
Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2006, Article ID 91635, Pages 1–10
DOI 10.1155/JNM/2006/91635

Porous and Nanoporous Semiconductors and
Emerging Applications
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Pores in single-crystalline semiconductors can be produced in a wide range of geometries and morphologies, including the
“nanometer” regime. Porous semiconductors may have properties completely different from the bulk, and metamaterials with,
for example, optical properties not encountered in natural materials are emerging. Possible applications of porous semiconductors
include various novel sensors, but also more “exotic” uses as, for example, high explosives or electrodes for micro-fuel cells. The
paper briefly reviews pore formation (including more applied aspects of large area etching), properties of porous semiconductors,
and emerging applications.
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1. INTRODUCTION

The dominant role of silicon in microelectronics along with
the discovery of light-emitting nanoporous Si [1, 2] has fo-
cused electrochemical investigations on this semiconductor
even before 1991, and a large range of possible applications
has emerged (for a recent review see [3]). While porous sili-
con was already discovered in 1957 by Uhlir [4] (but not rec-
ognized for what it was), it took until 2000 to find conditions
for pore production in Ge [5–7]. Investigations of porous
III–V semiconductors (mainly GaP, GaAs, InP) were also
done more recently; see [8]. Pores in GaN [9], SiC [10, 11],
and ZnSe [12] have also been reported in the meantime, and
the exploration of the available parameter space is an ongo-
ing activity in many laboratories (cf. [13]).

2. POROSIFICATION OF SEMICONDUCTORS

It is helpful to first define a few terms to classify the tremen-
dous variety of pores (cf. Figure 1). Pore geometry refers to
(average) diameters of pores and distances between pores,
that is, to the pore dimensions, while pore morphology ad-
dresses the pore shape (e.g., cylindrical, branched, facetted,
fractal, . . . ).

According to IUPAC standards, micro-, meso-, or macro-
pores refer to pores with typical dimensions of < 2 nm,
2 nm–50 nm, or> 50 nm, respectively. The term “nanopores”
thus is open to interpretation; here we use it somewhat
loosely for pore dimensions well below 1 µm.

Generally, porosification can be obtained by anodiz-
ing the semiconductor in a suitable electrolyte, under suit-
able conditions. The necessary chemical reaction at the
semiconductor-electrolyte interface is generally a mixture of
direct dissolution, oxide formation, and oxide dissolution,
with details sensitive to many parameters, for example, elec-
trolyte chemistry, applied potential or current density, tem-
perature, flow conditions of the electrolyte, doping type and
level of the semiconductor, illumination state of the semicon-
ductor (front or backside), and surface conditions (polished,
rough, masked). The overall reaction may occur uniformly
as electropolishing (often observed at high current densities)
nonuniformly but everywhere on the surface, or highly local-
ized including some self-organization—this is then the pore-
producing mode.

While many details of the pore formation mechanism are
still unclear, a few general statements can be made here. Dur-
ing pore formation, direct dissolution of the semiconduc-
tor almost always competes with oxidation plus subsequent
dissolution of the oxide. The electrolyte therefore has to be
able to dissolve the oxide. In the case of silicon, fluoride-
containing electrolytes are thus mandatory, while for other
semiconductors the choice is more relaxed (GeO2, e.g., even
dissolves in water). A second prerequisite for the dissolu-
tion reaction and thereby pore formation in a semiconduc-
tor is electronic holes. In general, at least one hole is needed
to initiate the reaction chain at the interface that ultimately
leads to the “loss” of one atom (or molecule in the case of
compound semiconductors). One of the major “tricks” for
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Figure 1: Variety of pores in semiconductors: (a) mesopores in Si, (b) macropores in Si with lithographic prestructuring, (c) “Curro”-“Crys-
to” transition in InP.

successful porosification experiments is to supply holes only
locally. This trick obviously works only in n-doped mate-
rial, where holes are the minority carriers. Holes then may
be supplied by illumination [14], or via electrical tunnel-
ing or avalanche breakdown of the material due to high field
strengths, as it is the case for the pores in III–V compounds
[8]. However, while so far no pores could be obtained in most
p-doped semiconductors, Si, SiC [15], and very recently Ge
[7, 16] provide the exceptions.

In the case of p-type materials it is necessary to drive the
system in a state where holes can only be consumed at certain
places. Generally, one operates in a regime with insufficient
oxidation, either by a low current density (p-type macro-
pores in aqueous electrolytes [17]) or by using electrolytes
that inherently produce worse and less oxide [3]. Alterna-
tively, the use of a highly doped semiconductor, where most
of the voltage is dropped on the electrolyte side of the junc-
tion, leads to a “fast” chemistry favoring direct dissolution in
comparison to anodic oxidation (p-type mesopores), again
enhancing passivation relative to oxidation aspects during
dissolution. Micropores in p-type Si are yet a different case;
at least parts of their formation are due to quantum wire ef-
fects [2]. However, while a “quantum-wire model” can ac-
count for micropores in Si, it is not specific to Si and thus
fails to account for the absence of micropores in most other
semiconductors up to now.

Pore formation in semiconductors is a highly interdisci-
plinary enterprise. There are even reasons to believe that the
dissolution of the semiconductor electrode and all aspects of
pore formation can only be sufficiently described by invok-
ing in addition to all that was mentioned before, a stochastic
component including self-organization in time and space, as
championed in the “current burst” model [18].

3. ETCHING AND ETCHING EQUIPMENT

In order to obtain reproducible results, it is almost in-
evitable to use a potentiostat or a galvanostat with one or
two reference electrodes instead of a simple power supply.
While early experiments with illumination employed halo-
gen lamps (with cold filters), high-intensity IR-LED arrays
offer more flexibility and higher intensity for this kind of

Figure 2: First electrochemically etched 200 mm p-type wafers (in-
set: macropores in organic electrolyte; the most demanding etching
process).

experiments (for detailed information on all used hardware,
see [19]). All chemical processes are strongly influenced
by temperature, making it unavoidable to use computer-
controlled cooling/heating systems with temperature stabil-
ity in the 0.1ÆC region. To ensure constant electrolyte con-
ditions at the interface, a rapid movement of the electrolyte
is also unavoidable. Simple magneto-stirrers (or no stirring
at all) will quickly lead to an insufficient uniformity in space
and time. Considering that many electrolytes are highly dan-
gerous and/or corrosive, these are demanding conditions
even for small samples with areas in the 1 cm2 region, while
the uniform etching of whole wafers becomes rather complex
from a technical point of view.

To produce homogeneous porous layers over whole
wafers a few setups have been proposed [3, 20], which, how-
ever, address only parts of the parameter space. Our group
has developed and commercialized [19] a large-area etcher
meeting all requirements (including safety issues). The wafer
is put on a vacuum chuck and hung head-over into the
electrolyte. The electrolyte convection is ensured via a rock-
ing table, on which the whole setup is mounted. Because
the wafer and etching cell form an almost seamless surface,
the rocking motion is enough to ensure sufficient and—on
time average—a uniform electrolyte flow. This avoids po-
tentially dangerous pumping equipment and allows an all-
Teflon design, which can accommodate even ultra-aggressive
electrolytes, for example, HF/organic solvent mixtures which
dissolve practically everything except Teflon. Wafers up to
200 mm diameter have been processed with superb unifor-
mity (cf. Figure 2), and a scale-up to 300 mm is possible.
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Figure 3: Fast pore etching in Si. (a) Plain view of pores on a (111) surface with hexagonal self-ordering. (b) On (100), a geometrically
frustrated ordering of pores is evident. (c) Cross-section ((111) sample). (d) Homogeneous pore distribution of 100 nm pores in the cross-
section of (111)-Si. (e) “Pulsed” fast macropore growth to a depth of 100 µm.

4. MACRO-, MESO-, AND MICROPORES IN SILICON

Macropores in Si were first discovered in 1990 [14], they are
slowly growing (ca. 1 µm/min) cylindrical pores with diame-
ters between 350 nm and 10 µm which are normally proceed-
ing in �100� and �113� directions [3]. It is nearly impossible
with other techniques to obtain such extreme aspect ratios.
An inherent disadvantage of the standard macropore process
(n-Si under intense backside illumination) is the slow growth
rate coupled to the necessarily low HF concentrations in this
mode, which is a severe problem for any mass-production.
However, our group has made some recent progress to boost
the etching speed exploring two routes:

(i) coupling high HF-concentrations with a pulsed etch-
ing voltage while still employing backside illumina-
tion;

(ii) employing a less oxidizing organic electrolyte at high
HF concentrations run in the breakdown mode with-
out illumination [21].

In the first case the standard backside illumination setup
is used, where a HF concentration higher than 6 wt.% nor-
mally would lead to unacceptable bad pore morphologies
(heavy branching, rough walls, etc.). This effect can be sup-
pressed if the etching bias is periodically pulsed. While the
pore diameter responds somewhat to the pulsing, the genera-
tion of side pores is largely suppressed with a drastic increase
of etching speed (up to 4 µm/min, cf. Figure 3(e)).

In the second case it was attempted to mimic pore growth
conditions as encountered in InP, where it is possible to gen-
erate beautiful pore arrays [22] with high etching rates. The
hole generation in this case is confined to electrical break-
down, in contrast to standard macropore etching configura-
tion, where breakdown is avoided because it generates small
side pores which can perforate the whole pore walls (cf. .Fig-
ures 3, 5, and 6). The second ingredient predicted from an
analysis of the InP pores was the suppression of oxide for-
mation by using an organic solvent (acetonitrile (MeCN) or
dimethylformamide (DMF)) instead of water, supplemented
by suitable salts because of the low conductivity of organic
solvents. The growth speed in this case is then directly cou-
pled to the oxide dissolution rate, as this process is by far
the slowest process [18]. Therefore the HF concentration
was pushed to 15–20 wt%, under conditions which normal
macropore growth does not proceed properly anymore.

First results were encouraging. Figure 3 shows some ex-
amples. As in InP, some self-organization was observed: on a
(111) surface, where close packing induced ordering of pores
and the natural threefold crystallographic symmetry harmo-
nize, a high degree of hexagonal self-ordering was found, al-
beit not as pronounced as in the InP case. While on (100)
InP, pores are still forming hexagonal arrays [22]; on (100)
Si a completely new self-organization feature was found: the
formation of a so-called “frustrated crystal.” Since the four-
fold symmetry of the crystal is competing with the hexag-
onal symmetry of close-packing, a geometrically frustrated
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Figure 4: (a) Diameter and (b) depth of mesopores on n-Si (100, ρ = 5–20Ωcm), j = 30 mA/cm2, tetch = 100 seconds. The “optical
thickness” (ellipsometer) differs form the geometric thickness, because the pore density decreases, while the refractive index increases with
increasing HF concentration.

distribution of pores results, with no angular correlation
of nearest neighbor positions, but a strong correlation for
second-nearest neighbors. This is a very appealing configura-
tion for fundamental optic and magnetic investigations since
it has a well-defined structure but without translational sym-
metry, which could, for example, cause unwanted Moirée
patterns. It has to be stressed that these “macro” pores are
not subject to the standard restrictions for macropores (i.e.,
growth speed 1 µm/min, and diameter > 200 nm) as can be
seen from Figure 3, where several examples are shown with
100 nm pores; hence the regime of mesopores (following the
strict IUPAC convention) is within reach.

Standard mesopores in Si are always grown on heav-
ily doped samples and at relatively high HF concentrations,
which necessitates only a few volts to drive large etching cur-
rents. The growth rates can reach several 10 µm/min, which
indicates that direct dissolution of silicon is the major pro-
cess. The resulting morphology is a network of needle-like
and heavily branched pores (cf. Figure 1(a)). Figure 4 shows
the dependence of pore diameter and pore depth on fluoride
concentration for n-type Si (cf. also [23] for a detailed anal-
ysis of parameters and resulting morphology).

To reach a narrow distribution of pore sizes, it is neces-
sary to induce uniform nucleation and to suppress branch-
ing. This either necessitates prepatterning by < 100 nm
lithography, “luck,” or some degree of self-organization as
shown for the (macro)pores in Figure 3.

This brings us to the smallest pores, the micropores (fol-
lowing IUPAC). Generally, micropores grow on low-doped
p-type material with ca. 1 µm/min; crack-free growth be-
yond a thickness of some µm may pose a serious problem.
The resulting morphology is a chaotic network of nm sized
Si—branches with porosities up to 80 % (meaning that al-
most any atom left is a surface atom), but we skip further
details of this by far most investigated pore type and refer to
two recent books [24, 25].

While microporous Si triggered the immense research
dedicated to light-emitting Si, real devices will most likely
be based on quantum structures realized with different tech-
nologies. Nevertheless, microporous layers still provide am-
ple ground for research and may be seen as test vehicles for
structures produced with more advanced technologies which
are unaffordable in most laboratories. As a somewhat unwel-
come feature it must be added that so far attempts to pro-
duce micropores in semiconductors other then Si by anodic
etching were not successful, with the exception of 6H�SiC
[11]. This is not only frustrating, but also surprising, because
the generally accepted formation mechanism for micropores
(resting heavily on quantum wire effects) is not Si specific
but should occur in any semiconductor.

5. PORES IN OTHER SEMICONDUCTORS

The variety of pores in III–V compounds (and to a smaller
extend in SiC [10]) has been discussed elsewhere [8], here
only some results from InP will be highlighted. InP most
prominently features two different types of pores: crystal-
lographically oriented (“crysto”) and current-line-oriented
(“curro”) pores; which by now also have been found in GaP
and Si. The former are growing at low current densities
along that set of crystallographically defined �111� directions
where one “looks” from the group V to the group III atom
(the so-called �111� B direction) and usually has a triangular
cross section. High current densities applied to a fresh sur-
face also first yield crysto pores, which then heavily branch
(including upwards) during their growth into depth. As soon
as the pore density becomes so large that further branching
is impeded, the pore morphology switches synchronized into
the curro mode, that is, pores are now growing along the cur-
rent path (same as along electrical field lines). These pores are
round and try to self-organize in a hexagonal close-packing.
Several self-organizational features are encountered, most
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Figure 5: Pores in Ge. (a) Good sub-µm macropores, (b) mix of several pore types, (c) macropores in p-type Ge, (d) Ge membrane, and (e)
overlap part of membrane.
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Figure 6: (a) Meso-macro membrane; for example, for fuel cells applications, (b) flow rate through a porous Ge membrane as a function of
applied potential.

prominent the formation of hexagonal single pore crystal on
(111) and—amazingly—(100) substrates (cf. [22]). Induced
switching between crysto and curro pores may have novel
uses, as will be pointed out below.

Investigations of porous Ge began more recently [7].
While first it appeared that it was difficult to obtain pores
at all [5], however by now a bewildering variety of pores has
been found and some results will be reported here for the
first time. Figure 5 gives a flavor of what is possible. A list of
“firsts” in Ge includes (i) only other material besides Si where
backside illumination can be used, however with new effects;
(ii) only semiconductor besides Si where “good” pores can
be produced in p-type material; (iii) first example for pore
growth in �111� direction for nonpolar cubic semiconductor;
(iv) the only material so far with {110} “stopping” planes.
While there are many more unusual features which move Ge
in the focus of efforts to arrive at a better understanding of
pore formation mechanisms in general. There is one feature

of porous Ge that is of considerable interest for potential
uses: Ge exhibits the effect electrocapillarity or electrowet-
ting, that is, its surface can be switched from hydrophobic to
hydrophilic by just changing the applied potential; a feature
that has been demonstrated in [7] and illustrated for our Ge
membranes in Figure 6(b).

6. MEMBRANE FABRICATION

For many applications (especially chemical, but also opti-
cal), a porous membrane would be preferable to a layer,
or is even necessary. Membrane fabrication, however, is not
trivial after the electrochemical porosification step has been
done. Grinding off the solid backside would be the first ap-
proach, but this process only works for rather thick and stable
pore walls, that is, “big” pores. For small pores the grinding
process tends to destroy the porous layer and to clog the
pores with debris.
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A better method uses a wet etch-back procedure from the
backside. The pore surface in this case must first be protected
by an oxide and/or a nitride coating, after that the backside
is exposed to a chemical etching solution (in the case of Si:
KOH or HF/HNO3 mixtures). Without any protection, the
pore walls would be quickly destroyed as soon as the etch-
ing front reaches them. Especially the coating with nitride,
which is for reliable protection almost unavoidable, makes
this process expensive, in particular when pores with a very
large aspect ratio call for very low pressure CVD.

Alternatively, a membrane can be “blasted off” the sub-
strate by simply employing a current pulse, driving the sys-
tem into the electropolishing, regime after the electrochemi-
cal pore etching is concluded. Especially for mesopore mem-
branes, this process works pretty well and has been demon-
strated for 100 µm thick layers on whole 100 mm wafers for
an industrial application.

Another possibility is a changing in the electrolyte af-
ter the pore etching to a nonfluoride containing electrolyte
that only anodically oxidizes the pore tips. Under favorable
circumstances the anodic oxide grows laterally until the ox-
ide layer around pore tips connects. Afterwards the wafer is
placed in a HF solution, which dissolves the oxide and dis-
attaches the porous region. Unlike the lift-off process, this
can be done outside the electrochemical cell in an optimized
process to ensure that the fragile membrane remains un-
damaged. Both processes mentioned produce a free-standing
membrane without a solid rim which is only desirable in
some cases. A certain advantage is that the wafer can be
reused for further membrane production.

The growth of pores from both sides of the wafer can
also be used to produce membranes. Most pores do not eas-
ily intersect (i.e., Si macro + macro, micro in any combina-
tion), because they have a carrier depleted space charge re-
gion around themselves, but mesopores in Si and macrop-
ores in Ge, for example, can overcome this obstacle (cf. Fig-
ures 5(d) and 6(a)). First a deep macroporous layer is grown.
Afterwards the wafer is turned around and with a second
porous layer, for example, mesopores are driven in from the
backside.

Depending on the planned application, the mesoporous
layer can then be chemically etched-off, as mesopores are
much more prone to chemical etches than macropores, or—
alternatively—a dual pore size membrane results. In the lat-
ter case, the mesoporous layer defines the critical dimensions
for filtering applications, while the macropores help to stabi-
lize the membrane and to controllably support the filter with
the to-be-filtered solution.

7. SOME PROPERTIES AND APPLICATIONS
OF POROUS SEMICONDUCTORS

Properties

The properties of porous semiconductor can be radically
different from those of the bulk material, in particular
if nanoporous materials are considered. Not only prime
semiconductor parameters like conductivity, band gap, and

absorption/emission of light might be quite different, but
also internal symmetries/anisotropies, high-order effects and
even basic chemistry. Of course, the large surface to volume
ratio also plays a major role. A few examples of new proper-
ties form a long (and not yet fully established) list.

(a) More than 100-fold increase of second harmonic gen-
eration in porous GaP, if the pore cross-section is tri-
angular [26].

(b) Strongly increased or decreased cathodoluminescence
in porous GaP or InP, respectively [27].

(c) Optical anisotropy (e.g., birefringence) [28] and new
types of anisotropy not encountered in natural mate-
rials, if two or more sets of pores are present simulta-
neously [29].

(d) Novel absorption characteristic (e.g., transparent for
UV while blocking larger wavelength [25, 30]).

(e) Fast chemical reactions practically not observed with
bulk materials; including violent explosions due to
large surface to volume ratio and optimal diffusion
conditions [31].

(f) Strongly decreased thermal conductivity (and con-
comitantly changed phonon spectra) [32].

(g) Strongly changed modes of plasmon, exciton, polari-
ton, and so forth [25].

(h) Extreme aspect ratios (up to 10 000 for InP [8]).
(i) Strongly changed conductivity, sensitive to the pres-

ence of gases or humidity [33].

Applications

The spectrum of possible applications, which exploit the spe-
cial properties given above, is large; it will be grouped into
several subgroups here. From each topic, one or two exam-
ples indicated in bold letters are discussed more extensively.

Optics

(i) Novel optical elements with already demonstrated ca-
pabilities are photonic crystals [34], optical short-pass
filters [25, 30], as well as Bragg and Rugate mirrors ob-
tained by modulating porosity with depth [35].

(ii) Emerging applications only partially demonstrated in-
clude nonlinear elements (e.g., strong frequency dou-
bling in porous GaP [26] and Si [36]) including
phase matching, integrated waveguides [37], and novel
anisotropic (e.g., birefringent) materials [29].

Structures with the potential of being used as integrated
waveguides in InP rely on the possibility to abruptly switch
from crysto to curro pores; Figure 7 shows an example. The
easily induced porosity changes are coupled to a change in
the refractive index suitable for waveguiding. These struc-
tures are easy to make (in contrast to conventional tech-
niques), if all their properties (including, e.g., damping) are
suitable for optoelectronic devices remains to be seen, but
their usefulness for optical gas sensing is obvious. Optical gas
and fluid sensing rely on sending light through a space filled
with the gas or fluid and detecting changes of the spectrum at
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the end. One major problem is to confine the light on small
cross section so that small quantities of substances can be an-
alyzed. Also the signal-to-noise rises if the light is focused.
Normal light waveguides are solid, that is, the analyzed sub-
stance cannot enter. A porous waveguide circumvents this
problem without abandoning the waveguide properties.

A cubic crystal full of pores extending in several equiva-
lent crystallographic directions no longer has a cubic symme-
try from the viewpoint of light with a wavelength larger than
the pore geometry. Indeed, (110)-oriented Si, with two sets
of mesopores extending along the �100� directions, shows
a pronounced birefringence [28] that can be much stronger
than in natural crystals. Recently, this effect has been recalcu-
lated with considerable accuracy; in addition the theory has
been extended to cover other pore geometries. Completely
new anisotropic behavior was predicted for certain pore ge-
ometries that might be producible in GaAs or InP [29] (cf.
Figure 8). Filling of the pores with a metal exhibiting strong
plasmonic resonances (e.g., for Ag) is expected to further en-
hance these optical anisotropies [38].

Mechanics

(i) Porous layers are generally useful for MEMS appli-
cations, most simply as sacrificial layers, but also as
a kind of dielectric layer or as thermal insulation. A
large-scale effort intends to use macroporous Si elec-
trodes as well as microporous Si electrodes for micro-
fuel cells [39–41].

(ii) The extremely low thermal conductivity has been em-
ployed for ultrasonic generation [42].

(iii) In one of the so far very few large-scale applica-
tion, canon uses porous layers as a kind of “zipper”
during the fabrication of silicon on insulator (SOI)
wafers [43].

(iv) Porous layers are as buffer layers for demanding epi-
taxial processes, for example, GaN on SiC [44].

(v) Porous layers serve as templates for nanorods or nan-
otubes of many different kinds [45].

(vi) Microporous Si is a key ingredient for a high-power
explosive [31].

If the pores of microporous Si are filled with an oxidizer,
owing to the huge surface area, an amazingly potent explo-
sive results. Research is under way to explore this (acciden-
tally discovered) property for applications like an airbag fir-
ing device. Exotic as it appears, this application might be
closer to a product than many sensor developments.

Chemical sensing

Generally, several basic effects can be used for chemical sens-
ing (i) functionalized pore surfaces are sensitive to certain
substances only, binding the analyte changes directly measur-
able properties like photo luminescence, (spectral) reflectiv-
ity, or conductivity/impedance. (ii) Special optical elements
made from porous materials, most notably Bragg reflectors
and resonators, change their key property (e.g., the wave-
length of reflections/diffraction under a certain angle) in eas-
ily measurable ways. (iii) Specific properties of a photonic
crystal made from porous materials can be used, for example,
a very small effective light propagation speed which allows to
miniaturize conventional optical gas spectrometers [46].

Smart dust from the Sailor group in San Diego [47] car-
ries the Bragg reflector principle to the extreme. Several sets
of mesoporous silicon rugate filters are functionalized for dif-
ferent protein groups (i.e., one mirror color equals one spe-
cific protein) and then ground to dust which can be blown
into the atmosphere or buildings. The dust particles, if ex-
posed to the test substance or gas, will bind the protein to be
detected and then change their reflective behavior to some-
thing that can be remotely detected with a LASER.

Biotech uses

(i) Filters for proteins and other particles. Due to the low
dispersion in pore size, electrochemically etched meso-
and macropores represent optimal candidates for fil-
tering application with a high-size selectivity, for ex-
ample, filtering of protein mixtures. As discussed in
the “Membrane fabrication” section of this article, a
combination of large macropores and smaller meso-
pores (cf. Figure 6(a)) offers a unique combination of
mechanical stability, production ease, and filtering ca-
pabilities.

(ii) Very regular arrays of macropores in Si are already
used for biochip applications (DNA); and the technol-
ogy is easily scaled to much smaller sizes if needed [25].

(iii) Bio MEMS applications are emerging, for example,
utilizing porous structures as templates for living cells
on porous substrates [48].

(iv) Microrefinery and reactors. While some work has been
done along this direction [49], this is still more a vision
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Figure 9: Sequential combination of different pore directions and densities. (a) Si pores switching between �111� directions and �113�
directions. (b) Combination of meso- and macropores.

than a fact. With certain techniques it is possible to in-
terconnect straight pores, while still exercising some
control over the pore geometry; Figure 9 shows ex-
amples. In Figure 9(a) the pores grow along �111�,
but change to �113� (with three equivalent directions)
and back if the voltages are cycled in a suitable way.
The “fast etching” modes for Si (cf. Figure 3) and also
for InP (cf. Figure 1(c)) offer similar morphologies
superimposing crysto and curro pores. Figure 9(b)
shows macropores interconnected by mesopores (usu-
ally considered a nuisance). All these structures resem-
ble biological tissue optimized for processing of com-
plex liquids, and it is tempting to speculate about ap-
plications as indicated above.
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and H. Föll, “Self-organized growth of single crystals of
nanopores,” Applied Physics Letters, vol. 82, no. 2, pp. 278–280,
2003.

[23] V. Lehmann, R. Stengl, and A. Luigart, “On the morphology
and the electrochemical formation mechanism of mesoporous
silicon,” Materials Science and Engineering B, vol. 69-70, pp.
11–22, 2000.

[24] X. G. Zhang, Electrochemistry of Silicon and Its Oxide, Kluwer
Academic/Plenum, New York, NY, USA, 2001.

[25] V. Lehmann, Electrochemistry of Silicon, Wiley-VCH, Wein-
heim, Germany, 2002.

[26] I. M. Tiginyanu, I. V. Kravetsky, S. Langa, G. Marowsky, J. Mo-
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