.23 V vs. SHE (middle) and
RextA = 0.69 kΩcm2, U = 8.20 V vs. SHE (bottom).

performed with a constant time average of the voltage drop
across the Si|SiO2|electrolyte-interface of

Uel := U − RextA j = 8 V vs. SHE, (1)

where U is the applied voltage, A the sample area and j the
time average of the current density. Three time series of cur-
rent j and oxide layer thickness ξ are shown in Fig.(2). When
the transition between oscillatory and non-oscillatory regime is
approached by gradually decreasing the external resistance, the
amplitude shrinks following the square root of the distance to
the critical resistance value, Rext,c, where the transition occurs.
This behavior is shown in a bifurcation diagram in Fig.(3). Fig-
ure (3) does not distinguish between the two modeling frame-
works, it is in fact compatible with the onset of the macroscopic
oscillations due to a Hopf bifurcation and due to a Kuramoto-
type synchronization of oscillating microdomains [13]. How-
ever, our measurements also make clear that it is untrue to

Figure 3: Squared amplitudes of the oxide layer thickness ξ (left) and
the current density j (right) normalized to the lowest measured value as a
function of the normalized distance in Rext from the bifurcation point at
Rext,cA = 0.67 kΩcm2, together with linear regressions through 4 points clos-
est to the bifurcation (cF = 60 mM, pH = 1). The applied voltage is set in a
way that the average voltage drop across the electrode during the oscillations is
identical for all measurements Uel = 8 V vs. SHE.
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Figure 4: jξ-phase space plots for the oscillatory states used for the bifurcation
diagram in Fig.(3). The applied voltage is set in a way that the average volt-
age drop across the electrode during the oscillations, Uel = 8 V vs. SHE, is
identical for all measurements (cF = 60 mM, pH = 1).

assume that the external resistance essentially only acts as a
global coupling while it does not change the local oscillatory
dynamics. This is shown in Fig.(4), where phase space por-
traits of oscillations for different values of Rext but identical Uel
are shown. Clearly, the average oxide layer thickness ξ changes
as a function of the external resistance, evidencing that the lo-
cal oscillatory dynamics is affected by the introduction of the
external resistance even when the average voltage drop across
the electrode, Uel, stays constant. This in itself is again consis-
tent with both modeling frameworks. However, since the local
dynamics changes, any model developed in the local oscillator
framework would have to account for this change as well since
it would not cancel out via partial desynchronization of the lo-
cal oscillators. The obvious question would then be whether the
addition of the degree of synchronization into the model would
still be necessary. The changes in the local dynamics are fur-
thermore dependent on the specific way the transition between
the globally oscillatory and the globally non-oscillatory state
is approached experimentally. If Uel is allowed to change and
other central parameters such as the applied voltage U or the
external resistance Rext are kept constant instead, the time aver-
age of the oxide layer thickness ξ, and thus the local dynamics,
changes as well but in a different way [5, 22]. This means that in
whichever way the transition to the oscillatory state was probed
so far, a change in the local dynamics ensued as well. An even
stronger case in point is shown in Fig.(5) where a typical os-
cillatory transient to a steady state upon a voltage jump from
open circuit potential to U = 8.65 V vs. SHE is shown. Dur-
ing the oscillatory transient the ellipsometric intensity gradually
drifts upwards while the oscillation amplitude decreases, the
latter finally vanishing above a certain threshold thickness. This
link between the upward drifting ξ and the downward trend in
the oscillation amplitude clearly shows that the local dynamics
changes along with the oscillation amplitude during the tran-
sient oscillations. In turn, this again corroborates a view where
this change in the local dynamics is responsible for the change
in the oscillation amplitude and thus part of the overall oscilla-

tion mechanism.
Our most important experimental finding in the present con-
text is that all measurements are spatially uniform on the length
scale probed, regardless of the amplitude of the stable oscilla-
tions. This is true even for the transient oscillations preceding
the non-oscillatory steady state. It has already been pointed
out in earlier publications from our group that the uniformity
of the oscillations is always given when potentiostatic oscilla-
tions at either p-doped or highly illuminated n-doped samples
are measured [5, 23]. To elucidate these finding a series of tem-
poral evolutions of 1d cuts through the recorded data of ξ(~x)
and electrode snapshots of ξ(~x) is shown in Fig.(6). The pixel
dimensions in Fig.(6) are 20 µm in the x-direction and 7 µm
in the y-direction. It is clear that no hint of any form of spa-
tial variation in the oscillation period or phase is found on the
spatial scale presented, irrespective of the oscillation amplitude.
We attribute all deviations from a perfectly uniform behavior to
noise. To justify this view, in Fig.(7) two local time series from
randomly chosen points in the 1d cut shown in Fig.(6) c) are
compared to the spatial average over the entire electrode for sin-
gle pixels and local averages, respectively. The relatively strong
noise visible in the top panel is for the most part attributable to
the fact that the CCD chip used can only record 256 gray levels,
leading to a resolution limit in ξ(~x) of ca. 0.4 % which becomes
relevant at these low oscillation amplitudes. This means that
the noise is a digitization error for the most part. Already a
relatively small local binning of time series leads to a signifi-
cant decrease of the noise as seen in the bottom panel. In both
cases the spatially averaged signal represents a smoothed ver-
sion of the curves and we are thus quite confident in declaring
the measurements proof of a uniformity of the oscillations down
to a 30 × 10 µm2 scale. Note that the measurement chosen for
Fig.(7) has a rather small amplitude and the degree of synchro-
nization would thus be correspondingly small in the local oscil-
lator framework. In addition to this, consider again the transient
oscillation shown in Fig.(6) e), here the degree of synchroniza-
tion should drop significantly below the level discussed so far

Figure 5: Oscillatory transients of current j (top) and oxide layer thick-
ness ξ (bottom) of a non-oscillatory state initiated without an oxide layer
(U = 8.65 V vs. SHE, cF = 60 mM, pH = 1, RextA = 0 kΩcm2).
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Figure 6: Plots of ξ(~x) for oscillations with a constant Uel = 8 V vs. SHE in
an electrolyte with cF = 60 mM, pH = 1. Temporal evolution of a 1d cut in
y-direction at x = 1.67 mm for a) RextA = 1.57 kΩcm2, b) RextA = 0.78 kΩcm2

and c) RextA = 0.69 kΩcm2 (two different color scales). d) Electrode snapshots
at three different oscillation phases, from left to right, t = 475 s, t = 489 s and
t = 508 s for RextA = 1.57 kΩcm2 (top) and, from left to right, t = 569 s,
t = 583 s and t = 600 s for RextA = 0.69 kΩcm2 (bottom). e) Temporal
evolution of a 1d cut in y-direction and electrode snapshots at three oscillation
maxima at t = 601 s (left), t = 1207 s (middle) and t = 2615 s (right) for the
transient preceding a stable focus with an external resistance below the critical
value (RextA = 0.59 kΩcm2).

in the course of the measurement but again no hints of spatial
inhomogeneities can be seen. The only way to introduce some

Figure 7: Local time series of ξ(~x) from the 1d cut in Fig.(6) c) at y = 2.14 mm
(dark gray) and y = 3.21 mm (light gray) compared to the spatially averaged
signal 〈ξ〉 (dots). The local time series are representing a single pixel (top) and
a nearest neighbor average, i.e. a 60 × 21 µm2 spot (bottom).

spatial disturbances into the system is by deliberately letting
the experimental parameters vary across the electrode surface.
An example of this is shown in Fig.(8), where measurements
with and without magnetic stirring are compared. In the un-
stirred, stagnant cases, fast waves in the oxide thickness can be
discerned, which are obviously caused by lateral concentration
differences in some key chemical species that develops in front
of the electrode. Yet, quite remarkably, a high degree of spatial
coherence can be found even in the presence of the waves irre-
spective of the amplitude of the oscillations. Specifically, the
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Figure 8: Comparison between 1d cuts of measurements carried out in
stirred and unstirred electrolyte (U = 8.65 V vs. SHE, cF = 50 mM,
pH = 3) at RextA = 2.7 kΩcm2 with a low oscillation amplitudes a) and at
RextA = 13.5 kΩcm2 with a high oscillation amplitudes (b). In both cases a
clear spatial wave is present for the unstirred measurements.
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frequencies of the individual points at the surface are identical
and only the phases are shifted.

4. Discussion

In light of the experimental findings discussed so far, we now
want to proceed by comparing how the two modeling frame-
works stand up to the experimental evidence.

4.1. The case for the oscillatory medium approach

Our proposed framework for the modeling is that the system
can be seen as a uniform oscillatory medium. This means that
the oscillation mechanism is inherent to a spatially uniform ox-
ide growth and thus fully compatible with the spatial uniformity
of the oscillations presented here. We will now demonstrate that
the three experimental findings from literature, which were the
original motivation for the local oscillator framework, are also
as easily explicable in this view as in the local oscillator model.
They are thus identified as being insufficient to distinguish be-
tween the two frameworks of modeling.
The role of the external resistance is twofold since it acts not
only as a global coupling between the individual points at the
surface but changes the dynamics of each point in an identical
manner as well. The latter is in our view of central importance
and should be highly relevant if some key dynamical variables
are electrical, i.e. linked to the total voltage drop across the sil-
icon electrode Uel. In fact, such a connection can be made and
the development of the shape of the oscillations with increasing
external resistance is in good agreement with the assumption
that the oscillations arise from a Hopf bifurcation [5]. In par-
ticular, for relatively low external resistances sinusoidal oscil-
lations with an amplitude increasing with the square root of the
distance in the bifurcation parameter from the bifurcation point
are expected. This is exactly the behavior found in the silicon
electrodissolution system as shown in Fig.(3) and the view of
the external resistance as a bifurcation parameter is thus fully
justified.
Moving on to the impedance spectra the observed resonances
also occur when a system is in a weakly damped state close to
a Hopf bifurcation, not only when it is oscillatory. This forced,
weakly damped state may then inherit some features from the
state at the far side of the bifurcation, a phenomenon typically
referred to as the ’ghost’ of the bifurcation. Specifically, in this
case the occurrence of 1 : n and n : 1 resonances when forcing
a stable focus would be the ghost of the Arnold tongues of the
corresponding externally forced oscillatory system at the other
side of the Hopf bifurcation. This effect should be very pro-
nounced in the silicon electrodissolution system since the focus
is only weakly attracting as evidenced by the relatively long
transients. We did simulate impedance spectra for an example
of such a stable focus in a specific system and could verify the
occurrence of resonances there [24].
Lastly, the behavior of the transient anodic current observed af-
ter a potential step to a value close to the open circuit potential
is fully explicable within an oscillatory medium approach as
long as the transient anodic current is linked to a variable of the

system. In this case this variable will vary during the oscilla-
tions but may take the time average of the oscillatory state as its
constant value in the non-oscillatory state. The same can then
be said for the transient anodic current.
In our view the oscillatory medium approach is the most
straightforward way of modeling the system. It is based on
the assumption that the oscillations are indeed spatially uni-
form and do not only appear so due to an insufficient spatial
resolution. The focus of the modeling attempt then lies on the
identification of the basic instabilities that lead to the identi-
fied bifurcation points [5]. It is very important to note that this
approach is also fully consistent with the occurrence of spatial
inhomogeneities on the micro scale which was often reported in
literature [12, 25]. A mechanism that relies on local effects, as
for example pore formation, is also permissible in this frame-
work as long as a meaningful coarse grained, average oxide
layer property can be constructed. The main difference to a lo-
cal oscillator model is that the dynamics, i.e. the behavior of
the system as a whole, govern the exact behavior on the mi-
croscopic level and not the other way around. For example,
if pore formation played a role, the average porosity on the
coarse-grained level would be given by the momentary phase
and not vice versa. Finally, a very strong case in point for the
oscillatory medium approach is, surprisingly, the occurrence of
spatial pattern formation in the oxide layer. We have observed
these patterns in many experiments for moderately illuminated
n-doped samples [23, 26]. These patterns can be well under-
stood as dynamical phenomena in an oscillatory medium un-
der nonlinear global coupling [27]. They are spontaneous sym-
metry breakings which can be well understood with a generic
theoretical ansatz once the system is treated as an oscillatory
medium sufficiently close to a Hopf bifurcation [28].

4.2. The case against the local oscillator framework
Apart from neglecting changes in the local dynamics intro-

duced by the external resistance as discussed in Figs.(4) and (5),
the main problem with the local oscillator framework is that it
has severe difficulties accounting for the spatial uniformity of
spatially resolved potentiostatic measurements with p-doped or
highly illuminated n-doped silicon as shown in Fig.(6) and in
earlier publications from our group [5, 23]. In the local oscil-
lator framework, the characteristic length scale of the alleged
microdomains has been estimated to be of the order of ca. 100
nm [7, 29]. Is this compatible with the measured homogeneity
of the oscillations down to 10 × 30 µm2 irrespectively of the
degree of synchronization? The answer strongly relies on the
type and strength of any local coupling present in the system as
the presence of these types of coupling would lead to the forma-
tion of local aggregates of synchronized oscillators. Such local
couplings are introduced by gradients in physical or chemical
quantities that are linked to either the local current or the lo-
cal properties of the oxide layer. This includes concentration
gradients of chemical species, such as protons, parallel to the
interface, electrical fields induced by variations in the local po-
tential drop across the interface or variations in the mechanical
stress in the oxide layer. Any of these gradients leads to a flow
of the underlying quantity across the microdomain boundaries
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leading to a synchronization of these domains. Indeed, there is
experimental proof for the presence of at least some local cou-
pling mechanism mediated by the electrolyte in our spatially
resolved measurements as shown by the comparison of stirred
and unstirred electrolytes in Fig.(8). The occurrence of spa-
tial waves is clearly visible in the unstirred cases, which means
that the local composition of the electrolyte changes across the
electrode surface. These waves clearly evidence the presence of
diffusional coupling in the system. Since the frequency of the
oscillations sensitively depends on the pH value and fluoride
concentration, in the absence of a diffusional coupling of suffi-
cient strength, it should vary in the unstirred case. However, in
the experiments only the phases of the oscillations change with
position, and this in a very coherent wave-like manner, their
frequencies being identical everywhere. Thus, obviously the
diffusional coupling is strong enough to equalize the frequen-
cies on the entire electrode.
To estimate the effect of this diffusional coupling on the spa-
tial distribution of the synchronized oscillators in a partially
synchronized state predicted by the local oscillator framework,
we make a lower estimation of how far the synchronization of
neighboring domains would spread. The effective range L of
this coupling then only depends on the diffusion coefficient D
and the timescale τ of the phenomenon in question via

L =
√

D · τ. (2)

We assume that within about a third of this range the local cou-
pling is felt equally by all the surrounding oscillators and thus
adds to the global coupling in the system. This additional term
would then lead to a higher degree of synchronization in aggre-
gates with a characteristic length scale given by the coupling
range. The relevant timescale of the silicon electrodissolution
system is the oscillation period of τ ≥ 10 s. For a diffusion co-
efficient of D ≈ 10−5 cm2/s typical for small chemical species
in an aqueous electrolyte even this generous estimation would
lead to L/3 ≥ 30 µm, a size well visible in our experiments.
In any partially synchronized state aggregates with sizes in the
order of several 10 µm would then be expected in the experi-
ments. In addition to this, in any electrochemical system where
the voltage drop across the interface plays a role for the oscilla-
tory mechanism, a long range coupling is introduced by the lat-
eral potential gradient in the electrode [30]. However, a change
in the potential drop across the interface is probably a part of the
oscillation mechanism in the silicon electrodissolution system
as the occurrence of the oscillations is strongly potential depen-
dent [5, 17]. This effect should then induce even larger aggre-
gates. In our view the spatially resolved experimental findings
presented in Figs.(6) and (8) where no aggregates in the 10 µm
region or larger were found irrespective of the oscillation am-
plitude, i.e. the assumed degree of synchronization, thus refute
the local oscillator framework.

5. Conclusion

The aim of this article was not to present a concise model of
how the oscillations in the silicon electrodissolution come about

but rather to clarify which type of modeling framework is sen-
sible for the system. As shown, the often used local oscillator
framework does not stand up to experimental testing. Our pro-
posed alternative to see the system as an oscillatory medium
is by no means new, quite the contrary, it is already widely
used for surface reactions and electrochemical oscillations on
metal electrodes [19, 31, 32]. A good example elucidating its
potential and descriptive power can be found in the descrip-
tion of ensembles of certain yeast cells that are all individually
switched at an identical bifurcation point from a non-oscillatory
to an oscillatory state in a so-called ’quorum sensing’ transition
[33, 34]. The overall averaged behavior is quite similar to the
one of the silicon electrodissolution system but even though this
system is indeed built from distinct units (yeast cells), which
could all potentially oscillate individually, it still acts as an os-
cillatory medium where the dynamics of the entire system gov-
erns the behavior of its parts and not the other way around. Fur-
ther examples of drastically different systems showing similar
behavior (BZ-reaction in beads) have been published in the lit-
erature [35]. The insights obtained from the cited systems from
completely different fields demonstrate how inspiring concepts
of nonlinear dynamics might be for an understanding of a given
system. Specifically, many examples of electrochemical sys-
tems where nonlinear dynamics has proven to be crucial for the
understanding have been reported in the past [36, 37]. Employ-
ing a dynamical viewpoint leads to an exchange of cause and
effect in the explanation of the behavior of many nonlinear sys-
tems leading to a different kind of understanding of the system
in question. It then becomes an example where a certain type
of dynamics is present which can then in turn be compared to
general, theoretical concepts in the field of nonlinear dynamics.
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