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Germanium is electrodeposited in a template formed from a
dried suspension of silica spheres. The germanium com-
pletely fills the pores of the silica matrix. The semiconductor,
as deposited, is amorphous but can be crystallized by
annealing. Selective dissolution of the silica template gives a
macroporous germanium-air sphere matrix, which offers
interesting possibilities for photonic applications.

A widely used approach to the fabrication of macroporous
systemsisto fill the voids of atemplate, e.g. an artificial opal,
with the solid of interest and subsequently to remove selectively
the template material. Filling methods that have been employed
include chemical vapour deposition (CVD), sol—gel chemistry
and infiltration using suspensions of nanoparticles.2—3 Recent
work has shown that electrodeposition of a solid in the porous
template is a relatively simple and attractive method for
producing macroporous systems.4% Electrodeposition has the
advantage that the new phaseisgrown from the plating base; the
voids arefilled ‘from the bottom up’, giving volume-templated
structures. This enables a higher volume fraction of solid than
that generally obtained by other methods in which deposition
occurs on the internal surface of the template (“surface
templating”). Electrodeposition has been used to make ordered
macroporous structures of gold, nickel, CdS and CdSe.4-¢ The
resulting materials have interesting optical 4.6 and, in the case of
nickel, magnetic properties.>

One of the most exciting fields of application of macroporous
solids isin photonics. Random porous systems can give strong
light scattering and, in the ultimate case, Anderson localiza-
tion.™® In a photonic bandgap material, the porous matrix must
be crystallographically ordered. In both cases solids are
required with arefractive index that is large with respect to that
of air.

Germanium, with a refractive index of 4 and a bandgap of
0.67 eV, isan interesting candidate for photonic applicationsin
the IR spectral range. Gomez Rivas et al. have studied light
scattering in a random germanium matrix based on micron-
sized particles obtained by pulverizing single crystals.8 Miguez
et al.10 have made networks of air spheres in germanium by a
three-step approach involving hydrolysis of tetramethoxy-
germane in a crystalline silica template, the reduction of the
GeO, product of this reaction, and the selective remova of the
template. Subsequent work by Miguez et al.,'' in which
germanium was deposited from digermane by CVD, gave
improved results. SEM images show clearly that this is a
surface-templated process with the semiconductor being de-
posited on the silica spheres throughout the layer. Fill factorsup
to 78% were reported, depending on the deposition temperature.
Interesting optical results have been observed.1t

In this paper we show that germanium can be electro-
deposited directly in aporous silicamatrix. For this purpose we
used a plating bath based on GeCl, in ethylene or propylene
glycol; the bath is an adaptation of one previously reported by
Szekely.12 We aso show that it is possible to etch the silica
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selectively with respect to the plated semiconductor to produce
a germanium replica of the template.

As electrode or plating base, cleaned glass slides (1 X 3 cm)
were provided with a 50 nm thick gold or copper film by
evaporation. Templates were formed by spreading evenly athin
layer of a concentrated suspension of silica particles in ethanol
on the gold surface. The particles had an average diameter of
226 nm with a polydispersity of 2%. After drying, the layers
were annedled for 3 h at 600 °C under nitrogen to create necks
between the particles and make the templates more robust. The
thickness of the silicalayers was varied between 0.8 and 2 um.
In this work we did not attempt to make well-ordered colloidal
crystals.

The solvent used for the plating bath was either anhydrous
ethylene glycol (99.8% from Aldrich) or anhydrous propylene
glycol (99.8% from Merck). GeCl, (99.99% from Acros) was
added to the solvent to give a 5-10 vol% solution; this was
carried out in anitrogen-flushed glove box to prevent hydrolysis
of the GeCl 4. The bathsalso contained KCl and acetic acid (both
p.a quality from Merck) to increase the conductivity and
improve the plating properties. Electrodeposition was carried
out at 60 °C. Either a two-electrode cell with a large area
graphite counter electrode or a three-electrode cell with a Ag/
AgCl reference electrode was used for the electrochemical
experiments. A nitrogen overpressure was maintained in the cell
during operation.

The germanium layers were characterized by X-ray diffrac-
tion (with a Philips PW 1820 diffractometer), by scanning
electron microscopy (SEM) and energy dispersive X-ray
analysis EDAX (with a Philips XL 305 field emission gun
scanning electron microscope). The germanium layer thickness
was measured with a Dektak 303 OST auto texture profiler.

Fig. 1 shows a cyclic voltammogram for an experiment with
agold working electrode in an ethylene glycol solution. A scan
to negative potentials gives a cathodic peak at about —0.5V vs.
Ag/AQCI (rangel). If the scan direction isreversed immediately
after this peak, an anodic peak (not shownin Fig. 1) isobserved.
Germanium deposition does not occur in this range; therefore,
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Fig. 1 Cyclic voltammogram of a gold working electrode in a 10 wt%
ethylene glycol solution of GeCl,. The bath also contained 1.66 wt% KClI
and 1.66 wt% acetic acid.
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the peaks are due to the Ge(iv)/Ge(i1) couplel2 At more
negative potentials (range I1) the cathodic current increases due
to deposition of germanium and reduction of protons to
hydrogen. The germanium can be stripped anodicaly at
potentials more positive than +0.1 V vs. Ag/AgCl. Although the
current efficiency is low (~1%) micron-thick germanium
layers could be deposited.

The electrochemistry of Gein silicatemplates showed results
similar to those obtained with the bare gold working electrode.
Clearly, the plating solution permeates the porous template and
has access to the gold base. The semiconductor could thus be
deposited under conditions similar to those for a bare gold
electrode.

The silica matrix could be selectively removed in 5% HF
solution to expose the plated replica. Fig. 2(a) is a SEM image
of an unannealed sample deposited in a two-€electrode cell with
a cell voltage of 2.3 V, after removal of the silica. An EDAX
spectrum confirmed that germanium had indeed been deposited
and that the template had been removed. From the absence of
peaksin the X-ray diffractogram we must conclude that the as-
deposited layer isamorphous. The morphology seenin Fig. 2(a)
istypica of the whole sample. Clearly, on removal of the silica
a three-dimensional network of air-spheres in germanium is
formed. The size of the domains in the silica matrix is rather
small (1-2 um). Germanium is also deposited in vacancies and
domain boundaries (not shown); the filling of such large voids
provides strong evidence for volume templating, with the
germanium growing uniformly from the plating base. Amor-
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Fig. 2 (8) SEM image of a macroporous amorphous germanium layer
electrodeposited from a propylene glycol solution after removal of the
template (b). The X-ray diffractogram indicates that after annealing for 30
min at 400 °C under nitrogen crystalline germanium isformed. The gold and
aluminium peaks are due to the substrate and sample holder. The large
background is due to the glass substrate.

phous films are not suitable for photonic applications; conse-
quently we hesat-treated the germanium after deposition. The
morphology seen in Fig. 2(a) does not change when the sample
isannesled for 30 min at 400 °C in anitrogen atmosphere. From
the X-ray diffractogram of Fig. 2(b), however itis clear that the
film becomes crystalline during annealing. Peaks in the 26
diffractogram are observed at 27.28, 45.30 and 53.68° corre-
sponding to the (111), (220) and (311) planes of germanium.
Application of the Scherrer equation to the peak widths yields
crystallite sizes in the 20-50 nm range. For the electrochemical
approach, deposition of an amorphous or ananocrystalline layer
is desirable; formation of larger crystallites with facetted
surfaces is clearly unfavourable for perfect filling of the
voids.13

This electrochemical method provides an interesting alter-
native to the CVD approach of Miguez et al.1* High fill factors
are obtained. Two requirements have to be met in order to
produce a photonic bandgap in germanium: (i) a thicker
template crystal with long-range order is needed; (ii) because
the bandgap of germanium correspondsto the IR spectral range,
the silica spheres forming the artificial opal must have a
diameter larger than those used in the present work. In principle,
it is quite possible to meet both of these requirements.

Our results show that electrodeposition in silica templates
provides an interesting route to the formation of both random
and ordered networks of air spheres in germanium. Such
networks can act as a high scattering medium for IR light8 or as
a photonic bandgap material.
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