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Anisotropy in the wet-etching of semiconductors
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Abstract

The surface chemistry and electrochemistry of the anisotropic etching of semiconductors are reviewed. Recent insights into the aniso-
tropic chemical etching of silicon in alkaline solution and of electrochemical etching of anisotropic pores in n-type semiconductors are
described. The possible role of galvanic effects in open-circuit etching is emphasized.
� 2006 Published by Elsevier Ltd.
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0. Introduction

Because of simplicity, cost-effectiveness and versatility,
wet-chemical etching methods find wide application in
semiconductor device technology. While some semiconduc-
tors can be decomposed by reduction, practical etching
generally involves oxidation of the solid [1]. Valence elec-
trons are removed from surface bonds to an etching species
in solution (open-circuit etching) or to a counter electrode
via an external circuit (electrochemical etching). For open-
circuit etching one can distinguish two mechanisms. The
first is ‘electrochemical’: an oxidizing agent in solution
extracts bonding electrons from the valence band of the
solid, i.e., it ‘injects holes’ which, when localized at the sur-
face, cause bond rupture. Since holes are mobile carriers,
the two reactions – reduction of the oxidizing agent and
oxidation of the solid – can be considered as independent
electrochemical reactions; they can be spatially separated
(an example of this will be given below). This form of etch-
ing is generally referred to as electroless. The second mech-
anism is chemical: an electron-exchange reaction occurs
directly between the active etching agent in solution and
surface atoms. Bonds in the etching agent and solid are
1359-0286/$ - see front matter � 2006 Published by Elsevier Ltd.

doi:10.1016/j.cossms.2006.04.003

* Corresponding author. Tel.: +31 30 253 2220; fax: +31 30 253 2403.
E-mail address: j.j.kelly@phys.uu.nl (J.J. Kelly).
broken and new bonds are formed in a localized and syn-
chronous reaction, not involving free holes.

Two main parameters can determine the rate of etching
of the semiconductor: the kinetics of the surface reaction(s)
or mass transport of reactants or products in solution. If
the surface reaction is fast then etching will be determined
by the hydrodynamics of the system and the etch rate will
not be sensitive to the nature of the surface, e.g., its crystal-
lographic orientation or morphology. Mass-transport
determined etching, being isotropic, gives rise to rounded
profiles at mask edges. On the other hand, if surface kinet-
ics are important, then the etch rate is very likely to be sen-
sitive to surface orientation. Different crystal faces may
dissolve at different rates; etching at a mask edge is aniso-
tropic and will reveal slow-etching facets. Clearly, both
forms of etching are interesting for making devices and
have found wide application in optoelectronics technology.

Since open-circuit etching does not require an electro-
chemical cell and voltage source, it is more attractive for
many applications. Both chemical and electroless methods
have made a considerable contribution to the development
of III–V optoelectronics [1,2]. Chemical etchants are, in
general, more likely to be anisotropic (see below). Micro-
electromechanical systems (MEMS) technology relies heav-
ily on the anisotropic etching of silicon in alkaline solution
[3]. Despite the fact that the technologists continue to daz-
zle us with their feats, the chemistry of this system is still
not well understood. In Section 1 some new insights and
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models will be presented. Even when electroless etching is
mass-transport controlled, unexpected anisotropy may
turn up (this has been known for a long time and, though
important, is generally ignored). In Section 2 we show how
such anisotropy can be understood on the basis of galvanic
interaction between etching facets. We also consider possi-
ble consequences for chemical etching systems. In the final
section we describe recent developments in a special field:
anisotropic porous materials; electrochemical etching is
used to make ordered and highly oriented pores in semi-
conductors. Such materials will be important for applica-
tions in photonics.
1. Chemical etching: silicon in alkaline solution

Dissolution of InP in concentrated HCl solution or of Si
in alkaline solution are examples of chemical etching show-
ing strong anisotropy [1,4,*5,*6]. The Si reaction can be
represented globally by [7]

Si + 2H2O + 2OH�! [Si(OH)2O2]2�+ 2H2

Although this clearly is a complex multi-step reaction there
is general agreement that two reaction steps are important
[*5,**8,*9,10,11]. Removal of the native oxide from Si
leaves the surface hydrogen-terminated [12]. The first etch-
ing step involves nucleophilic attack by an OH� ion on the
Si–H surface bond.

ð1Þ

The activated state of this reaction is a pentacoordinated
Si atom [13]. The departing ‘hydride’ reacts with H2O to
give hydrogen gas and the surface atom is hydroxylated.
The presence of the OH group at the surface polarizes
the Si–Si back bond (only one of these is shown). The
bond is attacked by water with the OH adding to the pos-
itively polarized surface atom and H to the sub-surface
atom.

ð2Þ

In this way hydrogen termination of the surface is restored.
Whether the surface is hydrogenated (hydrophobic) or
hydroxylated (hydrophilic) during etching will depend on
the relative rates of reactions (1) and (2).

The reactivity of the surface is determined by the kinet-
ics of reactions of this type. To start, we consider ideal, i.e.,
atomically flat, (10 0) and (111) surfaces. In the (100) case
each surface atom has a dihydride termination and is
bonded to two sub-surface Si atoms. In the (111) case
the surface is monohydride terminated with three back
bonds. These differences have important consequences for
the reactivity. The dihydride is chemically less stable than
the monohydride (it is easier to form the pentavalent inter-
mediate), indicating that the rate of reaction (1) should be
faster for the (100) surface [13]. Since it should be easier to
dislodge a (100) Si atom with only two back bonds, the
rate of reaction (2) should also be faster than that for the
(111) surface. This naı̈ve reasoning can explain the very
large difference in etch rates for the two surfaces (this can
be more than two orders of magnitude). However, surfaces
are seldom ideal. For example, under etching conditions
the (11 1) surface consists of atomically flat hydrogen-ter-
minated terraces defined by atomic steps. (The (10 0) sur-
face is not atomically flat under similar conditions.) Since
coordination of the Si atom to the lattice is lower at step
edges and kink sites it is much easier to remove the atom
than from a terrace site. Consequently, etching occurs by
a step-flow mechanism. This has been revealed in the
in situ STM studies of Allongue et al. [*14] while the hydro-
gen termination is clear from both ex situ and in situ infra-
red spectroscopy [**8,15]. The high stability of the (111)
terraces is also clear from the slow kinetics of anodic oxida-
tion of n-type material; the electrochemical reaction
depends on the (slow) chemical attack on the surface [10].

By comparing STM images of (111) surfaces etched
under mild conditions (HF/NH4F solution at pH P 8)
with morphologies predicted with kinetic Monte Carlo sim-
ulations, Hines was able to determine the relative reactivi-
ties of the various sites on the surface [16]. In subsequent
work [*5,*6] this group used an elegant ‘orientation-
resolved’ approach to study site reactivity in the etching
of Si in KOH solution. This involved micromachined test
patterns on Si(1 10) wafers. Such wagon-wheel patterns
(see Fig. 1) allow one in a single experiment to study both
etch rate and surface morphology of a whole range of sur-
faces that differ only in their miscut. The results of this
work, which included the influence of OH� concentration
and temperature as well as isotope effects, were surprising.
While the authors found no evidence for a change in chem-
ical mechanism with surface orientation (they consider
reaction (1) to be rate determining), transitions between
rough and smooth etch morphologies were found at the
same orientations at which etch rate discontinuities occur
(see Fig. 2). The origin of such morphological transitions
is unclear. The authors conclude that the complexity of
the phenomena is due to the multi-site nature of the etching
reaction.

The most sophisticated approach to modelling of the
wet chemical etching of Si can be found in the thesis of Erik
van Veenendaal [17] and in publications by him and co-
workers. By introducing new concepts to a continuum
description they obtained analytical expressions for crystal
growth and etch rates as a function of crystallographic ori-
entation [18]. These network functions contain a limited
number of physically meaningful variables. The function



Fig. 1. The micromachined wagon-wheel pattern (a) conceptual diagram
and (b) optical micrograph of etched pattern. The pattern is 16 mm in
diameter and each wedge is 1� wide. (From Ref. [*6].)

Fig. 2. Etch rate as a function of crystallographic orientation, determined
using the microfabricated wagon-wheel. The transition between rough and
smooth etch morphologies occurs at the same orientation as the etch rate
discontinuities. Conditions: 70 �C, 50% KOH. (From Ref. [*5].)
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formulated for wet-chemical etching of Si in KOH repro-
duces the essential features of the experimental results
obtained with hemispherical samples [19]. In addition, an
atomistic approach using Monte Carlo simulation was
used to explain the occurrence of protrusions on etched
Si(100) and Si(1 10) surfaces and to study kinetic roughen-
ing [20]. Finally, the group developed two different tools
for continuum simulation of crystal shape evolution during
etching.

2. Electroless etching: galvanic effects

In electroless etching two electrochemical reactions
occur [*21]. For the oxidation (and dissolution) of the solid
electrons must be removed from surface bonds, i.e., valence
band holes are required at the interface with the solution.
For example, in the case of a III–V semiconductor such
as GaAs, six holes are generally needed to dissolve one for-
mula unit. In alkaline solution the reaction can be repre-
sented by

GaAsþ 10OH� þ 6hþ ! GaO�2 þAsO3�
3 þ 5H2O ð3Þ

A strong oxidizing agent such as the ferricyanide ion in
solution can extract electrons from the valence band of
the semiconductor; this is equivalent to the ‘injection’ of
holes into the band;

FeðCNÞ3�6 ! FeðCNÞ4�6 þ hþ ð4Þ
If holes are localized in surface bonds then the solid is oxi-
dized (reaction (3)).

The rate of electroless etching (reactions (3) and (4)) can
depend on mass transport in solution in two ways, via dif-
fusion of OH� ions (reaction (3)) or of the oxidizing agent
(reaction (4)). In both cases the kinetics of the reactions at
the GaAs surface are fast. For individual faces the etch rate
is diffusion controlled and independent of the face. On this
basis one would expect isotropic etching at mask edges.
This is the case for OH� controlled dissolution. However,
for the case in which FeðCNÞ3�6 transport controls etching,
facets develop at resist edges (see SEM cross sections,
Fig. 3). This result is also observed with other ‘hole-inject-
ing’ oxidizing agents.

This surprising difference in etching properties can be
understood on the basis of the electrochemistry of electro-
less etching. At high OH� concentration, the rate of the
oxidation (reaction (3)) depends on the hole concentration
at the surface. Consequently, for a p-type electrode the
anodic oxidation current (i) increases exponentially as the
potential (V) is made positive. This is shown schematically
in Fig. 3 for two crystals faces of GaAs. The more stable
(11 1) Ga face (case A) is oxidized at a more positive poten-
tial than the more reactive (100) face (case B). The reaction
involving hole injection from the oxidizing agent in solu-
tion into the valence band of the semiconductor (reaction
(4)) is diffusion controlled, i.e., the cathodic reduction cur-
rent is independent of the potential in a broad range (case
A and B in Fig. 3). For open-circuit etching in the steady
state the rates of oxidation and reduction must be equal.
This condition defines the open-circuit potential, VA and



Fig. 3. Current–potential (i–V) curves showing galvanic element forma-
tion between two crystal faces, A and B. Etching is controlled by diffusion
of the oxidizing agent. The inset shows the corresponding faceted profile.
(From Ref. [*21].)

Fig. 4. As for Fig. 3 but etching is controlled by the anodic reaction (OH�

diffusion) and a rounded profile is obtained. (From Ref. [*21].)
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VB for the A and B faces, respectively. In both cases the
semiconductor is etched at the same rate, controlled by
mass transport of the oxidizing agent.

When the two surfaces are brought into electrical con-
tact, it is necessary to consider the total anodic and total
cathodic current–potential curves (A + B, dashed lines,
Fig. 3). The new rest potential VAB lies between the values
for the individual surfaces. Since VAB is negative with
respect to VA and positive with respect to VB, the etch rate
of the more stable surface is diminished while that of the
reactive surface is enhanced. In fact, holes supplied to the
A face are used to etch preferentially the B face; a galvanic
cell is formed. This model can therefore explain why a fac-
eted profile is obtained even though the individual free sur-
faces are etched at a diffusion-controlled rate (see inset of
Fig. 3).

In Fig. 4 corresponding to the case in which the OH�

concentration is low (lower than that of the oxidizing
agent) the situation is reversed. The anodic reaction is
now mass-transport limited (by diffusion of OH� ions).
The difference in reactivity between the A and B faces is
again clear from the anodic current onset. On the basis
of this figure one can conclude that, because the anodic
current is potential independent, the etch rates of the A
and B faces are not affected when the two surfaces are con-
nected electrically (A + B case). It is clear that in this case
the more stable surface is not ‘protected’. In fact, all sur-
faces are dissolved at the same rate, which is determined
by OH� diffusion. Etching at resist edges is expected to
be isotropic (see inset of Fig. 4).

Free holes are not involved in a chemical etching reac-
tion such as that of Si in alkaline solution. Consequently,
galvanic interaction of the type described above for electro-
less etching of GaAs is not expected. Previous work has
shown, however, that the chemical etch rate is sensitive
to the electrochemical potential of the Si [11]. This is par-
ticularly the case for the n-type semiconductor where the
etch rate in KOH solution is reduced markedly at negative
potential. This effect can be attributed to the influence of
the potential drop in the Helmholtz layer (at the solid–solu-
tion interface) on ion- and electron-transfer reactions such
as (1) and (2). Under chemical etching conditions the open-
circuit potential of Si, which is determined by anodic oxi-
dation of the solid and cathodic reduction of water, differs
for the different faces of the semiconductor [22]. This is
clear when a V-groove is etched in a (100) wafer to expose
(111) facets. The open-circuit potential changes by as
much as 200 mV. Such changes can alter the etch rates of
the individual facets and thus the anisotropy of the system
[23]. Raisch et al. used an explanation based on galvanic
interaction between (100) and (111) faces to explain the
stability of micropyramids formed on (100) surfaces dur-
ing anisotropic etching [24]. The importance of galvanic
effects in Si etching was first pointed out by Allongue
et al. [25]; they showed that cathodic protection of the pol-
ished surface of a (11 1) Si wafer by a roughened back
surface helps to promote the formation of ideally flat
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hydride-terminated (11 1) surfaces. It is clear that, despite
the chemical nature of anisotropic etching reactions, elec-

trochemical factors should not be disregarded.
Fig. 6. SEM micrographs of strongly modulated porous n-type Si. Part (a)
shows an overview and (b) a close-up. (From Ref. [**28].)
3. Anodic etching: anisotropic pores

Porous anodic etching of Si in HF solution has been
known and applied for many years [26,**27]. A particu-
larly interesting aspect is the etching of highly ordered
and strongly anisotropic mesopores and macropores with
dimensions in the range <50 nm and P50 nm, respectively.
In n-type Si such pores can be grown by photoanodic etch-
ing, an approach perfected by Lehmann et al. [**27]. To
define the two-dimensional ordering, a pattern of etch pits
is introduced onto the front side of the Si surface by, for
example, photolithography and anisotropic chemical etch-
ing (see Fig. 5).

The wafer is illuminated from the back side. The photo-
generated holes are collected at the front side at the tips of
the etch pits where the electric field of the depletion layer is
strongest (the electrons pass to the counter electrode and
are registered in the external circuit). Preferential dissolu-
tion at the tips gives rise to pores which grow in crystallo-
graphically favoured directions, h100i-oriented pores in
the case of (100)Si. The pore dimensions depend on the
donor density and the etching conditions. By modulating
both the light intensity and applied potential during etch-
ing, Gösele and co-workers [**28] have recently succeeded
in extending this approach from two to three dimensions
(see Fig. 6). Subsequent anisotropic etching in alkaline
solution allowed them to modulate further these porous
structures. In recent work [29] Lehmann has shown that
Fig. 5. SEM micrograph of macroporous n-type silicon. The pore
positions are defined photolithographically before anodization.
square pore cross sections and pore arrays of high porosity
can be produced by subsequent alkaline etching of macro-
porous Si membranes. By the proper choice of etchant the
rounded pore walls can be etched to reveal either (100) or
(11 0) faces.

Etching of anisotropic pores by the photoanodic
approach is made possible in Si by the large diffusion
length of the holes (they can cross the wafer from the back
side to the pore fronts at the other side). Because of a much
smaller minority carrier diffusion length the photoanodic
approach is not applicable to other semiconductors.
Instead, holes can be generated by applying a strongly posi-
tive potential to an n-type semiconductor in the dark to
induce electrical breakdown. In this case the band bending
at the surface is such that electrons can tunnel from the top
of the valence band to the conduction band, leaving holes
in the valence bands. Etching is localized; it occurs where
the electric field is strongest and pores are formed. The
strong electric field at the pore fronts (due to the curvature)
again ensures propagation of the pores. This mechanism is
supported by the observation of light emission from the
pore fronts during etching of n-type GaP [30,34]. In this
case electroluminescence is caused by impact ionization
resulting from the injection of hot electrons into the con-
duction band.

Among the first examples of strong anisotropy in porous
etching of a semiconductor other than Si was that reported
by Takizawa et al. who produced pores with an aspect ratio
larger than 100 in h111i A-oriented n-type InP in HCl
solution [31]. By prestructuring the surface using a mask
they were able to fabricate a high density, highly ordered
two-dimensional pore pattern. Such work has been
extended to other semiconductors such as GaAs [**32]
and more recently to GaP [33,34]. The primary pores in
(10 0) GaAs grow in the h1 11i B-direction, in contrast to
Si where the pores grow in the h100i and h113i directions.
Ross et al. were among the first to develop a model to
account for such differences [35]. Their model is based on
two assumptions: first, etching occurs at sharply curved
pore fronts where the electric field is strongest; second,
atoms are removed preferentially from surface kink sites,
where reactivity is higher because of the lower coordination



Fig. 7. Top view of a self-organized array of rectangular pores in (100)-
oriented n-type GaP. The vectors indicate the crystallographic directions.
(From Ref. [**32].)
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to the lattice. With this model the pore shapes could be
understood as well as the basic differences between the
two semiconductors.

Föll et al. have provided an extensive review of pore for-
mation in III–V semiconductors and have compared these
compound semiconductors with Si [**32]. They distinguish
two main factors determining the growth direction of
anisotropic pores.

(1) Pores may be crystallographically oriented. The only
growth direction reflecting crystal structure in III–V
semiconductors is h111iB, where B refers to the
group V element. In Si two crystallographic pore
directions – h100i and h113i – are found. Pores in
Si never grow in the h111i direction for reasons dis-
cussed in Section 1.

(2) Alternatively, pores may follow the flow of current,
their orientation being normal to the equipotential
surfaces in the wafer. Current-line-oriented pores
are therefore perpendicular to the surface except at,
for example, mask edges where they tend to curve.

It is clear that anodic anisotropic porous etching is even
more complex than anisotropic chemical etching. Apart
from crystallographically determined surface chemistry,
factors such as the local electric field, surface passivation
and mass transport in solution are important. Very often
the initial pore nucleation plays an essential role [36]. There
are a number of examples of self-organization of pores
[**32,33]. Synchronized and unsynchronized oscillations
in pore dimensions are coupled to current and voltage
oscillations. Föll et al. conclude that ‘many features are still
awaiting discovery, not to mention explanation’. Subse-
quent results by Schmuki et al. with GaP confirm the wis-
dom of this conclusion [33]. They found surprisingly that
by replacing the widely used H2SO4 or HF electrolyte solu-
tions by a HBr solution the pore morphology changes dras-
tically. Whereas the former solution gives a random
(isotropic) porous structure, HBr results in well-defined
micron-long rectangular pores in GaP. The etched channels
grow perpendicular to the (100) surface; they show an etch
stop at the (110) planes and give a self-organized structure
(see Fig. 7). It is not clear why the change of electrolyte has
such a dramatic effect on pore growth.
4. Conclusions

Anisotropic etching in its various forms is widely
applied in device fabrication. The mechanisms of such pro-
cesses are extremely complex, involving a broad variety of
physical and chemical factors. While these factors are
known, our current models are, in general, not able to
explain many of the subtleties observed experimentally.
This holds for both anisotropic chemical and meso/macro-
porous etching.
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