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ABSTRACT

An effective and low-cost method to fabricate hexagonally patterned, vertically aligned Si/Ge superlattice nanowires with diameters below 20
nm is presented. By combining the growth of Si/Ge superlattices by molecular beam epitaxy, prepatterning the substrate by anodic aluminum
oxide masks, and finally metal-assisted chemical wet etching, this method generates highly ordered hexagonally patterned nanowires. This
technique allows the fabrication of nanowires with a high area density of 10'° wires/cm?, including the control of their diameter and length.

Arrays of semiconductor nanowires (NWs) and their het-
erostructures are potential candidates for applications in
electronics,! ™ optoelectronics,* ® and thermoelectrics’® due
to their unique properties such as a large surface to volume
ratio as well as quantum size effects.!®!! However, for
investigating quantum effects, the dimensions of the NWs
have to be comparable to the de Broglie wavelength of charge
carriers, which is in the range of 10 nm. Consequently, the
interest in these small NWs has increased during the last
decades and a variety of fabrication strategies have been
pursued. Silicon-based NWs were mainly synthesized by
techniques like molecular beam epitaxy (MBE),!?"'* chemi-
cal vapor deposition (CVD),'3!¢ or by laser assisted deposi-
tion (LAD) techniques.!” These “bottom-up” approaches are
based on the well-known vapor liquid solid growth concept
(VLS).™

Additionally, alternative “top-down’ approaches are under
consideration with the aim to fabricate small pillars by
chemical wet etching or reactive ion etching techniques. For
chemical wet etching, two basic technological steps have to
be solved: (i) patterning of the wafer surface with a lateral
resolution of <20 nm and (ii) an anisotropic etching
procedure. Imprint techniques or methods, which are based
on the principles of self-assembly and self-organization,"
are expected to solve these problems. An alternative top-
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down approach combines colloidal lithography, plasma
etching, and metal-assisted chemical wet etching. It repre-
sents a technique used for the fabrication of hexagonally
ordered, vertically aligned Si and even Si/Ge NWs, the
densities, positions, lengths, and diameters of which can be
controlled.?*~% In a former paper,** we presented a combina-
tion of nanosphere lithography for patterning and metal-
assisted chemical wet etching. However, a series of experi-
ments has shown that this promising technique appears to
work reliably only for NWs with diameters down to 50 nm.

In this contribution, we therefore demonstrate a modified
top-down approach that allows the fabrication of hexagonally
well-ordered Si NWs containing a Si/Ge superlattice with
diameters in the range of 10 to 20 nm. The nanospheres of
the former approach were replaced by an anodic aluminum
oxide (AAO) template for surface structuring. The principle
of metal-assisted etching is again used to form NWs. This
etching process works as a metal-induced local oxidation
and dissolution of Si or Ge in a solution containing fluorine
ions, where the metal acts as the catalyst.>~2® On the basis
of Si wafers containing a Si/Ge superlattice, the resulting
NWs of this work are being considered as a potential
structure for the production of novel light-emitting devices.?

We applied our technique to the formation of nanopillars
in Si and Ge multilayers which were grown before by MBE
on (111) oriented substrates. The Si/Ge multilayer structure
consisted of 40 periods of alternating Si (8 ML) and Ge (2
ML) layers. This is illustrated in the transmission electron
microscopy (TEM) image of Figure 1. Let us mention here
that similarly sharp transitions between the Si and the Si/Ge
layers cannot be achieved by VLS growth of Si/Ge hetero-
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Si Substrate

Figure 1. TEM cross-section image of a Si/Ge superlattice structure
grown by MBE. It consists of 40 periods of alternating Si (8.4 A)
and Ge (2.1 A) layers. The period amounts to 10.5 A.
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Figure 2. Schematic diagram of the fabrication technique of Si/
Ge NWs by metal-assisted chemical wet etching. (a) AAO mask
as a template for the Si/Ge substrate with the Si/Ge superlattice,
(b) RIE through the AAO pores for etching small pits into the
surface of the substrate, (¢) chemical removal of the AAO mask
and deposition of a thin Ag layer on the patterned substrate, (d)
metal-assisted chemical wet etching using HF/H,O,. Finally, the
Ag layer is removed and only the Si/Ge NWs remain.

structures due to the about 20% solubility of Si or Ge in the
catalytic Au/Si (or Au/Ge) droplet.*

Before starting the etching procedure, the Si substrates
were cleaned by a standard RCA solution. The Si/Ge NWs
were fabricated as shown in Figure 2. Self-ordered AAO
masks were prepared according to techniques described in
the literature.?!*> At first, a thin Al layer of several um was
deposited on the Si/Ge substrate. The deposition was
performed in a high vacuum electron beam evaporation
system at a base pressure of 2 x 107 mbar. Second, for the
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Figure 3. SEM images of the AAO templates. (a) Plan view of an
AAO mask with pore diameters of 50 nm revealing the character-
istic domain structure of porous AAO masks and a high magnifica-
tion image of an AAO mask with pore diameters of 20 nm. (b)
Tilted view of an AAO mask with 50 nm large pores on Si/Ge
substrate after RIE. (c) Cross-section image of etch pits in the
substrate, etched through the nanopores of the AAO template by
RIE.

fabrication of AAO masks with pores of 20 nm diameter,
the substrate was anodized in sulphuric acid. The pore
diameter was determined by the choice of the acid and by
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Figure 4. SEM images showing the metal-assisted etched Si/Ge NWs. (a) Large-field and (b) a detailed view of about 16 nm diameter and
100 nm long Si/Ge NWs is shown. By varying the etching time the length of the NWs is adjustable. Extending the etching time longer
NWs can be obtained. In (c), a large-field image and a detailed view (inset) of Si/Ge NWs with a diameter of about 18 nm and a length
of about 240 nm, and in (d), a top view of these Si/Ge NWs, is represented.

its concentration. In the case of the pores with a diameter of
50 nm, oxalic acid was used. The resulting porous AAO
mask covered the whole Si/Ge substrate and acted as a
template with tunable pore diameters (Figure 2a, see also
Supporting Information). Third, the AAO masked substrates
were treated by reactive ion etching (RIE) to form small etch
pits on the surface of the substrate (Figure 2, see also
Supporting Information). To remove the AAO masks, the
templates were heated at 55 °C in a phosphoric acid (85 wt
%) bath diluted with H,O in the ratio of 1:3 for a duration
of 20 min. Subsequently, an Ag film with a thickness of 15
nm was sputtered onto the patterned substrate. The Ag film
covered the whole substrate except for the sidewalls of the
etch pits (Figure 2¢). The bottom of the etch pits was also
covered by Ag particles. The experiments showed that
substantial etching of the Si/Ge substrate only occurs at
regions that are covered by a thin Ag layer. No remarkable
etching could be observed in the etch pits. A catalytic effect
of small Ag particles at the bottom of the etch pits seems to
be negligible as had also been demonstrated for the case of
Si NWs.¥ After the Ag deposition, the Ag structured
substrates were etched in darkness in an etching mixture
consisting of 4.6 M HF and 0.44 M H,0O, at room temper-
ature for 10 s. As a result of etching, an ordered array of
Si/Ge NWs was formed. As a final step, the Ag layer was
removed by aqua regia and only the Si/Ge NWs remained
(Figure 2d).
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In Figure 3a, a scanning electron microscopy (SEM) plan
view of the AAO mask with open pores is shown. The
diameters of the pores used in this particular experiments
range from 20 to 50 nm. A domain structure is visible. Within
a single domain, the pores exhibit a hexagonal arrangement.
Because of the domain formation of the pores in the AAO
mask the resulting Si/Ge NWs were also arranged in
domains. The AAO mask was partially removed in the
foreground of Figure 3b, and the small etch pits produced
by RIE become visible. Their diameters correspond to the
diameter of the parent AAO pores. The in-plan width, the
depth, and the shape of the etch pits can be adjusted by
varying the RIE parameters. Figure 3c represents a SEM
cross-section image of the etch pits with a depth of about
50 nm on top of the multilayer.

The thickness of the Ag film sputtered after removal of
the AAO mask is a critical parameter and has to be optimized
for each individual structure. Our experiments showed that
for an Ag film with a thickness below 15 nm the fabrication
of Si/Ge NWs failed. In this case, the Ag film was
characterized by small islands of isolated Ag particles. For
a film with thickness above 15 nm, the Ag film formed a
network of connected Ag islands with small pores inside.**
This network structure of the Ag layer was essential for the
controlled formation of NWs. Using this method, the
fabrication of extended arrays of Si/Ge NWs with a smooth
surface and a high area density of 10 wires/cm? was

Nano Lett.,, Vol. 9, No. 9, 2009
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Figure 5. Structure of the fabricated Si/Ge NWs. (a) TEM image
indicates clearly the Si and Ge heterostructures of the 18 nm
diameter Si/Ge NWs. Sharp transitions between the Si and the Si/
Ge layers are visible. The inset is the selected area electron
diffraction image showing the single crystallinity of the Si/Ge NWs.
(b) High-resolution TEM cross-sectional image of two NWs. The
magnified TEM lattice image in the inset demonstrates the single
crystallinity of the Si/Ge NWs.

accomplished. In the case of AAO masks with a pore
diameter of 20 nm, the average diameter of the Si/Ge NWs
was (16.1 £+ 4.6) nm.

A representative large-field image and detailed view of
about 16 nm thick vertically aligned Si/Ge NWs are shown
in Figure 4a and 4b. These nanowires have lengths of about
100 nm. By extending the etching time, Si/Ge superlattice
nanowires with higher aspect ratio features can be produced.
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In the large-field image of Figure 4c, extended areas of well-
ordered nanowires with a common length of about 240 nm
and an average diameter of about 18 nm are illustrated.
Because of surface tension force exerted on the NWs during
drying of the sample and a large aspect ratio of about 13,
the tips of the NWs stick together as can be seen in the inset
of Figure 4c.

The shapes of the resultant Si/Ge superlattice nanowires
conform in general to the shape of the pores in the parent
AAO mask. As shown in Figure 2a above, the geometry of
the pores of the AAO template is not perfectly round, which
reflects the shape of the corresponding NWs as can be seen
in a top view of NWs in Figure 4d.

The NWs containing a Si/Ge superlattice were character-
ized by TEM. Figure 5a represents a micrograph of highly
crystalline NWs with 18 nm diameter and a length of about
240 nm.. The superlattice inside the metal-assisted etched
NWs is clearly visible. Additionally, a high resolution
(HRTEM) image in Figure 5b proves the crystallinity of these
NWs.

In conclusion, we demonstrated that the combination of
the growth of Si/Ge superlattices by MBE, surface prepat-
terning by AAO templates, and metal-assisted wet chemical
etching can be successfully applied to fabricate NWs
containing a Si/Ge superlattice. Using this method, we
obtained highly crystalline Si/Ge NWs with a diameter below
20 nm. The diameter can be controlled via the pore diameter
of the AAO template. An aspect ratio of over 10 and a high
area density of 10'° wires/cm? can be achieved. This method
allows a novel standard in the fabrication of complex NWs,
which are considered to be promising structures for the
fabrication of light-emitting diodes.
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