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A method of germanium electrodeposition from a GeO,-based aqueous solution into the pore channels of anodic
mesoporous silicon formed on n-type highly-doped (100) silicon wafers is described. The effect of deposition
time, pore channel shape and preconditioning of porous silicon layers in hydrofluoric acid is evaluated. Recom-
mendations are given in regards to the optimal parameter combinations to ensure uniform pore channel filling
with germanium. The possibility of producing silicon-germanium alloys by subsequent rapid heat treatment of

the germanium-filled porous silicon layers is established.

1. Introduction

Composite semiconductor structures based on silicon and germa-
nium are currently of prominent interest as a structural basis for produc-
ing silicon-germanium alloys of various compositions (e.g., Sip gGeg 1),
which are most notable for their outstanding thermoelectric properties
[1]. The currently employed approaches to the production of Si-Ge al-
loys are fairly complicated and generally require expensive equipment
and complex technological processes such as epitaxy and hot pressing, as
well as rely on toxic and/or flammable germanium precursors [2]. Alter-
native methods have also been proposed, such as the one by Volodin et.
al., involving nano-, pico- and femtosecond infrared pulsed laser anneal-
ing of multilayer structures consisting of alternating thin films of amor-
phous silicon and germanium; however, only picosecond laser annealing
proved effective, and only thin nanoscale SiGe layers could be produced
[3]. In this regard, finding alternative more simplistic and flexible ways
to form alloy layers of ample thicknesses remains an urgent task. Elec-
trochemical deposition of germanium into porous silicon (PS) — a mate-
rial obtained by electrochemical or chemical etching of monocrystalline
silicon in hydrofluoric acid-based solutions — stands out as a potential
candidate for such a role. Presumably, thermal treatment of PS with its
pore channels filled with germanium at temperatures above the latter’s
melting point will enable acquisition of Si-Ge alloys. The ensuing alloy
layer’s thickness will then mainly be determined by that of the initial PS
layer, and its composition — by PS’s structural parameters and the pore
filling factor.
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Electrochemical deposition from liquid solutions is well-regarded as
an effective approach to produce germanium films on conducting and
semiconducting substrates. Among the most popular sources of germa-
nium ions for its electrochemical reduction are solutions based on ger-
manium chloride GeCl,. The less common alternatives include but are
not limited to germanium’s halogen salts (GeBr,, Gel,) and germanium
dioxide GeO,. Molten salts and ionic liquids are most often used as
solvents, as they are generally known to provide the largest electro-
chemical window. Lahiri et al. describe the possibility of germanium
plating from GeX, (where X = Cl, Br, I) dissolved in an ionic liquid
([BMIm]PF¢) and note a strong effect of UV illumination on the re-
duction potential [4]. Processes of this kind can be realized at room
temperature [5] and are characterized by two-step reduction of ger-
manium (Ge** — Ge2* — Ge?) [6]. Raising the temperature leads to
higher deposition rates due to an increase in the electrical conductivity
of the resulting films, as well as the acceleration of overall electrochem-
ical kinetics [7]. Germanium reduction from solutions based on ionic
liquids and high-temperature molten salts allows the formation of ger-
manium structures (e.g., nanoscale filaments) that exhibit satisfactory
structural parameters and cyclic strength for use as lithium-ion battery
anodes [5,8,9].

Reduction from aqueous solutions is the least common group of elec-
trochemical approaches to obtaining crystalline germanium. This can
mostly be attributed to germanium’s tendency to oxidize in the pres-
ence of water, as well a rather minor electrochemical window due to
the small hydrogen evolution overpotential, making it harder to obtain
thicker layers [7]. Fink and Dokras described the basic process of germa-
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nium deposition from aqueous solutions based on GeCl, [10]. Among
more recent works, Liang et al. have evaluated the deposition process
from solutions based on germanium chloride using cyclic voltamme-
try, establishing that monolayer germanium can be deposited on a no-
ble metal substrate, and the reduction process itself occurs over several
stages (Ge** — GeOH 45y — GeHygs)) [11]. Among other possible sol-
vents providing favorable conditions for germanium reduction, organic
substances such as ethylenediamine [12], supercritical fluids based on
CO, [13] and difluoromethane [14], as well as propylene glycol [15,16]
are noted. Approaches based on these solvents have a number of advan-
tages, but can be difficult to implement in practice due to the need to
completely eliminate the presence of water.

It is important to note that the works listed above, with few excep-
tions, are devoted to the deposition of germanium onto flat conducting
substrates. Recovery of crystalline germanium on semiconductor materi-
als, especially nanostructured ones, is much less explored. It has been es-
tablished that, to form germanium crystallites on a silicon substrate, pre-
deposited particles of fusible metals (In, Ga) or alloys (Galn, Biln) can
be utilized. In that case, germanium can be deposited using the so-called
electrochemical liquid-liquid-solid (ec-LLS) growth approach, which im-
plies electrolysis of this fusible metal-covered semiconductor substrate
in GeO,-based solutions [17,18] During ec-LLS metal particles take on
two primary roles, serving as (a) microscopic cathodes whereon oxidized
germanium is reduced to its atomic state, as well as (b) the medium for
nucleation and growth of the forming semiconductor crystallites. The re-
sult is the growth of germanium in the form of thin wire-like filaments
which correlate in diameters with the original metal particles. The dis-
advantage of this approach is the presence of residual fusible metal con-
tents in the composites, as well as (in cases when high temperatures
are utilized) relatively poor reproducibility. As we have previously as-
sumed [19], the ec-LLS process can be carried out on PS which had its
pores filled with fusible metal particles in advance, enabling selective
growth of germanium crystallites inside the pores. Heat treatment of
the resulting structures leads to the formation of Si;  Ge, alloys with
high germanium contents [20]. It is important to note that filling mi-
croscopic pore channels with other substances is not an easy task, and
so far, the possibility of doing so has only been demonstrated for a select
few metals. The greatest success has been achieved with nickel, cobalt,
iron, and copper, while conformal deposition with reproducible filling
of each consecutive pore has only been realized for nickel [21].

The purpose of the present work is to investigate the electrochem-
ical deposition of germanium into PS layers without any preliminarily
deposited fusible metal coverage, evaluating the influence of a number
of technological parameters on the morphology of the obtained deposit
and its potential usability as a basis for silicon-germanium alloying.

2. Materials and methods

PS layers used as matrices for subsequent filling with germa-
nium were obtained by electrochemical anodization of antimony-doped
(100)-oriented monocrystalline silicon wafers with a bulk resistivity
of 0.01 Ohm-cm. The diameter and thickness of the wafers used were
100 mm and 460 pm, respectively. All the necessary electrochemi-
cal treatment stages were performed using a Metrohm Autolab PG-
STAT302N potentiostat under room illumination.

To obtain PS layers, initial monocrystalline silicon wafers were di-
vided into rectangular samples about 4 cm? in area. Each sample was
rinsed with deionized water and air-dried in-between each of the fol-
lowing processing stages, unless specified otherwise. Firstly, the samples
were cleaned of organic contaminants in chromic acid, then immersed
into a 5% HF solution for oxide removal. For electrochemical anodiza-
tion, each sample was treated in an electrochemical cell with a circular
working area 1.9 cm in diameter. The electrolyte used for the anodiza-
tion process consisted of 1 volume part 45% hydrofluoric acid HF, 3
parts deionized water and 1 part isopropyl alcohol. Mesoporous silicon
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layers approximately 1.5 ym thick were obtained by anodizing the sam-
ple at a current density of 70 mA/cm? for 30 s.

Due to the specifics of PS formation, its subsurface layer is char-
acterized by significantly smaller pore sizes. To eliminate any possible
negative effect of this occurrence on germanium deposition, the sub-
surface layer was removed by a two-stage chemical etching procedure.
The first stage involved chemical (immersion) deposition of copper into
the subsurface layer from an aqueous solution containing 0.03 M CuSO,
and 0.14 M HF for 3 min. This results in silicon’s chemical dissolution
and displacement of its atoms with those of copper [22]. In the case of
porous silicon, this process is generally contained in its subsurface area
due to significant diffusion limitations, as well as the presence of large
amounts of structural defects, and the rest of the layer remains mostly
intact. On the second stage, the previously deposited metal was etched
in a 20% HNOj5 solution for 5 min, which simultaneously resulted in
the removal of the subsurface layer displaced by copper atoms. Since
nitric acid leads to silicon’s oxidation, each PS sample was additionally
immersed in concentrated hydrofluoric acid to remove the oxide layer
before proceeding with germanium deposition. This procedure was ex-
ecuted out for a relatively long period of time (1 h) to take into account
the capillary effects that slow down the the acid’s access into the lower
ends of the pore channels.

An aqueous solution containing 0.05 M GeO,, 0.5 M K,SO, and
0.1 M C4H50,4 (succinic acid) with pH adjusted to 6.5 using NH,OH
was used for germanium deposition. The process was carried out for
30 min with vertical electrode arrangement in galvanostatic mode at a
current density of 2 mA/cm? and solution temperature of 85 °C, main-
tained by a laboratory heating plate IKA C-MAG HS 7. In order to ob-
tain an alloy layer, germanium-filled PS was subjected to rapid thermal
processing (RTP) using an Annealsys As-One 100 RTP system. Thermal
processing was conducted at 950 °C over the course of 30 s under argon
flow (800 sccm). This temperature value is above germanium’s melting
point, leading to the latter’s alloying with PS’s sidewalls. Naturally, the
alloyed film’s thickness is expected to be equal to or lower than that of
the initial porous layer.

Fig. 1 shows a generalized schematic illustration of the proposed
technological approach to the fabrication of Si-Ge composites and alloys,
including PS preparation, germanium deposition and silicon-germanium
alloying.

The samples’ structural parameters were studied using a Hitachi S-
4800 scanning electron microscope (SEM). The diameter of the electron
beam was 1 nm. The samples’ elemental composition (namely, distribu-
tion profiles and concentration mapping of chemical elements present
along the porous layer’s thickness) was evaluated by means of energy
dispersive X-ray spectroscopy (EDX) using a Bruker QUANTAX 200 spec-
trometer. The method in question relies on scanning the electron beam
over the sample’s cross-section and recording the X-ray spectra from ex-
citation areas with diameters not exceeding 0.5 pm at an accelerating
voltage of 15 kV. Since the sizes of structural elements under evaluation
generally lie well below this value, the obtained concentration values
can be interpreted as average throughout said excitation area, and the
elemental distribution profiles and EDX maps based thereon are there-
fore presented in relative units. Since the spectra acquisition conditions
remained the same for all the samples in this work, we consider this
approach valid for the sake of comparison.

In addition to EDS, a 3D scanning laser confocal Raman microscope
Confotec® NR500 equipped with a 473 nm blue laser was used to an-
alyze the surface layer’s composition. This was especially practical for
the basic detection of Si-Ge alloying achieved via RTP.

Surface SEM images of initial PS layers were analyzed using ImageJ
software, enabling the calculation of the cross-sectional area S for each
of the pores present in the image. The equivalent pore diameter D, is
then calculated as the diameter of a circle possessing the same area as
the pore: D, = 2e(S/m)1/2.

The pore sidewall thickness was estimated in a similar fashion using
an ImageJ expansion created by Haeri and Haeri [23], wherein the dis-
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Fig. 1. Schematic illustration of the proposed silicon/germanium composite formation method: (a) initial PS layer, (b) Cu deposition into the subsurface layer, (c)
subsurface layer removal in HNO; and HF immersion for oxide removal, (d) germanium deposition (e) thermal processing for alloy formation.

Fig. 2. SEM images of (a) surface, (b) cross-section and histograms
of (c) equivalent pore diameter and (d) pore sidewall thickness dis-
tribution for the freshly-prepared PS with its subsurface layer still
intact.
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tance d between the boundaries of two adjacent pores with coordinates
X1, ¥7 and Xy, ¥, is determined as d = 2+((y5 - ¥1)? + (x5 - x1)?2)1/2 -
(r; + ry), where r; and r, are the equivalent radii of two pores calcu-
lated from their areas under assumption that they have a circular shape.
Considering the pore shape approximation, this method gives the most
accurate results for circular pores, but is sufficiently applicable to the
structures considered in this paper.

3. Results
3.1. Effect of porous silicon’s subsurface layer

Fig. 2 shows surface and cross-section SEM images of a freshly pre-
pared PS sample, as well as histograms demonstrating statistical distri-
bution of pore diameters and sidewall thicknesses. The surface pore den-
sity in this case is 2.04-10! cm~2, and the pores’ equivalent diameters
range from 3 to 52 nm with an average value of 17 nm. Most of the pores
are gray in color, indicating their shallow depth, but black pores are also
present and are generally larger in lateral size. The sidewall thickness
value ranges from 1 to 15 nm, with an average of 5 nm. The PS layer
is about 1.5 pm thick, with pore channels exhibiting a characteristic
bottle-like shape with noticeable topside tapering and a well-developed
surface with a large total area. The subsurface layer with reduced pore
sizes is around 0.3 um in thickness. The primary pore channels are di-
rected strictly perpendicular to the wafer’s surface.

In order to assess the subsurface layer’s effect on deposit localiza-
tion, deposition of germanium into freshly-prepared PS samples with

SN TN O~ ® A =l S

Sidewall thickness range, nm

the layer in question still intact was first evaluated. The sample was
preliminarily immersed in concentrated HF for 30 min, whereafter the
deposition process was carried out over the course of 30 min. Fig. 3
shows the SEM images of the resulting structure. Here we also present
the EDX analysis results in the form of EDX mapping data and element
concentration profiles (for silicon, germanium and oxygen) in relation
to the pore channel depth, with 0% being the upper edge of the layer
and 100% corresponding to the PS/monocrystalline Si boundary. The
scan was performed at a 45° angle relative to the samples’ surface to
ensure more representative results.

Fig. 3a and b clearly indicate that the subsurface region of the sam-
ple is entirely coated by a dense germanium film. It would be logical to
assume that this sort of pore "clogging" is primarily caused by their small
lateral size and leads to considerable diffusion limitations. This provides
less than favorable conditions for deep germanium plating, which is ev-
ident from EDX concentration profiles. The latter would indicate that
germanium is predominantly located on the surface and in the subsur-
face layers of PS, and its concentration noticeably decreases along with
the pore depth. An exponential increase in silicon’s concentration after
a depth threshold of 60% is most likely caused by an integral charac-
ter of the EDX technique, manifested in the electron beam starting to
partially capture the signal from the monocrystalline wafer below the
porous layer.

Considering the noticeable pore clogging and an excessive deposit
gradient all throughout the porous layer, all the following studies were
carried out on PS samples with their subsurface layers removed. The
SEM images and corresponding statistical distributions of the pores’ ge-
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Fig. 3. SEM images of (a) surface, (b) cross-section (with EDX signature map overlaid over the right-hand side), and (c) EDX distribution profiles of Si and Ge in a
sample prepared by depositing germanium into freshly-prepared PS with its subsurface layer still intact at a current density of 2 mA/cm? for 30 min. The PS sample

was preconditioned in HF for 60 min.

Fig. 4. SEM images of (a) surface, (b) cross-section and his-
tograms of (c) equivalent pore diameter and (d) pore sidewall
thickness distribution for the PS layer with its subsurface layer
chemically removed.
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ometrical parameters for one such sample are compiled in Fig. 4. In this
case, the pores have pronounced cylindrical shapes without the charac-
teristic topside tapering. Due to the etching mechanism involving sili-
con atoms’ replacement with copper atoms and subsequent dissolution
of the latter, the remnants of the etched subsurface layer have a well-
developed rough nature. The pores on the surface possess equivalent
diameters ranging from 4 to 102 nm with an average value of 56 nm
— around three times larger than that in freshly prepared PS. The pore
placement density is 5.32:10° cm~2, which is almost two orders of mag-
nitude lower than that in the subsurface layer. Lastly, the sidewall thick-
ness ranges from 3 to 30 nm with an average value of 9 nm, compared
to 5 nm in the initial porous layer.

3.2. Effect of deposition time

SEM images and EDX data for PS samples with germanium deposits
obtained after 10-, 20-, 30- and 40 min deposition processes are com-
piled in Fig. 5. Each sample had its subsurface layer chemically removed
and was pre-conditioned in concentrated hydrofluoric acid for 1 h. The
feasibility of such a preconditioning procedure will be demonstrated in
the following section.

The obtained data seem to indicate that germanium nucleation oc-
curs at select points on the sidewall surface. These nuclei then proceed
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to increase in size over time and soon coalesce into a continuous ger-
manium "column", whose growth is confined in a vertical direction by
the pore channel boundaries. The result is a sufficiently uniform degree
of pore filling with germanium, which, however, does not exclude the
formation of a noticeable germanium layer on the surface. A value of 30
min was chosen as the optimal time interval to ensure complete filling of
the pores, while also avoiding excessive surface precipitation that occurs
at prolonged electrolysis durations. This deposition time was therefore
used in all subsequent studies.

3.3. Effect of preliminary exposure to HF

To evaluate the effect of PS layer preconditioning in hydrofluoric
acid, we varied the samples’ immersion time in HF and evaluated its ef-
fect on the germanium deposit. The corresponding results are presented
in Fig. 6.

While noticeable negative effects are present in the case of in-
sufficient HF exposure, any change in the procedure’s duration af-
ter the sample has already been subjected to prolonged immersion
does not seem to result in any significant changes in the deposit’s
morphology. The implications of this phenomenon will be discussed
further.
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Fig. 5. Surface/cross-section SEM images (with EDX signature maps overlaid over the right-hand sides) and EDX distribution profiles of Si and Ge in PS samples
with germanium deposited at current density of 2 mA/cm? for (a) 10 min, (b) 20 min, (c) 30 min, (d) 40 min. Each PS sample had its subsurface layer removed and

was preconditioned in HF for 60 min.

3.4. Thermal processing for Si-Ge alloy formation

Figs. 7 and 8 compile the SEM images and Raman spectra of the Si-Ge
alloy layer produced via RTP of the silicon/germanium composite ob-
tained in accordance with the previously described approach comprising
a 60 min HF preprocessing stage and a 30 min germanium deposition
stage (similarly to Figs. 5¢ and 6b). The comparison of Raman spectra
illustrating the difference between the samples’ composition before and
after thermal processing is shown in Fig. 8.

As seen from Fig. 7, stemming from RTP is a uniform alloyed layer
around 500 nm in thickness, which is substantially thinner compared to
the original 1.5 pm thick PS used for its acquisition. Amid the smooth
alloy droplets up to a few micrometers in size some inconsistencies are
present in the form of nanoscale crystallites. This kind of irregular shape
is most likely associated with germanium being present on top of the PS

layer before the thermal processing is initiated and can likely be solved
by adjusting the germanium deposition parameters to minimize surface
nucleation.

As the goal of the present work is to simply establish the possibil-
ity of producing Si-Ge alloys through this approach, the effect of all
the processing parameters listed above on the alloy’s morphology and
composition is yet unclear and is to be determined in future research.
The discussion section will therefore be focused solely on germanium
deposition.

4. Discussion
Fig. 9 illustrates the nucleation and growth stages of germanium

crystallites within the pores, based on the SEM images presented earlier.
It also includes the case when the PS layer in question still has its subsur-
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Fig. 6. Surface/cross-section SEM images (with EDX signature maps overlaid over the right-hand sides) and EDX distribution profiles of Si and Ge in PS samples
with germanium deposited at a current density of 2 mA/cm? for 30 min. The samples had their subsurface layers removed and were preconditioned in HF for (a)

30 s, (b) 30 min and (c) 60 min.

D X0
S O

Concentration, a.u.
SRS
S =

100[MGe WS WO}

Fig. 7. (a) Cross-section SEM image (with EDX signature map over-
laid over the right-hand side) and (b) EDX distribution profiles a of
Si-Ge alloy layer produced by RTP (950 °C, 30 s) of PS electrochem-
ically filled with germanium at 2 mA/cm? for 30 min.
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face layer intact. At the early stages of the process (Fig. 4, a) germanium
growth in the form of spherical particles with diameters ranging from
50 to 150 nm can be observed. Judging from SEM data, the particles’
spatial packing density (under the assumption that the horizontal N,
and vertical N, packing densities are equal) is roughly equal to N = N,
*N, ~9.61 0° cm™2. As the electrolysis process goes on, the particles
increase in number and size, gradually coalescing into one another and
soon completely enveloping the surface of the pore. At a certain point
the gap between the sidewalls encloses, yielding a pore fully-filled with
germanium. It is worth noting that the solution’s renewal may be dras-
tically hindered by the gradually decreasing gap between the sidewalls,
making it more likely for the subsurface areas to enclose first, bringing
about underlying cavities inside the deposit. While this factor is espe-

80 100

Depth inside the porous layer, %

cially prevalent in freshly-prepared PS layers with the subsurface layer
still intact, we do not expect it to have any serious negative impact on
alloy formation in the case of preprocessed PS with the subsurface layer
removed.

The seemingly substantial effect of PS preconditioning by HF im-
mersion prior to germanium deposition can be attributed to at least two
factors.

Firstly, by exposing the sample to hydrofluoric acid, which easily
dissolves SiO,, it is possible to minimize the negative effect of the natu-
ral oxide film that forms both due to the aqueous nature of the solutions
used and due to surface’s previous exposure to nitric acid. This elimi-
nates the need for electrical breakdown of the oxide layer for germanium
nucleation, or greatly facilitates it, thereby increasing nucleation den-
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Fig. 8. Raman spectra comparison for PS samples with germanium electrode-
posited at a current density of 2 mA/cm? for 30 min before and after rapid
thermal processing.

sity. Nevertheless, one should also expect that the consequent increase
in the hydrophobicity of the pore sidewall surface will lead to some de-
terioration in the wettability of the latter, complicating solution flow
deeper into the pores. The ratio between negative and positive effects
of this factor remains uncertain.

Secondly, exposure to HF or its aqueous solutions for sufficiently
long periods of time leads to hydrogen termination of the pore sidewalls.
The importance of this procedure in terms of silicon surface functional-
ization has been previously considered in the works of J. Buriak et al.
and other authors [24]. In particular, the presence of Si-H bonds on the
surface presents favorable conditions for metal nucleation and growth
compared to surface passivation by SiO,, since it provides increased
surface reactivity, with the hydrogen atoms being able to more easily
get replaced by atoms of the reduced material [25]. In addition to that,
hydrogen passivation makes the surface more chemically homogeneous
and, in the short term, stable to oxidation in an air atmosphere [23,26].
At the same time, it is to be expected that some of the Si-H bonds may

e

10 min 20 min 30 min

(a

40 min
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undergo oxidation in aqueous solutions, and different segments of the
surface may not be equally functionalized [27].

The nature of the silicon surface termination by SiH, groups depends
on the crystallographic orientation of the surface in question. In the case
of PS, which can have surfaces with various orientations, different kinds
of bonds are expected to occur in its different regions: surfaces corre-
sponding to the (100) direction are covered by dimeric monohydrides
or dihydrides; those with a (111) direction are terminated by isolated
Si-H groups; finally, SiH; trihydrides can exist on highly defective sur-
faces such as the well-developed upper part of the porous layer [28,29].
Additionally, diffusion of hydrogen into the crystal lattice of silicon may
create electronic states in the band gap [30], which also contributes to
the overall positive beneficial effect.

It should be noted that carrying out the same deposition process on
a monocrystalline wafer of the same type results in small-scale deposits
separated into individual spots and conglomerations that do not cover
the entire surface of the sample. The germanium deposits in question
do not produce any signatures on the Raman shift measurements, indi-
cating their insufficient amounts. Evidently, PS significantly promotes
germanium nucleation density due to its well-developed surface with
numerous defects and other potential nucleation points throughout. It
also prevents the resulting nuclei and germanium crystallites from being
washed away by the flow of water used for rinsing the sample after the
procedure is concluded.

5. Conclusions

The obtained results indicate that compliance with a set of process-
ing parameters during electrochemical deposition of germanium into PS
from aqueous solutions based on GeO, makes it possible to achieve uni-
form and reproducible filling of pores with germanium. The germanium
deposits obtained by such an approach have the shape of scattered ger-
manium clusters, which increase in size and gradually and reproducibly
fill the pore channels as the electrolysis duration is increased.

The subsurface layer that is typically present in mesoporous silicon
layers and features pores of smaller diameters plays a crucial role in
deposit localization. Removing it by chemically displacing it with copper
and etching it in nitric acid greatly improves the pore filling factor by

Fig. 9. Schematic illustration of the germanium electrodeposition
stages as the processing is increased when realized on PS substrates (a)
immediately after anodization and (b) after subsurface layer removal.
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alleviating diffusion limitations otherwise prevalent in freshly-prepared
porous layers.

In addition to oxide removal, immersing the PS sample in HF prior to
germanium electrodeposition ensures hydrogen passivation of the pore
sidewalls that provides an increased degree of surface reactivity com-
pared to the that of the untreated partially oxidized surface. Although
the exposure time is not critical for hydrogen passivation of one given
surface, it is of great importance in the case of processing a porous ma-
terial and should be extensive enough to allow the acid to penetrate to
the bottom of the pores. Excessive HF exposure time does not have any
negative effect on the processing result. Deposition of germanium into
the sample with insufficient or lacking HF preprocessing results in pre-
dominantly surface and near-surface germanium deposition due to the
presence of SiO, at the sidewalls and bottoms of the pore channels.

Thermal processing of PS uniformly filled with germanium results in
the formation of silicon-germanium alloy layers. Presumably, varying
the geometric parameters of the initial PS layer will enable direct con-
trol over the resulting alloys’ elemental composition, making it a rela-
tively simple and reproducible method of forming Si-Ge alloys featuring
desired compositions and thicknesses.
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