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RAMAN SPECTRA OF SILICON/GERMANIUM ALLOY
THIN FILMS BASED ON POROUS SILICON
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Regularities of composition changes of silicon/germanium alloy thin films formed on a single-crystalline silicon
substrate by electrochemical deposition of germanium into a porous silicon matrix with subsequent rapid thermal
annealing (RTA) at temperatures of 750-950°C are studied. An analysis of the samples by Raman spectroscopy
showed that an increase of the RTA temperature leads to a decrease in the germanium concentration in the formed
film. A decrease of the RTA duration at a given temperature makes it possible to obtain films with a higher germanium
concentration and to control the composition of thin silicon/germanium alloy films formed by changing the RTA
temperature and duration. The obtained results on controlling the composition of silicon/germanium alloy films can
be used to create functional electronic devices, thermoelectric power converters, and optoelectronic devices.
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Introduction. The elemental semiconductors silicon (Si) and germanium (Ge) belong to a group of elements in the
Periodic Table that form crystal structures with a diamond-type lattice. Therefore, they can be mixed with each other in any
proportion to form alloys Si;_,Ge,, where x is the mole fraction of Ge [1]. The properties of these alloys such as the bandgap
and crystal lattice constant, depending on the value of x, can be rather accurately predicted according to the Vegard rule
[2—4]. SiGe finds applications in fast-acting microelectronic devices and UHF-range integrated circuits [5, 6] because of the
higher mobility of charge carriers and better transport properties than those of pure Si [4, 5]. In addition, it is considered
a promising material for photovoltaic devices and photomultipliers and thermoelectric energy converters operating on the
Seebeck effect [4, 6, 7]. SiGe possesses several advantages that increase the efficiency of thermoelectric converters. It has
a very broad operating temperature range from 400 to 1000°C. In contrast to many oxide semiconductors, it can be doped
with donor and acceptor impurities to produce electron and hole conductivity. It also has low thermal conductivity [4].
The lowering of the thermal conductivity and specific resistance upon doping SiGe simultaneously with the raising of the
operating temperature makes it possible to fabricate highly efficient thermoelectric converters based on it. Therefore, the
alloy Sig gGey 5 is considered a promising material for harvesting energy from the environment in various sectors from
industrial installations to spacecraft [5].

Well-known vacuum deposition methods are used to produce SiGe, e.g., molecular-beam epitaxy, chemical vapor
deposition, and magnetron sputtering [1, 5]. However, low-temperature approaches, e.g., electrochemical liquid—liquid—
solid (ec-LLS) deposition of Ge followed by thermal annealing [8], can be used in addition to vacuum methods to produce
SiGe. The ec-LLS method presupposes preliminary deposition onto a substrate of particles of a low-melting metal, e.g.,
indium, gallium, or tin [9-12]. Then, Ge is reduced on the surface of the metal particles, which act simultaneously as
nucleation centers and electron sources. Direct electrochemical deposition of Ge occurs from alkaline aqueous solutions of
GeO; [13-15] or anhydrous solutions of Ge salts in organic solvents or ionic liquids [16, 17]. Electrochemical deposition
of Ge was considered of little use [16] until interest in the production of nanostructures and alloys of this material for
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optoelectronics, photovoltaics, and energy conversion devices arose [8, 17, 18]. The polycrystalline nature of Ge films
obtained by an electrochemical method did not prevent their use in these areas although the advantage of the deposition rate
and simple equipment of low-temperature synthesis neutralized this drawback.

The present work demonstrated the ability to produce the alloys Si;_.Ge, by direct electrochemical deposition of
Ge onto a porous Si matrix followed by rapid thermal annealing (RTA). Layers of Si;_,Ge, up to several micrometers thick
could be produced by filling the pores of the porous Si. The layer composition could be controlled by varying the ratio
of pore volume and Si crystallites in the porous Si layer, i.e., its porosity. The composition of the formed films had to be
controlled to fabricate efficient thermoelectric converters or optoelectronic devices based on Si;_,Ge,. The present work
showed that Raman spectroscopy (RS) could be used to solve this problem.

Experimental. Porous Si was formed via electrochemical anodization using a plate of single-crystalline Si with
electron-type conductivity and specific resistance 0.01 Q-cm. The anodic treatment used a galvanostatic setup in an
aqueous alcohol electrolyte with an HF (45%):H,0O:i-PrOH component ratio of 1:3:1. A layer of porous Si 1.5 um thick was
produced at current density 70 mA/cm? for 30 s. The current source was a Metrohm Autolab PGSTAT302N potentiostat/
galvanostat. Then, a low-porosity surface layer was removed from the surface of the obtained porous Si layer [19] via
chemical replacement of Si atoms by Cu followed by its removal in HNO5 [8]. Ge was deposited electrochemically onto the
porous Si matrix using a solution containing GeO, (0.05 M), K,SO4 (0.5 M), and succinic acid (0.1 M) at pH 6.5.

Thermal annealing of samples to synthesize the SiGe alloy used the RTA method on an RTP System AS-One 100.
The annealing was performed in a stream of Ar (flow rate 800 cm3/min) at 750-950°C for 30-300 s. The heating rate
was 10°C/s.

The morphology and elemental composition of the obtained samples were studied using scanning electron
microscopy and energy-dispersive x-ray analysis (EDX) on an FEI Helios G4 CX DualBeam scanning electron microscope.
A Horiba LabRAM HR-800 micro-Raman spectrometer equipped with a He—Ne laser excitation source at operating
wavelength 633 nm was used to study sample using Raman spectroscopy.

Results and Discussion. The starting layer of porous Si obtained by anodic treatment and removal of the surface
layer was 1.2 um thick (Fig. 1). Pores of average diameter 50—70 nm were formed as vertical walls of Si crystallites of
slight roughness. Pore channels were filled with semiconductor particles after electrochemical deposition of Ge. A quasi-
continuous porous layer of Ge particles 30—40 nm in size formed on the surface.

The morphology of the porous Si layer with deposited Ge changed considerably after RTA at various temperatures
from 750 to 950°C (Fig. 2). The sample treated at 750°C changed the least. The preserved pore structure of the porous Si
and melted particles, presumably Ge, were visible in the transverse chip. The crystallites of the Si skeleton of the porous Si
alloyed with the Ge and the structure of the porous Si became less distinct as the RTA temperature increased. A continuous
film of melted material 500-700 nm thick formed on the substrate surface when the temperature reached 950°C, which
exceeded the melting point of Ge (938.2°C). Signs of the porous Si skeleton structure were already missing in this film. It
was monolithic in the bulk with a few particles ~30—-50 nm in size on the surface.

An alloyed layer 700-1000 nm thick also formed on the substrate surface if the RTA duration was shortened by
10 times to 30 s. However, traces of the porous Si structure remained in the alloyed material.

EDX found that the obtained films consisted of Si and Ge with inclusions of O and C. The fraction of Ge in the film
increased from 0.36 to 0.71 as the synthesis temperature increased from 750°C to 950°C. A small concentration of oxygen
was present in the layer because of oxidation of inactive regions of the porous Si during electrochemical deposition of Ge in
the heated aqueous electrolyte [20]. Organic compounds remaining in the porous Si matrix after electrochemical treatment
could be an oxygen source in the formed alloy layer. Its concentration was rather high and reached 14—15 at.%.

Raman spectra of the samples also changed considerably as the RTA temperature increased. The sample annealed
at 750°C showed two Raman lines (Fig. 3). The first with a maximum near 521 cm”! corresponded to a triply degenerate
optical vibrational mode of single-crystalline Si Si(LO) at the center of the Brillouin zone [21, 22]. The second at ~300 cm”!
belonged to an analogous vibrational mode of crystalline Ge Ge(LO) [22].

Additional lines that corresponded to vibrations of Ge—Ge, Si—Ge, and Si—Si bonds in the crystalline Si;_,Ge, alloy
appeared in the spectrum upon increasing the synthesis temperature to 850°C [23-26]. The lines had asymmetric shapes,
indicating that low-dimensional effects, surface states, and defects or nonstoichiometric compositions arose in the material
[27, 28]. Formation of the alloy was associated with a change of length and vibrational energy of bonds between Si and
Ge atoms. Therefore, the positions of their maxima shifted from the fundamental values. Table 1 presents the positions of
separate lines obtained by approximating the normalized Raman spectra of the samples by asymmetric sigmoidal functions.
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Fig. 1. Photomicrographs of the surface (a, b) and transverse chip (c, d) of porous silicon
matrix before (a, c) and after (b, d) electrochemical deposition of germanium.

7'=850°C, t=300s 7=950°C, r=300s I'=950°C, t=30s

Fig. 2. Photomicrographs of the surface (a) and transverse chip (b) of porous silicon
matrix with deposited germanium layer after 300 s of RTA at 750-950°C and after 30 s
of RTA at 950°C.

The relative intensity of the SiGe Raman lines increased upon increasing the annealing temperature further to
950°C. The line with a maximum at 521 cm™" that corresponded to single-crystalline Si lattice vibrations weakened. The
relative intensity of the line corresponding to vibrations of Si—Ge bonds in the Raman spectrum decreased if the RTA
duration decreased.

The results indicated that thermal annealing at 750°C did not lead to formation of the SiGe alloy. The structural
rearrangement of the deposited Ge film surface (Fig. 2) was related to the low wettability of the Si surface by Ge and
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Fig. 3. Normalized Raman spectra of samples after RTA: T = 750°C, process duration
t=300s (a), T=850°C and ¢ = 300 s (b), 7= 950°C and ¢ = 300 s (c), 7= 950°C and
t=30s(d).

TABLE 1. Parameters of Raman Spectra of Si;_,Ge, Alloy Samples Prepared at Various Temperatures and RTA Durations

o ) v, em/Lopms Tel. units
RTA temperature, “C RTA duration, s
Ge-Ge Si—Ge Si-Si
850 300 292.7/1 404.3/0.19 488.9/0.04
950 300 293.8/1 404.3/0.60 488.9/0.32
950 30 294.4/1 406.1/0.56 487.1/0.21

mechanical stresses related to the misfit of the crystal lattices of the materials [23]. According to RS, SiGe films formed on
the substrate surface if the temperature rose further to 850°C, despite the lack in the Si-Ge system of SiGe eutectic alloys
with melting points less than that of Ge. The probabilities of forming Ge-Ge, Si—Ge, and Si—Si bonds were close to X2,
2x(1 — x), and (1 — x)2, respectively, for a random distribution of Si and Ge atoms in the Si;_,Ge, alloy [24, 29]. The
intensities of lines / (rel. units) in Raman spectra were proportional to the number of the corresponding chemical bonds. In
this instance, the intensity ratio of Raman lines belonging to these bonds were [25, 29]:

IGe Ge/Isi-Ge = Bx/2(1 —x), (1)
Isi sillsi Ge = A(1 —x)/2x . 2)

Proportionality coefficients 4 and B were necessary to compensate for resonance effects leading to a dependence
of the Raman line intensities on the excitation wavelength. The method for determining the Ge concentration from the
intensity ratio of Raman lines did not depend on stresses in the alloy film. It was assumed that an excess of Ge was present
in the obtained material so that the Raman line corresponding to Ge—Ge bonds included signals of both pure Ge crystallites
and the alloy. However, the Si—Ge and Si-Si lines could belong only to the alloy. Therefore, the following fractions x of
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Ge in the Si|_,Ge, alloy were obtained by using experimental coefficients 4 and B from the literature [29] and Eq. (2):
for RTA duration 300 s and RTA temperature 850°C, 0.82; for 950°C, 0.63. Reducing the RTA duration to 30 s caused the
Ge fraction to increase to 0.71. The calculated Ge concentrations in samples synthesized at 950°C were close to the EDX
analytical results. EDX analytical results for samples synthesized at a lower temperature were indicative of a much lower
concentration of Ge relative to Si (0.35-0.36). This was due to a feature of the EDX method that considered all atoms of
materials located in the scanned region in both elemental semiconducting Si and Ge and the SiGe alloy. More accurate
data on the material composition and structure could be obtained by using RS and recording the energy of bond vibrations
between atoms of just the SiGe alloy.

Thus, the RS results for films of Si;_,Ge, alloy showed that Ge was distributed throughout a larger volume of the
porous layer if the RTA temperature was increased and the RTA duration was unchanged. This was associated with a drop
of its concentration in the formed alloy. Decreasing the annealing duration led to formation of Si;_,Ge, alloy films with a
higher Ge concentration.

Conclusions. The RS study of thin films of Si;_,Ge, alloy obtained on single-crystalline Si substrates using
electrochemical deposition of Ge onto a porous Si matrix followed by RTA showed that the composition and morphology of
the formed alloy layer could be controlled by changing not only the process temperature but also its duration. It was found
that the Si;_,Ge, alloy formed at an RTA temperature above 850°C. The fraction of Ge in the Si;_,Ge, alloy decreased
from 0.82 to 0.63 upon increasing the RTA temperature from 850 to 950°C. This indicated that Ge was readily distributed
throughout the porous Si matrix bulk containing many defects and surface states. A layer of Si;_,Ge, alloy with a greater Ge
concentration formed if the RTA duration decreased from 300 to 30 s. The results for the ability to control the composition
of the Si;_,Ge, alloy formed by the electrochemical method followed by RTA could be used to fabricate various devices
based on SiGe for functional electronics, e.g., thermoelectric energy converters or optoelectronic devices.
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