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Abstract

Electrochemicaletching of semiconductors,apart from many
technical applications, provides an interesting experimen-
tal setup for self-organizedstructure formation capable
e.g. of regular, diameter-modulated, and branching pores.
The underlying dynamical processesgoverning current trans-
fer and structure formation are described by the Current-
Burst-Mo del: all dissolution processesare assumedto oc-
cur inhomogeneouslyin time and spaceasa Current Burst
(CB); the properties and interactions between CB's are
described by a number of material- and chemistry- de-
pendent ingredients, like passivation and aging of surfaces
in di®erent crystallographic orientations, giving a qualita-
tiv e understanding of resulting pore morphologies. These
morphologiescannot be in°uenced only by the current, by
chemical, material and other etching conditions, but also
by an open-loop control, triggering the time scale given
by the oxide dissolution time. With this method, under
conditions where only branching pores occur, the addi-
tional signal hinders side pore formation resulting in reg-
ular poreswith modulated diameter.
Silicon mono crystals are the most perfect mate-
rial mankind has ever created since they are es-
sential for high in tegrated computer circuits. Due
to this high degree of perfection, i. e. corrosion is
not defect-driv en, and \ideal corrosion" is possi-
ble: Silicon and other semiconductors can be made
porous by electro chemical etching giving an out-
standing variet y of pore sizes, from nanop ores to
macrop ores, and geometries, including disordered
nanop orous, dendritic-lik e sidebranc hing pores, and
pores with mo dulated diameter. Abstracting from
the details of the underlying electro chemical pro-
cesses, the Curren t Burst Mo del together with the
Aging Concept, and accoun ting the in teractions
between Curren t Bursts, the generation of di®er-
ent pore geometries, oscillations and synchroniza-
tion phenomena can be explained including the
percolation transition to global oscillations. Based
on the time scale deriv ed from the Aging Concept,
an open-lo op control can be applied to suppress
sidebranc hing of pores in a technologically relev ant
regime.

1 In tro duction

The solid - liquid junction of Silicon and HF - contain-
ing liquids exhibits a number of peculiar features, e.g. a
very low density of surface states, i.e. an extremely well
\passivated" interface [1]. If the junction is biased, the
IV - characteristics (Fig. 1) in diluted HF is quite compli-
cated and exhibits two current peaksand strong current-
or voltage oscillations at large current densities (for re-
views see[2, 3]). These oscillations have been decribed
quantitativ ely by the Current-Burst-Mo del [4, 5, 6, 7].

Figure 1: The IV- characteristics of the silicon-
hydro°uoric acid contact shows di®erent phenomenafrom
generation of a porous silicon layer (PSL), oxidation and
electropolishing (OX) and electrochemical oscillations at
higher anodic bias.

Perhaps the most outstanding features are the many
di®erent kinds of pores - nanopores, mesopores, macrop-
ores,and soon - that form under a wide rangeof conditions
in many HF containing electrolytes, including organicsub-
stances[8, 9]. Despiteof an intensive research triggered by
the ¯nding that nanoporousSi shows strong luminescence
[10, 11], neither the intricacies of the IV - characteristics
nor the processesresponsible for the formation of pores,
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including their rather peculiar dependenceon the crystal
orientation, are well understood.

ReplacingSi by I I I/V-comp ounds,a variety of di®erent
pore morphologiescan be etched; due to di®erent proper-
ties of the A- and B- surfacesone ¯nds e.g. tetrahedron-
shaped pores instead of octahedron-shaped pores. For an
overview over recent results see[12]. But again most of
the phenomenoncan be well understood within the frame-
work of the Current-Burst-Mo del which seemsto re°ect a
number of quite generalproperties of semiconductorelec-
tro chemistry.

2 Exp erimen tal Setup and Basic IV
Characteristics

Figure 2: The experimental set-up used for electrochemi-
cal anodization of semiconductors.

The basic setup is shown in Fig. 2. Using a four elec-
tro de arrangement a potentiostat/galv anostat is contact-
ing the sample and the electrolyte, allowing for a well
de¯nd potential resp. current for the electrochemical dis-
solution reactions. Since the potentiostat/galv anostat as
well as the temperature are PC controlled, all relevant
etching parameterscan be controlled in detail. While the
principal setup remainsthe samein all experiments, back-
sidecontact, front- and/or backside illumination and elec-
trolyte pumping can be varied as well as cell size (from
under 0.3 cm up to wafers of 6 in) and semiconductor
material (Si, InP, GaAs, GaP) including various doping
levels and crystallographic orientations. In addition, the
electrolytes (e.g. HF, HCl, H2SO4) and their concentra-
tions and temperature can be varied.

3 The Curren t-Burst Mo del

The Current Burst Model [4, 5, 6, 13] states that the dis-
solution mainly takesplaceon small spots in short events,
starting with a direct Si-dissolution, and possibly followed
by an oxidizing reaction (seeFig. 3).

Figure 3: Applying a global current density smaller than
the averagecurrent density in a current burst will either
require very long time constants to keepthe mean charge
density passedin a burst small and to cover the surface
completely with current lines (a), a statistical arrange-
ment of current lines with the optimized (smaller) time
constant of the system, leaving parts of the surfacewith-
out current and creating nanopores (b, c), or induces a
phaseseparation by rearranging the current lines in areas
corresponding to macropores(d).

After thesetwo short processes,the oxide hump under-
goesdissolution, a time-consuming processwhich ensures
at the location of the current burst a dead-time of ¯xed
length during which no new burst can start. However, im-
mediately after dissolution the Si surfacehas the highest
reactivit y, resulting in a maximal probabilit y of annother
current burst. Due to H-termination the surfacebecomes
passivated, and the probabilit y for bursts decays until it
reaches the properties of a completely passivated Si sur-
face, comparableto the situation before the nucleation of
the ¯rst Current Burst.

This approach allows to connect the average current
density j with a seriesof charge and time consumingpro-
cesses

j =
P

QiP
¿i

: (1)

For most of theseprocessesthe dependenceon the choice
of the etching conditions is known; so by \designing" the
electrochemicaletching conditions (electrolyte, current den-
sity, applied voltage, temperature, illumination,...) the
properties and interactions of the basic etching process
can be tailored to create various pore morphologies. In
addition (1) directly couplesthe local averagecurrent den-
sity j to an intrinsic time constant

P
¿i . The in°uence

of both, current density and intrinsic time constant, can
be measuredindependently in experiments. Independent
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measurements can be described with the sameset of pa-
rameters. Within the current burst model pore formation
from the nm to the ¹ m range as illustrated by Fig. 3 c+d
is very easyto describe becausethe separation of the dis-
solution processesand the surfacepassivation processesis
already an immanent property of each dissolution cycle,
i.e. current burst.

Figure 4: Schematic view of a \ionic breakthrough". Due
to the oxidizing current a roughly semi-sphericaloxide in-
clusion is growing from the tip of channel 1. This is the
situation of extremely high current (electrochemical oscil-
lations).

4 Smoothing e®ect of Oxide Lay-
ers and global curren t oscillations

Depending on the regime in the IV-curv e, Current Bursts
and their interaction play di®erent roles: For extremely
high currents, in the oscillation regime, one has a per-
manent oxide coverage,and due to the high forcing of the
systemcurrent bursts arestarted at all locationswherethe
oxide layer is su±ciently thin for a breakthrough (Fig. 4).
In this regime, a detailed Monte Carlo study [5, 6, 7]
including the lateral interaction between Current Bursts
(overlap of the oxide humpsof neighboring Current Bursts)
has shown that the Current Burst Model quantitativ ely
can explain the experimental observations of globally os-
cillating etching current. Due to a phasesynchronization
of neighboring Current Bursts oxide domains are formed.
The size of this domains increaseswith increasing oxide
generation/reduced oxide dissolution. At a percolation
point only one oxide domain exists on the samplesurface
with a synchronized cycleof oxide growth and dissolution,

resulting in a macroscopicoscillation of the external cur-
rent. The size of the domains as well as the oscillation
time can be controlled by the chemical parameters. Even
without global oscillations for all regions of the IV-curv e
where oxide is formed one ¯nds domains of synchronized
oxide growth which de¯ne the length scalefor the rough-
nessof the electrochemically polished samplesurfaceand
thus lead to a smoothing of the surface.

5 Passivation E®ects: The Aging
Concept

While at high current densitiesthe semiconductorsurface
is completely covered with oxide at low current densities,
most of the semiconductorsurfacewill be in direct contact
to the electrolyte. It is well known [1] that after chemical
dissolution the freesurfaceis passivated, i.e. the density of
surfacestatesreducesasa function of time which increases
the stabilit y of the surfaceagainst further electrochemical
attack. Schematically the perfection of the surfacepassi-
vation and the resulting reduction of the probabilit y for a
chemical attack as a function of time are plotted in Fig.
5. For the example of silicon the speed and the perfec-
tion of passivation of the (111) crystallographic surfaceis
larger than for the (100) surface. This selective aging of
surfacesleadsto a self amplifying dissolution of (100) sur-
faces(which will becomepore tips) and a preferential pas-
sivation of (111) surfaces(which will becomepore walls).
Under optimized chemical conditions with an extremely
large passivation di®erencebetween (111) and (100) sur-
facesa self organizedgrowth of octahedral cavities occurs
as is schematically drawn in Fig. 6. The octahedra con-
sists of (111) pore walls. As soon as the complete surface
of the octahedra reaches a critical value, it is easier to
start a new cavit y at a (100) tip of the old cavit y, since
the current density in the new, small cavit y is larger and
no surface passivation will occur until the surface again
becomesto large. This growing mechanism leads to an
oscillation of both the current through each pore and the
diameter of each pore as a function of time which is also
plotted in Fig. 6. As in the caseof oxide dissolution an
internal time constant is related to the pore growth.

Figure 5: Time constant and perfection of H-termination
di®er strongly for (100) and (111) Si surfaceorientation.
This leadsto an increasedprobabilit y of local current nu-
cleation on (100) surfaces.
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Figure 6: A consequenceof the crystallographic depen-
denceof the surfacepassivation in Fig. 5 is the growth of
octahedra like pores. This pore growth is associated with
an oscillation of the current through this pore, even for a
¯xed externally applied potential.

If a global current density smaller than the averagecur-
rent density in a current burst is applied, the agingconcept
becomesessential to explain the generationof macropores:
At passivated surfaces,the nucleation probabilit y of new
current bursts is lower than at sites wherea current burst
has taken place before. Therefore the situation shown in
Fig. 3(c) is much more unlikely than the situation shown
in Fig. 3(d), so that the whole surface separatesin two
phaseswith current-carrying poresand passivated surface
without contributions to the total current.

6 Consequences on Pore Geome-
tries

As described above, two synergetice®ectsoccur as a con-
sequenceof the interaction of Current Bursts:

² A surface smoothing due to the dissolution of an
isotropic oxide layer.

² A strongly anisotropic dissolution of the semicon-
ductor due to the crystallography dependent aging
of surfaceswhich is one of the most important rea-
sonsfor pore formation.

Depending on the electrochemical composition of Current
Bursts the one or the other e®ectwill dominate, and thus
may lead to completedi®erent surfacemorphologieswhen
changing the electrochemical etching conditions; e.g. in
a Si-HF-organic electrolyte system only by increasing the
HF concentration (i.e. faster oxide dissolution and thus
reduced in°uence of oxide) the electrochemical etching
changes from electropolishing (strong oxide smoothing)

over macropore formation (pores with diameters of sev-
eral ¹ m and smooth pore walls) to mesopore formation
(strongly anisotropic, narrow poreswith diameters of less
than 400nm) [14].

Silicon has one of the most stable oxides of all semi-
conductors. Sofor all other semiconductorsthe smoothing
e®ectis reduced,leading generally to rougher surfacesand
smaller pore diameters. In addition the surface aging of
I I I-V compounds is more complicated, since there exist
two di®erent (111) surfaces;e.g. in GaAs only the f 111gA
planes (Ga-rich planes) appear as stopping planes. So in
most I I I-V compoundsnot octahedra (eight (111) surfaces
asstopping planes)as in silicon are etched but tetrahedra
with only four (111)A surfacesas stopping planes, and
the f 111gB planes(As-rich) serve as preferential growing
directions like the (100) directions in Si (seeFig. 7).

Figure 7: Tetrahedron-like pores oriented along < 111 >
directions obtained in (100)-oriented n-GaAs (n = 1017

cm¡ 3) at high current density (85 mA/cm 2, galvanostatic)
in HCl (5%) electrolyte.
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7 Lateral In teraction of Pores

In the caseof stableporegrowth activecurrent bursts only
exist at each pore tip, sothere is no way that current burst
can interact directly, e.g. by overlapping. Since several
types of pores grow by forming chains of interconnected
cavities, i.e. a self induced

diameter modulation is an intrinsic feature of such
pores, they can interact indirectly via the spacecharge
region betweenpores. The serial resistanceR of each pore
can be described by

R(t) =
½(t)l (t)

A(t)
(2)

where ½(t) is the e®ective speci¯c resistanceat a pore tip,
l (t) the length of the pore and A(t) the chemically active
area at the pore tip. Due to aging ½(t) will periodically
increaseand decreasewhile the cavities are formed. The
electric circuit consisting of a parallel connection of large
numbers of individually oscillating pores is illustarted in
Fig. 8. The consequencesfor the pore morphologiesde-

Figure 8: A schematic representation of poresas oscillat-
ing resistors in an equivalent cirquit diagram.

pend strongly on the etching conditions as schematically
illustrated in Fig. 9. At constant voltage condition (po-
tentiostatic control) the current through each pore will be
modulated; since the pores grow independently of each
other there exists no phasecoupling and the overall cur-
rent is constant.

For galvanostatic control we have to distinguish be-
tweentwo cases:

² At low pore densities(low external current density)
there is no restiction for the diameter of the pores;
i.e. the area A(t) may increasefreely.

² At high pore densities (high external current den-
sity) the increaseof the diameter is resticted by the
neighboring pores; thus the area A(t) is limited.

In the ¯rst casewe will ¯nd diameter modulation (cf. Fig.
9 b)), but still no phasecoupling between pores. In the
secondcasethe area of the pores can cot increasefreely
to compensatefor the reducede®ective speci¯c resistance
½(t). Thus the external voltage must increaseto guarantee
a constant external current. The voltage increaseshould
synchronize the phasesof growth for all pores. This is ex-
actly what is found when, e.g., etching InP at very high
current densities. In Fig. 10 a) self induced voltage os-
cillations are shown which coincide with a simultaneous

diameter increaseof all pores(cf. the crosssection of the
pores in Fig. 10 b)). Obviously not all cyclesof the pore
growth havebeensynchronizedglobally allthough nearly a
closedpacked ordering of the poreswasreached (cf. plane
view of pore array in Fig. 10 c)).

Figure 9: A schematic representation of pore interaction
explaining the morphologiesobserved in Si and I I I-V com-
pounds; a) ½oscillatesand A is constant; b) ½is constant
and A oscillates;c) ½and A oscillate simultaneously. Note
that for galvanostatic conditions a constant total current
is only possiblefor the caseof random oscillator phases.
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Figure 10: Data taken from an (100) oriented n-InP sam-
ple with n1 = 1.5 £ 1016 cm¡ 3 anodized at a constant
current density j = 100 mA/cm 2. The electrolyte is again
HCl (5%). a) Voltage oscillations; b) cross-sectionalSEM
of the sample. The inset is the magni¯cation of the nodes
at the bottom of the porous layer; c) Induced by the next
neighbor interaction, pores arrange into a close packed
hexagonal2D array. Correlation length is about 7 lattice
constants.

8 Op en-Lo op-Con trol of Dynami-
cal Systems

Contrary to the methods of Ott, Grebogi and Yorke [15]
and of Pyragas [16], which allow for the stabilization of
(if uncontrolled) unstable periodic orbits by parametric
feedback, it may be possibleto achieve stabilization even
without feedback, i. e. by open-loop control. Applica-
tion of non-feedback control to dynamical systemscan be
roughly classi¯ed into at least three classes:Addition of
noise[17, 18] or of chaotic signals[19] may lead to suppres-
sion of chaos. Second,a constant (but usually large) shift
in a parameter may be utilized to shift a ¯xed point into
a parameter regime where it is stable [20]. Third, peri-
odic parametric perturbations can be used. Counterintu-
itiv ely, this is possibleeven by nonresonant perturbations
[21]. The more straightforward approach is by resonant
parametric perturbations [22, 23, 24, 25, 26, 27, 28] which
in the simplest caseis a weak sinusoidal signal, but can
be any periodic signal. Which orbits can be stabilized
by which signals in generalcan be investigated only if an
explicit model of the system is given.

9 Op en-Lo op-Con trol of Pore For-
mation

For technical applications, it would be desirableto gener-
ate pores with a diameter of less than 500nm. However,
at all etching conditions investigated up to now, in this
diameter range always side-branching pores are obtained
(cf. ¯rst row in Fig. 11).

Fortunately, the experimental setupallows for an open-
loop stabilization e.g. by modulation of the intensity of
illumination or by modulation of the etching current. If
the modulation frequency meets the intrinsic time scale
of the pore formation (0.5 min modulation in row 1), the
side pore formation is hindered by the reduction of the
etching current at the right phase. Which is the relevant
time scale (oxide dissolution time, passivation time, ...)
dependson the etching conditions and the type of pores.

Corresponding to the modulated current, the poresare
regular, but with a modulated diameter (Fig. 11). The
diameter modulation pro¯le can be in°uenced to someex-
tent by the waveform, nota benethesewaveforms are not
identical.

It should be noted, although the controlled state pos-
sibly could be consideredas an instable periodic orbit of
the whole etching setup, the described control method yet
doesnot usea feedback control schemeasthe OGY scheme
[15]. This would be a promising extension, however, it
is expected that for the caseof dendritic-lik e sidebranch-
ing, the dynamics possibly cannot be reduced to a low-
dimensional attractor.
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Figure 11: Branching of pores can be suppressedby an open-loop control method triggering to the system-inherent
time scales(here: (100)-oriented n-Si, 1-10­cm). The upper row (DMF, 4wt-% HF) corresponds to the casewith less
oxide generation. From middle row (H2O, 7wt-% HF) to lower row (H2O, 4wt-% HF), there is lessoxide dissolution. In
the ¯rst column the backside illumination current is constant; the triggering time decreasesfrom 5 min in the second
colume to 0.5 min in the last column. Here potentiostatic conditions (4V) are used; a 20% sinusoidal modulation
(with the respective period) of the current density around its averagevalue of 4 mA/cm 2 is realized by control of the
amplitude of backside illumination.
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10 Conclusions

The Current Burst model, a local stochastic and highly
nonlinear model, and the Aging concept describing the
time- and orientation-dependenceof the passivation be-
havior, provide on an intermediate level of abstraction
a general approach to explain pore geometries, oscilla-
tions and synchronization with a minimum of material-
dependent, but experimentally accessible,parameters. The
lateral interaction of Current Bursts givesrise to synchro-
nization phenomena,and a percolation transition to global
ordering. In a technologically relevant diameter range,
where one otherwise experiencesexcessive sidebranching
of poresgiving dendritic-lik e structures, an open-loop con-
trol can be successfullyapplied to suppresssidebranching
of pores. To clarify quantitativ ely the dynamical processes
in this system,and to gain detailed insight about the gen-
eral controllabilit y conditions for mesoporesand perspec-
tiv es for more sophisticated control strategies further ex-
perimental and theoretical e®ortshave to be made.

References

[1] E. Yablonovich, D.L Allara, C.C. Chang, T. Gmitter,
T.B. Bright, Phys. Rev. Lett., 57, 249 (1986)

[2] H. FÄoll, Appl. Phys. A, 53, (1991) 8

[3] R.L. Smith, S. D. Collins, J. Appl. Phys., 71, (1992)
R1

[4] Carstensen, J., Christophersen, M., FÄoll, H.: Pore
Formation Mechanisms for the Si-HF System. Mat.
Sci. Eng. B, 69-70 (2000) 23

[5] Carstensen,J., Prange, R., Popkirov, G. S., FÄoll, H.:
A model of current oscillations at the Si-HF-system
basedon a quantitativ e analysisof current transients.
Appl. Phys. A 67-4 (1998), 459{467

[6] Carstensen, J., Prange, R., FÄoll, H.: Percolation
model for the current oscillation in the Si-HF system.
Proc ECS 193rd Meeting, San Diego 1998, 98-10 ,
148{157

[7] Carstensen, J., Prange, R., FÄoll, H.: A model for
current-voltage oscillations at the Silicon electrode
and comparison with experimental results. J. Elec-
tro chem. Soc. 146(3), (1999) p.1134-1140

[8] E. K. Propst, P.A. Kohl, J. Electrochem. Soc., 141,
(1994) 1006

[9] E. A. Ponomarev, C. Levy-Clement, J. Electrochem.
Soc. Lett., 1, (1998) 1002

[10] L. T. Canham, Appl. Phys. Lett., 57, (1990) 1046

[11] V. Lehmann, U. GÄosele,Appl. Phys. Lett., 58, (1991)
856

[12] S. Langa, J. Carstensen,M. Christophersen,H. FÄoll,
I.M. Tiginyanu, The way to uniformit y in porous

I I I-V compounds via self-organization and lithogra-
phy patterning, in R. Wehrspohn (ed.), Ordered pore
structures in semiconductors,Springer Verlag, to be
published (2002)

[13] FÄoll, H., Carstensen,J., Christophersen, M., Hasse,
G.: A stochastic model for current oscillations in
spaceand time at the silicon electrode. Proceedings
of the ECS fall meeting, Arizona, 2001

[14] Christophersen, M., Carstensen, J., FÄoll, H.:
Macropore-formation on highly doped n-type silicon.
Phys. Stat. Sol. (a), 182 (1), (2000) 45

[15] E. Ott, C. Grebogi, and J. A. Yorke, Phys. Rev. Lett.
64, 1196(1990).

[16] K. Pyragas, Phys. Lett. A 170, 421-428(1992).

[17] G. Malescio, E®ects of noise on chaotic one-
dimensional maps, Phys. Lett. A 218, 25-29(1996).

[18] G. D. Lythe, Dynamics controlled by additiv e noise,
adap-org/9708005,Nouvo Cimento D 17, 855 (1995).

[19] S. Rajasekar, Phys. Rev. E 51, 775 (1995).

[20] S.Parthasarathy and S.Sinha, Phys. Rev. E. 51, 6239
(1995).

[21] Y. S. Kivshar, F. RÄodelsperger,and H. Benner, Phys.
Rev. E 49, 319 (1994).

[22] R. Lima and M. Pettini, Phys. Rev. A 41, 726(1990).

[23] G. Filatrella, G. Rotoli, and M. Salerno,Phys. Lett.
A 178, 81-84(1993).

[24] R. Mettin, A. HÄubler, A. Scheeline, and W. Lauter-
born, Phys. Rev. E 51, 4065(1995).

[25] R. Mettin, Entrainment Control of chaos near un-
stable periodic orbits, p. 231-238in: IUTAM Sym-
posium on Interactions betweenDynamics and Con-
trol in AdvancedMechanical Systems,ed. D. H. van
Campen, Solid Mechanics and its Applications Vol.
52 (Klu wer Academic Publishers, Dordrecht 1997).

[26] C. Rhodes, M. Morari, L. S. Tsimring, and N. F.
Rulkov, Data-based Control tra jectory planning for
nonlinear systems,Phys. Rev. E. 56, 2398(1997).

[27] D. W. Sukov and D. J. Gauthier, Entraining Power-
Dropout Events in an External Cavit y Semiconductor
Laser Using Weak Modulation of the Injection Cur-
rent, IEEE J. Quantum Electronics 36, 175 (2000).

[28] P. Colet and Y. Braiman, Control of Chaos in Mul-
timode Solid State Lasers by Use of Small Periodic
Perturbations, Phys. Rev. E, 53 200-206(1996).

8


