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Electrochemical etching of semiconductors, apart from many technical applications, provides an
interesting experimental setup for self-organized structure formation capable, e.g., of regular,
diameter-modulated, and branching pores. The underlying dynamical processes governing current
transfer and structure formation are described by the current burst model: all dissolution processes
are assumed to occur inhomogeneously in time and space as a currefCByyrshe properties and
interactions between CBs are described by a number of material- and chemistry-dependent
ingredients, like passivation and aging of surfaces in different crystallographic orientations, giving
a qualitative understanding of resulting pore morphologies. These morphologies cannot be
influenced 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 additional signal hinders side pore
formation resulting in regular pores with modulated diameter2@3 American Institute of
Physics. [DOI: 10.1063/1.1497835

Silicon monocrystals are the most perfect material man- at large current densitiegor reviews see Refs. 2 and.3
kind has ever created since they are essential for high These oscillations have been described quantitatively by the
integrated computer circuits. Due to this high degree of ~current—burst modé.’

perfection (i.e., corrosion is not defect-driven, and “ideal Perhaps the most outstanding features are the many dif-
corrosion” is possible), silicon and other semiconductors ~ ferent kinds of pores—nanopores, mesopores, macropores,
can be made porous by electrochemical etching giving an @nd so on, that form under a wide range of conditions in

outstanding variety of pore sizes, from nanopores to Many HFg containing electrolytes, including ~ organic
macropores, and geometries, including disordered nan- substance®? Despite an intensive research triggered by the

oporous, dendriticlike side-branching pores, and pores f|n(_j|ng that_nal_flopc_)rous Si shows strong_lqmmescé%b,
) . . ; neither the intricacies of the IV characteristics nor the pro-
with modulated diameter. Abstracting from the details of . : . . .
. . cesses responsible for the formation of pores, including their
the underlying electrochemical processes, the current

burst model together with the aging concept, and ac-

counting for interactions between current bursts, the gen-
eration of different pore geometries, oscillations, and syn- 25t
chronization phenomena can be explained including the
percolation transition to global oscillations. Based on the 207
time scale derived from the aging concept, an open-loop g 151
control can be applied to suppress side branching of :5
pores in a technologically relevant regime. g 10l
\ -
sl
I. INTRODUCTION 01l
| | |

The solid—liquid junction of silicon and HF containing 0.0 25 5.0

liquids exhibits a number of peculiar features, e.g., a very Uvs. SCE [Volt]

low density of surface states, i.e., an extremely well “passi-

vated” interfacet If the junction is biased. the IV character- FIG. 1. The IV characteristics of the silicon—hydrofluoric acid contact
’ shows different phenomena from generation of a porous silicon (@&,

istics (Fig. D in diluted HF is qUite Complicated and ex.hib?ts oxidation and electropolishingOX), and electrochemical oscillations at
two current peaks and strong current or voltage oscillationgigher anodic bias.
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! sample and the electrolyte, allowing for a well-defined po-

reference tential, respectively, current for the electrochemical dissolu-

electrode . . . .

_ tion reactions. Since the potentiostat/galvanostat as well as

% the temperature are PC controlled, all relevant etching pa-
4

lectrolyte

HF

computer

Potentiostat

reference
electrode

rameters can be controlled in detail. While the principal
setup remains the same in all experiments, backside contact,
counter front- and/or backside illumination and electrolyte pumping

ohmic electrode

contact ~~_, can be varied as well as cell siggom under 0.3 cm up to

wafers of 6 in) and semiconductor materiébi, InP, GaAs,

working eloctrode) GaP including various doping levels and crystallographic

ch orientations. In addition, the electrolytdge.g., HF, HCI,
contre H,S0O,) and their concentrations and temperature can be var-

FIG. 2. The experimental setup used for electrochemical anodization ol“ed-
semiconductors.

rather peculiar dependence on the crystal orientation, argl. THE CURRENT BURST MODEL

well understood. bF613 . .
Replacing Si by IlI/V compounds, a variety of different The current burst mo states that the dissolution

pore morphologies can be etched:; due to different propertie€inly takes place on small spots in short events, starting
of the A and B surfaces one finds, e.g., tetrahedron-shaped/ith @ direct Si dissolution, and possibly followed by an

pores instead of octahedron-shaped pores. For an overviek(idizing reaction(see Fig. 3 _
over recent results see Ref. 12. But again most of the phe- After these two short processes, the oxide hump under-

nomenon can be well understood within the framework of90€S dissolution, a time-consuming process which ensures at

the current burst model which seems to reflect a number df€ location of the current burst a dead-time of fixed length

quite general properties of semiconductor electrochemistry.during which no new burst can start. However, immediately
after dissolution the Si surface has the highest reactivity, re-

L. EXPERIMENTAL SETUP AND BASIC IV sulting in a maximal probability of another current burst.
y Due to H termination the surface becomes passivated, and
CHARACTERISTICS . o
the probability for bursts decays until it reaches the proper-
The basic setup is shown in Fig. 2. Using a four elec-ties of a completely passivated Si surface, comparable to the
trode arrangement a potentiostat/galvanostat is contacting ttstuation before the nucleation of the first current burst.
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FIG. 3. Applying a global current density smaller than
the average current density in a current burst will either
require very long time constants to keep the mean
charge density passed in a burst small and to cover the
surface completely with current lings), a statistical
arrangement of current lines with the optimized
(smalley time constant of the system, leaving parts
of the surface without current and creating nanopores
(b) and (c), or induces a phase separation by rearrang-
ing the current lines in areas corresponding to
macroporesd).
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a) 7 burst model pore formation from the nm to tpen range as

. illustrated by Figs. &) and 3d) is very easy to describe
because the separation of the dissolution processes and the
surface passivation processes is already an immanent prop-
erty of each dissolution cycle, i.e., current burst.

dissolved oxide
IV. SMOOTHING EFFECT OF OXIDE LAYERS AND

GLOBAL CURRENT OSCILLATIONS

Depending on the regime in the IV curve, current bursts
and their interaction play different roles: For extremely high
currents, in the oscillation regime, one has a permanent oxide
coverage, and due to the high forcing of the system current
bursts are started at all locations where the oxide layer is
sufficiently thin for a breakthrougfFig. 4). In this regime, a
detailed Monte Carlo study’ including the lateral interac-
tion between current bursteverlap of the oxide humps of
neighboring current bursthias shown that the current burst
model quantitatively can explain the experimental observa-
tions of globally oscillating etching current. Due to a phase
synchronization of neighboring current bursts oxide domains
are formed. The size of this domain increases with increasing
FIG. 4. Schematic view of a “ionic breakthrough.” Due to the oxidizing OXI.de generatlon/rgduced O).(Ide (.jISSOIUtlon' Ata perCOIatlon
current a roughly semi-spherical oxide inclusion is growing from the tip of POINt only one oxide domain exists on the sample surface
channel 1. This is the situation of extremely high curregiectrochemical ~ with a synchronized cycle of oxide growth and dissolution,
oscillations. resulting in a macroscopic oscillation of the external current.
The size of the domains as well as the oscillation time can be

This approach allows to connect the average current deﬁ:_ontrolled by the chemical parameters. Even without global
oscillations for all regions of the IV curve where oxide is

sity j with a series of charge and time consuming Processes -4 one finds domains of synchronized oxide growth
which define the length scale for the roughness of the elec-

— 2Q; trochemically polished sample surface and thus lead to a
= S5 @) smoothing of the surface.

For most of these processes the dependence on the choice of

the etching conditions is known; so by “designing” the elec- V. PASSIVATION EFFECTS: THE AGING CONCEPT
trochemical etching conditiong@lectrolyte, current density, While at high current densities the semiconductor sur-
applied voltage, temperature, illumination, gtthe proper-  face is completely covered with oxide at low current densi-
ties and interactions of the basic etching process can be taies, most of the semiconductor surface will be in direct con-
lored to create various pore morphologies. In additith  tact to the electrolyte. It is well knowirthat after chemical
directly couples the local average current dengityo an  dissolution the free surface is passivated, i.e., the density of
intrinsic time constan® 7;. The influence of both, current surface states reduces as a function of time which increases
density and intrinsic time constant, can be measured indahe stability of the surface against further electrochemical
pendently in experiments. Independent measurements can bhdack. Schematically the perfection of the surface passiva-
described with the same set of parameters. Within the curretiion and the resulting reduction of the probability for a

H-Termination H-Termination

{111} Surface

{100} Surface . . L
FIG. 5. Time constant and perfection of H-termination
differ strongly for (100 and (111) Si surface orienta-
tion. This leads to an increased probability of local cur-
rent nucleation or§100) surfaces.
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z Time (1113 11003 Probability per Time
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FIG. 6. A consequence of the crystallographic dependence of the surface
passivation in Fig. 5 is the growth of octahedralike pores. This pore growth

is associated with an oscillation of the current through this pore, even for a
fixed externally applied potential.

chemical attack as a .ffmCtion of time are plotted in F!g' 5'FIG. 7. Tetrahedronlike pores oriented alofbll) directions obtained
For the example of silicon the speed and the perfection ok (100-oriented n-GaAs (=10 cm3) at high current density
passivation of the(111) crystallographic surface is larger (85 mA/cnt, galvanostaticin HCI (5%) electrolyte.
than for the(100) surface. This selective aging of surfaces
leads to a self-amplifying dissolution of100 surfaces  gmgothing due to the dissolution of an isotropic oxide layer,
(which will become pore tipsand a preferential passivation anqg a strongly anisotropic dissolution of the semiconductor
of (111) surfaces(which will become pore walls Under  qye 1o the crystallography dependent aging of surfaces which
o.ptlmlzed.chemlcal conditions with an extremely large pas+g gne of the most important reasons for pore formation.
sivation difference betweefi1l) and (100 surfaces a self- Depending on the electrochemical composition of cur-
organized growth of octahedral cavities occurs as is schegnt pursts the one or the other effect will dominate, and thus
matically drawn in Fig. 6. The octahedra consists(bf) 5y jead to complete different surface morphologies when
pore walls. As soon as the complete surface of the octahedigyanging the electrochemical etching conditions; e.g., in a
reaches a critical value, it is easier to start a new cavity at &;_pHF_organic electrolyte system only by increasing the HF
(100 tip of the old cavity, since the current density in the concentrationi.e., faster oxide dissolution and thus reduced
new, small cavity is larger and no surface passivation williyqyence of oxidgthe electrochemical etching changes from
occur until the surface again becomes too large. This growg|ectropolishing(strong oxide smoothingover macropore
ing mechanism leads to an _oscnlatlon of both the currentymation (pores with diameters of severam and smooth
through each pore and the diameter of each pore as a fungy e wallg to mesopore formatiofstrongly anisotropic, nar-
tion of time which is also plotted in Fig. 6. As in the case of pores with diameters of less than 400)dfh
oxide dissolution an internal time constant is related to the  gjjicon has one of the most stable oxides of all semicon-
pore growth. _ ductors. So for all other semiconductors the smoothing effect
If a global current density smaller than the average curjs reduced, leading generally to rougher surfaces and smaller
rent density in & current burst is applied, the aging concepbore diameters. In addition the surface aging of 1ll-V com-
becomes essential to explain the generation of Macroporégoynds is more complicated, since there exist two different
At passivated surfaces, the nucleation probability of new CUNT111) surfaces; e.g., in GaAs only thé11L A planes(Ga-rich
rent bursts is lower than at sites where a current burst hﬁ?lanes appear as stopping planes. So in most Ill-V com-
Faken place befort_a. Therefore thg situ_ation show_n in.F{ig. 3 pounds that are not octahediight (111) surfaces as stop-
is much more unlikely than the situation shown in Fig)3  ping plane$ as in silicon are etched but tetrahedra with only
so that the whole surface separates in two phases wity (111)A surfaces as stopping planes, and {14 1B
current—carrying pores and passivated surface without Contrblanes(As rich) serve as preferential growing directions like
butions to the total current. the (100) directions in Si(see Fig. 7.

VI. CONSEQUENCES ON PORE GEOMETRIES VII. LATERAL INTERACTION OF PORES

As described above, two synergetic effects occur as a In the case of stable pore growth active current bursts
consequence of the interaction of current bursts: A surfacenly exist at each pore tip, so there is no way that current
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wherep(t) is the effective specific resistance at a pore tip,
I(t) the length of the pore, and(t) the chemically active
Y area at the pore tip. Due to agipdgt) will periodically in-

crease and decrease while the cavities are formed. The elec-
tric circuit consisting of a parallel connection of large num-
FIG. 8. A schematic representation of pores as oscillating resistors in atvers of individually oscillating pores is illustrated in Fig. 8.
equivalent circuit diagram. The consequences for the pore morphologies depend
strongly on the etching conditions as schematically illus-
trated in Fig. 9. At constant voltage conditigmotentiostatic
contro) the current through each pore will be modulated;
burst can interact directly, e.g., by overlapping. Since severaiince the pores grow independently of each other there exists
types of pores grow by forming chains of interconnectedno phase coupling and the overall current is constant.
cavities, i.e., a self-induced diameter modulation is an intrin-  For galvanostatic control we have to distinguish between
sic feature of such pores, they can interact indirectly via théwo cases: At low pore densiti€fow external current den-
space charge region between pores. The serial residRaote sity) there is no restriction for the diameter of the pores; i.e.,
each pore can be described by the areaA(t) may increase freely. At high pore densities

FIG. 9. A schematic representation of
pore interaction explaining the mor-
phologies observed in Si and -V
compounds;(@) p oscillates andA is
constantjb) p is constant an@ oscil-
lates; (c) p and A oscillate simulta-
neously. Note that for galvanostatic
conditions a constant total current is
only possible for the case of random
oscillator phases.
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nize the phases of growth for all pores. This is exactly what
is found when, e.g., etching InP at very high current densi-
ties. In Fig. 1@a) self-induced voltage oscillations are shown
which coincide with a simultaneous diameter increase of all
pores[cf. the cross section of the pores in Fig.(i)Q. Obvi-
ously not all cycles of the pore growth have been synchro-
nized globally although nearly a closed-packed ordering of-
the pores was reachédf. plane view of pore array in Fig.

10(c)].

gol P P8 ... P12P13 P22
] [

VIIl. OPEN-LOOP CONTROL OF DYNAMICAL
SYSTEMS

Contrary to the methods of Ott, Grebogi, and Ydrke
and of Pyragad® which allow for the stabilization ofif
uncontrolled unstable periodic orbits by parametric feed-
back, it may be possible to achieve stabilization even without
feedback, i.e., by open-loop control. Application of nonfeed-
back control to dynamical systems can be roughly classified
into at least three classes: Addition of nd#s¥ or of chaotic
signal$® may lead to suppression of chaos. Second, a con-
stant(but usually larggshift in a parameter may be utilized
to shift a fixed point into a parameter regime where it is
stable?® Third, periodic parametric perturbations can be
used. Counterintuitively, this is possible even by nonresonant
perturbation$! The more straightforward approach is by
resonant parametric perturbatiéfi€®which in the simplest
case is a weak sinusoidal signal, but can be any periodic

| 4 i signal. Which orbits can be stabilized by which signals in
’ ’ ® general can be investigated only if an explicit model of the
.

{ system is given.
f

IX. OPEN-LOOP CONTROL OF PORE FORMATION

For technical applications, it would be desirable to gen-
erate pores with a diameter of less than 500 nm. However, at
all etching conditions investigated up to now, in this diameter
range always side-branching pores are obtaicédirst row

in Fig. 11).
Spot Magn  Det WD .
35 20000« SE_ 124 Fortunately, the experimental setup allows for an open-
loop stabilization, e.g., by modulation of the intensity of il-
FIG. 10. Data taken from 4100) orientedn-InP sample withn,=1.5  lumination or by modulation of the etching current. If the
% 10' cm~2 anodized at a constant current dengity100 mA/cnf. The ~ modulation frequency meets the intrinsic time scale of the
electrolyte is again HC(5%). (a) Voltage oscillationsy(b) cross-sectional pore formation(0.5 min modulation in row ), the side pore

SEM of the sample. The inset is the magnification of the nodes at the botto . P . -
of the porous layeric) induced by the next neighbor interaction, poresrf‘ormatlon is hindered by the reduction of the etChmg current

arrange into a close-packed hexagonal 2D array. Correlation length is abo@t the right phase. Which is the relevant time soaleide
7 lattice constants. dissolution time, passivation time, etcdepends on the etch-

ing conditions and the type of pores.
Corresponding to the modulated current, the pores are

(high external current densityhe increase of the diameter is regular, but with a modulated diametgtig. 11). The diam-
resticted by the neighboring pores; thus the &€ is lim-  eter modulation profile can be influenced to some extent by
ited. the wave formNota benethe shape of the current modula-

In the first case we will find diameter modulatipaf.  tion waveform and the shape of the resulting spatial diameter
Fig. 9b)], but still no phase coupling between pores. In themodulations are not the same.
second case the area of the pores cannot increase freely to It should be noted that the controlled state possibly could
compensate for the reduced effective specific resista(ije ~ be considered as an instable periodic orbit of the whole etch-
Thus the external voltage must increase to guarantee a coimg setup, the described control method does not use a feed-
stant external current. The voltage increase should synchrdack control scheme as the OGY schefh&his would be a

#
?
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FIG. 11. Branching of pores can be suppressed by an open-loop control method triggering to the system-inherent t{inere¢al&s-orientedn-Si, 1-10

Q cm). The upper ron(DMF, 4 wt. % HB corresponds to the case with less oxide generation. From middléHe®, 7 wt. % HB to lower row (H,0, 4

wt. % HF), there is less oxide dissolution. In the first column the backside illumination current is constant; the triggering time decreases from 5 min in the
second column to 0.5 min in the last column. Here potentiostatic conditibW$ are used; a 20% sinusoidal modulatigvith the respective perigf the

current density around its average value of 4 mA/dsnrealized by control of the amplitude of backside illumination.
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