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S
ilicon is the main base material for
micro- and nanoelectronics as well as
photovoltaics. Silicon compared to

other semiconductor materials such as Ge

or GaAs is a rather inexpensive material. In

addition, a technologically important oxide

can be produced easily on the surface of

silicon. Silicon is a potential material for op-

tical applications, for example, as photonic

crystals1�4 as well as templates in materials

science.5�7 In most of these applications

additional functionality to the silicon is

given by using it in a porous form. Several

processes are known to create various

forms of porous silicon. One method, which

leads to macroporous silicon, is based on a

wet electrochemical etching process.8 Sili-

con gets anodized and a platinum electrode

works as a cathode. The most common elec-

trolyte for the etching process is hydrofluo-

ric acid (HF). Holes (h�) in silicon are neces-

sary for the anodic dissolution of silicon in

HF. An anisotropic pore formation along the

�100� direction as the preferred formation

direction occurs if the chemical reaction is

limited by charge transfer over the interface

between silicon and HF solution.9 Accord-

ing to Lehmann10 this divalent etching can
be written as

The strong polarizing effect of fluorine
present in the HF solution weakens the sili-
con backbonds. Because of the presence of
HF and H2O the bonds are broken eventu-
ally and the silicon is removed from the
bulk.10 While the silicon atoms in the {100}
plane are only weakly bound, the bonding
is stronger in other crystal directions which
leads to a directed pore formation along the
�100� direction.11 This scheme applies for
macro- as well as mesopores electrochemi-
cally etched into silicon.

Furthermore, other processes are known
to form pores in silicon without an external
applied potential. Li and Bohn12 presented
a method for metal-assisted porous silicon
formation. For this process (also often called
by its historical name “stain etching”) an oxi-
dant such as H2O2 is needed. When the sili-
con surface is covered by a noncontinuous
thin metal film mesoporous silicon can be
obtained. The metal acts as a cathodic site.
H2O2 is reduced to H2O and two holes are in-
jected into the valence band of silicon.
These holes are used for the dissolution
and pore formation of silicon.

Another metal-assisted approach was re-
cently reported by Huang et al.13,14 They
used a lithographically defined silver mask
on top of a silicon wafer for the controlled
etching of silicon. Thereby, only the areas
covered by the silver are etched perpen-
dicular to the surface. In this catalytic ap-
proach the silver sinks with the dissolved
silicon into the structure and thus the silver
covers the bottom of the etched parts.
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ABSTRACT We observe pore formation with diameters in the 10 nm range in silicon when it is covered with

gold particles. This pore etching occurs when the sample is put in 5 wt % hydrofluoric acid (HF) solution for a few

minutes. The pores form along the �100� direction, which is also the preferred direction of macro- and mesopores

electrochemically etched into silicon. No etching occurs if the dissolved oxygen is removed from the aqueous HF

solution or the gold is removed from the silicon surface. This leads to the assumption that the dissolved oxygen acts

as an oxidant as in the case of stain etching with gold as cathodic material. A tentative model is suggested to

explain why all of the observed nanopores have roughly the same diameter of about 10 nm. These pores can occur

for inhomogeneously gold-covered planar silicon surfaces but also in MBE (molecular beam epitaxy) grown silicon

nanowires since these nanowires are covered unintentionally with gold nanoclusters at their cylindrical surface.

KEYWORDS: silicon · nanopores · HF · gold

Si + 4HF2
- + h+ f SiF6

2- + 2HF +

H2 + e- (1)
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In our experiments, we observed an unexpected

pore formation when silicon is in contact with gold

and exposed to aqueous HF which is thus another

metal-assisted etching process, but with clearly differ-

ent features than discussed in the previous two

sections.

RESULTS AND DISCUSSION
We first observed the unintended pore formation

in molecular beam epitaxy (MBE) grown nanowires. In

Figure 1 the TEM pictures display the difference be-

tween an as-grown MBE nanowire and an HF-treated

one. The as-grown nanowire in Figure 1a has a smooth

surface. The dark spots on the cylindrical wall are the

gold clusters formed on the surface during the nano-

wire synthesis. After an HF-dip is performed the nano-

wire surface is porous and corroded as shown in Figure

1b. A pure chemical dissolution of the silicon can be ex-

cluded since the etching rate of HF for silicon is in the

angstrom regime even after 3 min.10 Furthermore, the

nanowire shows a preferential direction of pore forma-

tion under a certain angle with respect to the surface.

Form the magnified inset in Figure 1b it can be seen

that the nanowire, which is imaged in �110� direction,

exhibits pores at an angle of about 55° to the �111�

growth direction. This corresponds to the �100� direc-

tion, which has an angle of 54.7° to the �111� direction.

The �100� direction is the preferred etching direction

during the divalent dissolution of silicon in HF (see eq

1). This pore formation also occurs on the surface of the

silicon substrate. From the TEM images of the cor-

roded nanowires no conclusion can be drawn whether

the tiny gold clusters remained on the original surface

or had moved into the material at the tip of the pores.

To exclude influences from the curved nanowire sur-

face we also used planar pieces of silicon for the inves-

tigations. The planar silicon sample with the larger gold

droplets also shows pores underneath the gold drop-

let after an HF-dip. In the TEM picture in Figure 2 �100�

pores can be seen. The TEM sample is �112� oriented,

so that the �100� pores appear in their projection. From
the sample orientation, an angle of 50.6° can be calcu-
lated for the projected �100� pores which is in excellent
agreement with the measured angle of 50°. In the case
of anodic dissolution of silicon in HF, pore growth in the
�113� direction is reported as well for (111) silicon sur-
faces.15 However, mesopore formation below a certain
doping density seems to occur exclusively in �100� di-
rection, independently of substrate orientation.10

In our experiments all pores have the same diam-
eter of about 10 nm. The TEM pictures of the planar sili-
con samples show no gold particles at the bottom of
the pores. Thus, a pore formation mechanism as pro-
posed in ref 13 can be excluded in our case. However,
the dark contrast of the pores in general indicates that
the pore walls might be covered with a thin layer of
gold. Since the occurrence of dark contrast phenom-
ena at the pore walls might also be caused by special
imaging condition without the presence of a separate
metal layer, we tried to image the suspected gold layer
by high resolution TEM imaging but got no conclusive
results. This outcome indicates that the gold layer, if
present at all, should only have a thickness in the range
of one or a few monolayers. Further high resolution
analytical methods will be required to prove or dis-
prove unambiguously the presence of a thin gold layer
at the pore walls. Therefore, the tentative model of the
pore formation suggested below, which is based on
the presence of a thin gold layer on the pore walls
should be considered as speculative at the present
stage.

The size of the pores has no relation to the size of
the initial gold clusters. The pores are like the stain
films described by Li and Bohn,12 where porous silicon
can be obtained out of a solution with HF and an oxi-
dant such as H2O2. In our experiments the dissolved
oxygen in the HF solution acts as an oxidant. Locally,
an electrochemical dissolution of silicon takes place
with silicon as the anode material and the gold works
as the cathodic site. Furthermore, we observe a direc-
tional pore formation which indicates a divalent silicon
dissolution reaction according to eq 1. For this process
positive charge carriers are required in the silicon.
Therefore, we propose the following mechanism for
the silicon etching under our conditions:

Figure 1. Comparison of (a) an as-grown MBE silicon nano-
wire and (b) a nanowire after an HF-dip (5 wt %, 3 min) which
led to a corroded porous surface. The pores formed along the
�100� direction, which is 55° to the �111� direction and the pre-
ferred electrochemical etching direction in silicon. The pic-
tures are taken along �110� observation direction.

Figure 2. Planar silicon with gold droplets and pores reach-
ing into the substrate along �100� direction after etching in
5 wt % HF for 3 min. The TEM sample is �112� oriented and
�100� directions of the pores appear in their projection.
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To confirm that the dissolved oxygen in the HF solu-

tion is responsible for the etching process, the oxygen

was removed. Therefore, the HF solution was purged

with nitrogen prior to the actual experiment. Next, the

sample was put into the solution and the nitrogen was

just flowing above the surface of the HF solution. Corre-

sponding TEM investigations showed that those

samples do not exhibit a mesoporous structure (Figure

3a). For comparison a porous nanowire is shown for

which the oxygen was not removed before the HF-dip

(Figure 3b). The nanowires where the dissolved oxygen

was removed from the HF solution look like the as-

grown nanowires. No pore formation could be detected

at the surface which gives evidence to the model pro-

posed above. Another way to prove that the dissolved

oxygen is responsible for the etching process would be

the absence of pore formation when using a nonaque-

ous nonpolar organic electrolyte, which typically does

not contain dissolved oxygen. Results from such experi-

ments are presently not available. Furthermore,

samples covered with a continuous gold layer with a

thickness of approximately 3 nm showed no pore for-

mation even in the presence of dissolved oxygen. The

reason for this can be derived from the model pre-

sented above. Although the reaction at the cathodic

site is still possible the anodic dissolution of silicon is

suppressed due to the gold layer which avoids a direct

contact between the silicon and the HF solution.

In our proposed etching mechanism expressed in

the reactions described in eq 2 the catalytic reaction at

the cathodic site is needed for the electron transfer

from the gold into the solution which results in an injec-

tion of holes into the valence band of silicon. The holes
diffuse in silicon to areas which are not covered by the
gold film and promote the silicon dissolution at the in-
terface between silicon and HF solution. This explains
also why the pore formation at the samples with the
discontinuous gold film occurred mostly at the edges
of the gold droplets.

In comparison to the results reported by Li and
Bohn12 the porosity in our case is significantly lower.
Furthermore, our pores are very uniform in diameter.
As mentioned above we speculate that the pore walls are
covered by a thin layer of gold (in the order of a mono-
layer). Hence, the silicon is exposed to the electrolyte and
dissolved only at the pore tip. Another hint that the pore
walls must be passivated comes from the absence of spik-
ing side pores branching off from the main pore which is
typical for mesopore growth in silicon.10

The proposed pore wall passivation by a gold layer
requires transport of the gold in balance with the etch-
ing speed of silicon. This implies that the pore size is de-
pendent on the reaction kinetics (HF and oxygen con-
centration, temperature) and on the mass transport of
the chemical reactants. However, more investigations
are required to establish a dependency between the ex-
perimental parameters and the obtained pore morphol-
ogy. It is quite remarkable that all the pores have the
same diameter. A potential and highly speculative
model for this behavior can be developed based on a
previous model of the formation of silicon carbide nan-
otubes, which also showed a remarkably uniform diam-
eter during the deposition of SiC on silicon.16 As shown
in the schematic Figure 4 we assume a simplified model
that (i) the surface of the pore with the exception of
the tip of the pore is covered by a thin layer of gold or
gold-rich silicon, which still has to be proven experi-
mentally as mentioned above. (ii) This surface layer
grows with the speed of the pore etching and the gold
is supplied continuously from the solution via diffusion
from the top of the pore. This leads to a growth speed
vAu of the deposition of the gold layer assuming a diffu-
sivity DAu, a concentration difference �cAu, and a length

Cathodic site:
1
2

O2 + 2H3O+ + 2e- f 3H2O

Anodic site:

Si + 4HF2
- + h+ f SiF6

2- + 2HF + H2 + e-

Redox reaction:
1
2

O2 + 2H3O+ + Si + 4HF2
- f 3H2O + SiF6

2- +

2HF + H2 (2)

Figure 3. Comparison of (a) a nanowire after HF-treatment
with oxygen removal and (b) with oxygen in the HF-solution.
Etching in 5 wt % HF for 3 min. The dissolved oxygen in the
HF solution is responsible for the corrosion effects.

Figure 4. Schematic of the model for explaining the obser-
vation of a critical radius for the etched pores. For simplic-
ity here it is assumed that the surface orientation is (100) and
that the pore grows perpendicular to the surface.
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l of the pore as well as a thickness dAu of the gold layer
with a volume density nAu of gold in the coverage:

where r is the pore radius. Since the assumed gold
layer will have a thickness in the monolayer range only
(i.e., � 1 nm), in the calculation the radius of the silicon
pore (without gold coverage) and that of the open
pore in the presence of the gold coverage is approxi-
mately taken as equal to simplify the equations.

(iii) The transport of etched away silicon from the bot-
tom of the pore to the top of the pore is accomplished
by the slowest process of the possible three processes,
diffusion of oxygen to the pore tip, diffusion of HF to the
tip, or diffusion of the etching product SiF6

2� from the
bottom to the top of the pore. Although presently it is
not clear which of these three diffusion processes is rate
limiting, the functional form will be the same in all cases.
Here we write the resulting etching velocity vetch as a func-
tion of the slowest species involved in the etching pro-
cess with a concentration difference of �cetch between the
bottom and the top of the pore. We assume a diffusion
coefficient Detch and get then to

where nSi is the volume density of silicon atoms in sili-
con. Here we also have assumed as in the case of the deri-
vation of eq 3 that the radius of the silicon pore (without
gold coverage) and that of the open pore in the presence
of the gold coverage is approximately taken as equal to
simplify the equations.

Since for a steady state etching process the two ve-
locities have to be identical, it is obvious that this can
only happen for a critical pore radius rcrit given by

This highly speculative model would explain why all the
pores have the same radius. On the basis of eq 5 it can
also be expected that this critical radius can be influenced
by the oxygen concentration or the HF concentration
and the temperature via the temperature dependence
of the ratio of the involved diffusion coefficients.

We could prove that the well-known mechanism of
catalytic etching of silicon by metals13,14,17 does not ap-
ply for our experiments since no gold was found at
the pore tips and the diameter of the pores does not
correlate with the size of the gold droplets above.

Let us mention for completeness that for experi-
ments where a passivation via HF is needed without a
pore formation, the gold needs to be removed from the
surface. We recognized that the little gold clusters at
the surface of the MBE grown nanowires cannot be re-
moved via the standard gold etchants like aqua regia or

KI � I2 � H2O. Larger gold droplets can be dissolved

with those etchants easily. We developed a method to

remove the tiny gold clusters. First the big gold droplet

on top of the nanowire, which is required for the VLS

growth, was removed via a KI � I2 solution. This solu-

tion consisted of 20 g of KI, 5 g of I2, and 100 mL of H2O.

The sample was put into the solution for 5 min. Next,

the sample was annealed in nitrogen (also argon is pos-

sible) at 750 °C for 3 h. This annealing leads to an ag-

glomeration of the gold clusters. Finally the sample was

treated again in the KI � I2 solution. Subsequently, the

samples were again dipped in HF and also treated with

the KI � I2 solution again in order to make sure that all

gold is removed. After this treatment the nanowires do

not look as corroded as without the treatment. However,

a few pores are still visible. The gold is now completely re-

moved from the surface of the nanowires, see Figure 5.

CONCLUSIONS
In our experiments with gold-decorated nanowires

we observed a pore formation after treatment in aque-

ous HF solution. From TEM investigations we noticed a

pore formation exclusively in the �100� direction of the

silicon nanowires. The same results were found for pla-

nar silicon samples covered by a discontinuous thin

layer of gold. Because of the directed pore formation

in �100� direction which occurs under a certain angle to

the �111� oriented surface a divalent dissolution reac-

tion is expected. Furthermore, the dissolved oxygen in

the solution was proven to be necessary for the pore

formation because of its catalytic reaction at the ca-

thodic site formed by the gold clusters. From these re-

sults we proposed a tentative model predicting a con-

stant diameter for all pores and involving a

combination of divalent silicon dissolution and metal-

assisted charge carrier injection into silicon. The model

is highly speculative since it requires the presence of a

thin gold layer at the pore walls which cannot yet be

shown unambiguously based on TEM investigations.

The pore formation procedure reported in this paper

could potentially be applicable for the controlled etch-

ing of porous structures with uniform pore diameters in

the range of only a few nanometers.

vAu )
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2dAunAu
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nSi
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l
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∆cetch
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Figure 5. SEM images taken at three different steps during
the complete gold removal of MBE-grown silicon nanowires:
(a) after removal of the gold droplet on top of the nano-
wire with KI � I2 � H2O, (b) after annealing at 750 °C for 3 h,
(c) after treatment with KI � I2 � H2O and HF dip.
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EXPERIMENTAL SECTION
Undoped single crystalline �111� silicon nanowires were

grown via the vapor�liquid�solid (VLS) mechanism in an MBE-
chamber at a temperature of 525 °C and a pressure of 10�9

mbar.18 First, the gold is evaporated until the desired thickness
of 2 nm onto a �111� oriented substrate. Because of the high
temperature, the establishing alloy forms droplets. In the next
step silicon is evaporated. The silicon atoms adsorb at the drop-
let because of its high adsorption coefficient which is close to
1.19 The atoms saturate the droplet and form a eutectic. At the
droplet/silicon interface silicon precipitates and crystallizes in the
form of an epitaxial nanowire. MBE-grown silicon nanowires usu-
ally have a low aspect ratio with diameters between 100 and
160 nm and lengths between 100 and 500 nm. Gold forms a wet-
ting layer at the surface of silicon at the temperatures used for
the growth. During the growth also the cylindrical surfaces of the
nanowires are covered by a thin wetting layer of gold. When
the silicon wafer is cooled down, the gold layer disintegrates into
tiny gold clusters with diameters up to 4 nm.

A typical example of an MBE-grown silicon nanowire can be
seen in the cross-sectional transmission electron microscope
(TEM) picture in Figure 1a. A �111� silicon wire grew perpendicu-
lar to the �111� oriented substrate. At the tip the gold droplet is
visible, represented by the dark area in the TEM picture. The gold
is required for the VLS growth process. On the cylindrical wall
the tiny gold clusters are visible as mentioned above.

In addition to using the just described silicon nanowire
samples, gold-assisted etching was also investigated for planar
surfaces. (111) Silicon wafers with a thin layer of gold (approxi-
mately 3 nm via sputter deposition) were heated at 750 °C for 3 h
in a nitrogen atmosphere. This annealing leads to gold droplet
formation. Subsequently, both the nanowire and the silicon wa-
fer samples were treated with 5 wt % HF for 3 min. After this pro-
cedure the samples were investigated by TEM.
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