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In this work, we propose a new, previously unpresented in the literature, approach to the formation of Si; yGey
films. This approach includes electrochemical processes of the formation of porous silicon, electrochemical
deposition of low-melting metals and Ge. Post-heat treatment is made possible to synthesize film structures based
on Si; xGey solid solutions. Using this approach an alloy of the composition Sip4Geg ¢ has been obtained at a

lower formation temperature than predicted by the phase diagram for the Si-Ge system.

1. Introduction

Film structures based on Si;;Geyx are widely used in high-
temperature thermoelectric converters, which have high stability and
high efficiency in the temperature range 800-1100 °C, which provides a
wide range of their application from the utilization of heat removed
during various high-temperature processes to equipment for the study of
outer space [1]. Also, Si;xGey films are used in optoelectronic devices
[2].

Currently, film structures based on Si; xGex solid solutions are ob-
tained by various chemical vapor deposition methods, for example:
plasma chemical deposition [3], low pressure deposition (LPCVD) [4],
thermal evaporation [5]. Magnetron or electron beam evaporation,
either of individual Si and Ge targets, or of the finished Si; xGey alloy, is
also used [6,7]. However, despite the progress made in recent years,
many unsolved problems remain in this area that impede the widespread
practical use of Si;.xGey. This is mainly due to the high cost of crystalline
Ge and its toxic gaseous precursors. A promising solution to the problem
is the use of technologically simple electrochemical methods for pro-
ducing Si; xGey films. However, intensive hydrolysis of liquid precursors
(SiCly4 and GeCly) used for the electrochemical deposition of Si and Ge
layers requires applying of non-aqueous solvents with a high degree of
purification and carrying out the process in an inert atmosphere [8].

Recently, a new approach to the electrochemical synthesis of Ge from
aqueous solutions of GeO3 [9] has been demonstrated. GeO; is an in-
termediate in the production of Ge and its cost is significantly less than
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the cost of crystalline Ge or its liquid and gaseous precursors. A feature
of this method is the use of metal with low melting point as a medium for
the dissolution and crystallization of Ge. The metal serves as an elec-
trode for the reduction of ions containing Ge to Ge in the atomic state,
followed by the formation of a melt of eutectic composition. A contin-
uous cathodic reduction reaction provides concentration supersatura-
tion of the melt with Ge atoms; as a result, Ge crystallizes in the melt at
the interface with the substrate, by analogy with the growth of crystals
from the gas phase by the well-known vapor-liquid-solid (VLS) mech-
anism [10].

However, in the case of Si, using same approach we can’t reject non-
aqueous electrolytes due to the lack of available water-soluble pre-
cursors. In this work it is proposed to use porous Si (por-Si) as a source of
silicon for the synthesis of Si; x\Gey alloy, which will directly participate
in the formation of Si; xGey solid solution. The methods for producing
por-Si (anodic etching of Si) are technologically simple and also allow
obtaining structures with a wide range of geometric parameters. When
pores are filled with germanium at a given porosity, por-Si allows to
control the ratio of Ge and Si in the initial Si/Ge nanocomposite and, as a
consequence, the Ge concentration in the final Si; \Gey alloy after heat
treatment.

2. Experimental.

A schematically proposed approach for obtaining Si;.xGex films is
shown in Fig. 1. This approach consists of the following stages: 1) anodic
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etching of a single-crystal plate to obtain porous silicon, 2) electro-
chemical deposition of In nanoparticles (which are germanium crystal-
lization centers) into a porous Si matrix, 3) electrochemical deposition
of Ge from an aqueous solution of GeO; into porous Si, 4) Heat treatment
of porous Si with deposited Ge nanowires in order to obtain an Si; ,Gey
alloy.

The details of synthesis and characterizations are displayed in elec-
tronic Supplementary information.

3. Results and discussions

Fig. 2 shows SEM images of the sample morphology after various
stages of Si; xGey film formation. As you can see, after anodic etching of
the Si plate, pores with an average size of ~ 80 nm have been formed
(Fig. 2 a). After the electrochemical deposition of In on the surface and
in the pores of silicon, particles have been formed (Fig. 2b), which
subsequently served as crystallization centers during the subsequent
deposition of Ge (Fig. 2 c). After heat treatment of the obtained por-Si/
GeNWs composite a film with globules has been formed (Fig. 2d). The
nanowire structures haven’t been observed. This fact indicates that the
GeNWs array has been melted.

In order to investigate the structure of the obtained film Raman
measurements have been performed (Fig. 3).

The Raman spectrum (Fig. 3) shows peaks at ~ 291 cm ™}, 403 cm ™},
489 cm ™. These peaks correspond to the vibration modes of the Ge-Ge,
Si-Ge, and Si-Si bonds in the Si; xGe film, respectively [11]. The ratio of
Si and Ge in the obtained Si;.4Gey alloy has been determined from the
obtained Raman spectra (in electronic Supplementary information).

The Ge fraction of the analyzed sample in Fig. 3 has been found about
0,6. As a result, an alloy of the composition ~ Sip4Gepe has been
obtained.

The formation of the alloy can be explained as follows. To obtain a
Si; xGey alloy of various compositions, it is necessary to activate the
mutual diffusion of Si and Ge atoms through the por-Si/GeNW interface.
The solid-phase diffusion coefficients of Si atoms in Ge and Ge atoms in
Si are significant only at high temperatures. [12]. In turn, the diffusion
coefficient of Ge atoms in Si is much lower and, as a consequence, it will
be predominantly diffusion of Si atoms in Ge [13]. At the melting point
of bulk Ge (as in this work), the diffusion coefficient of Si atoms in Ge
becomes much higher. As soon as Ge melts upon heating, the diffusion of
Si atoms in Ge from por-Si increases sharply, forming Si; _xGex melt. It is
known that Si and Ge, dissolving indefinitely in each other, form a

por-Si
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continuous series of solid solutions. According to the phase diagram of
the Si-Ge binary system [14] at a temperature of 950 °C (which has been
used in this work), a melt with the composition Sig gosGeg.995 and
crystals of a solid solution with the composition Sip 05Geg 95 have been
formed. When cooling the system, the liquid changes along the liquidus
curve, the composition of the solid solution - along the solidus curve.
When the composition of the solid solution coincides with the initial
composition of the Sip gpsGeg.995 melt, crystallization will end. Further
cooling of the system will no longer lead to a significant change in the
alloy composition. However, in our case, the alloy has been obtained of
the composition Sig 4Geg ¢. This is a significantly higher concentration of
Si atoms in the alloy. According to the phase diagram, such composition
of the final alloy can be obtained under the condition of the onset of
crystallization at a temperature of ~1230 °C, which is much higher than
the annealing temperature in this work. This means that GeNWs have
been melted at a temperature significantly lower than bulk Ge
(~940 °C). This difference can be explained by the nanoscale effect. It is
known that with a decrease in the size of the material, the melting point
decreases [15]. Moreover, it has been shown in [16] that, with a
decrease in size, there is a shift to the region of lower temperatures and a
transformation of the entire phase diagram of the system. As a result,
crystallization of a melt with a higher Si concentration can occur at
lower temperatures.

4. Conclusion

Thus, in this work, we propose a new, previously unpresented in the
literature, approach to the formation of Si; x\Gex films. This approach
includes electrochemical processes of the formation of porous silicon,
electrochemical deposition of low-melting metals and Ge. Post-heat
treatment is made possible to synthesize film structures based on Si;.
xGex solid solutions. Using this approach in this work, an alloy of the
composition Sip 4Geg ¢ has been obtained at a lower formation temper-
ature than predicted by the phase diagram for the Si-Ge system. The
obtained results will contribute not only to the development of tech-
nologies for creating thermoelectric converters, but also optoelectronic
devices, including those integrated with silicon circuitry, photodetec-
tors, photocells and components of semiconductor devices based on
heterojunctions.

Fig. 1. Schematic illustration of Si; yGey film fabrication.
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Fig. 2. SEM images of sample morphology at different stages of Si; xGey film formation: Si; 4Gey. a) por-Si, b) In particles, ¢) GeNWs, d) Si; xGey film.

i Ge-Ge

Intensity

I
500

| |
300 400
Wavenumber (cm'')

I
200
Fig. 3. Raman spectra for Si; xGey film.
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