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A B S T R A C T

Thermoelectric materials based on cobalt-containing SiGe alloy films were fabricated using monocrystalline 
silicon wafers with thin porous silicon layers electrochemically decorated with cobalt nanoparticles, filled 
germanium and subsequently subjected to rapid thermal processing. SEM, XRD, Raman spectroscopy and 
measurements of electrical conductivity and thermoelectric parameters revealed that an intermediate silicid-
ization step involving thermal processing at 850 ◦C after cobalt deposition is crucial to maximize the resulting 
alloy’s thermoelectric capabilities. The obtained silicidized SiGe:Co samples demonstrate a Seebeck coefficient of 
-450 μV/K and an estimated figure-of-merit ZT value of up to 0.72 at 450 K due to the presence of crystalline 
cobalt silicides in the film. These results enable a new approach to the fabrication of thin film thermoelectric 
materials based on SiGe alloys.

1. Introduction

The need for the development of highly efficient thermoelectric 
converters cannot be overemphasized, since about 90 % of the world’s 
energy consumption today is associated with the generation or conver-
sion of heat, of which about 60 % is considered waste heat [1]. Energy 
harvesting is an important concept for reducing energy waste in both 
industrial and domestic circumstances [2,3].

Performance of thermoelectric materials is reliant on possessing low 
thermal conductivity and electrical resistivity and is characterized by 
the dimensionless figure-of-merit ZT, defined as ZT = (S2/ρκ)T, where S 
is the Seebeck coefficient, ρ is the electrical resistivity, k is the thermal 
conductivity and T is the absolute temperature. Currently, the best 
experimental values of ZT > 2 were achieved at room temperature in 
laboratory conditions in materials containing rare (SnSe) or toxic (PbTe) 
substances [2,4,5]. The more commonly used silicon-germanium 
(Si1–xGex, SiGe) alloys are considered to be among the most reliable 
high-temperature thermoelectric materials, having already proven 
themselves in both terrestrial and extraterrestrial applications [2,6]. 

They are praised for their abundance, non-toxicity, ease of n- and p-type 
doping and high efficiency at temperatures above 600 ◦C [6–8]. How-
ever, bulk SiGe’s efficiency at lower temperatures is not quite as 
impressive compared to other known thermoelectric materials such as 
Bi2Te3, Bi2Se3, FeSi2 and BiSb, which boast superior Seebeck coefficient 
and ZT values [9–11]. To improve SiGe’s performance, various ap-
proaches can be undertaken. One such approach involves optimizing the 
ratio of silicon and germanium contents in the alloy. In research dating 
back to 1968 [12] it was concluded that, despite the maximum Seebeck 
coefficient achieved at x = 0.15, an optimal alloy composition lies closer 
to Si0.7Ge0.3, since its thermal conductivity at 300–900 K remains at its 
minimum [13]. In a silicon-enriched alloy the solubility limit of n-type 
dopants is higher, enabling an increase in carrier concentration, as well 
as an additional reduction in thermal conductivity due to intense 
electron-phonon scattering. The melting points and band gaps of these 
alloys are also sufficient, making them favorable for use in 
high-temperature conditions.

Improving thermoelectric efficiency by increasing the power factor 
and simultaneously reducing thermal conductivity is far from a trivial 
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task. In thermoelectric materials the major heat carriers are electrons 
and phonons — their contributions towards a given material’s overall 
thermal conductivity are known as electronic thermal conductivity and 
lattice thermal conductivity, respectively [14]. The latter is normally the 
dominant contributor in elemental semiconductors; however, this 
changes in alloys, where the input of lattice thermal conductivity is 
significantly reduced due to mass fluctuation causing an increase in 
phonon scattering [15,16]. Even further reduction would require taking 
into account and maximizing the various scattering mechanisms 
occurring during phonon transport. For heavily-doped thermoelectric 
materials such as the SiGe alloys in question, that would include 
phonon-phonon and electron-phonon scattering [17].

Recent advances in the field of SiGe-based thermoelectrics suggest 
that another effective strategy towards decreasing thermal conductivity 
is nanostructuring [18]. The primary reason for this is the fact that the 
average mean free path of phonons is longer than that of electrons, so 
the formation of additional scattering regions by any means (such as 
creation of interfaces or free surfaces) will more actively suppress 
thermal conductivity than reduce electrical conductivity. It is desirable 
to form not only nanoscale regions (3–100 nm) for effective scattering of 
short- and medium-wavelength phonons, but also larger ones (0.1–1 μm, 
such as grain boundaries) for scattering of long-wavelength phonons 
[19]. In addition to the reduction in thermal conductivity, the power 
factor can also be improved in nanostructured or composite materials 
due to the so-called energy filtering effect, wherein the Seebeck coeffi-
cient is significantly increased due to a strongly energy-dependent 
electron scattering rate [20].

Theoretical calculations conducted for nanostructured SiGe [21] and 
a nanocomposite comprised of both metallic and semiconducting sili-
cides [22] have shown the latter to exhibit higher ZT values at 300–900 
K due to reduced thermal conductivity compared to pristine SiGe. This 
has been experimentally confirmed [23] for a SiGe nanocomposite based 
on FeSi2 and Mg2Si — two semiconducting silicides characterized by 
good thermoelectric properties [24], as well as some other narrow-gap 
silicides including CrSi2 [25], MoSi2 [26] and WSi2 [27].

For the formation of SiGe nanocomposites, it is possible to go beyond 
semiconductor silicides. Some works [28,29] have shown that a 
two-phase heterostructure consisting of an efficient thermoelectric ma-
terial and a benign metal with high electrical and thermal conductivity 
constitutes an optimal thermoelectric composite. This concept has been 
experimentally confirmed in [30], where well-dispersed metallic YSi2 
nanoinclusions forming coherent nanoscale boundaries with a p-type 
SiGe matrix have demonstrated a drastic reduction in thermal conduc-
tivity without compromising the power factor.

One of the most notable metallic silicides is CoSi2. A silicon nano-
composite structure with sub-micron CoSi2 inclusions was shown to 
exhibit a 16 % increase in ZT compared to a bulk Si composite consisting 
of sub-micron SiB3 precipitates [31]. According to the authors, this 
result was achieved due to the reduction in thermal conductivity 
through enhanced phonon scattering on the precipitate/matrix in-
terfaces, which is in agreement with the arguments presented above. 
The Si/CoSi2 composite’s electrical performance was retained due to the 
similarity in crystal structures (cubic diamond for Si and cubic fluorite 
for CoSi2) and lattice parameters (mismatch within 1.2 % at room 
temperature), which reduced the density of interfacial dislocations. 
According to Vegard’s law, the lattice mismatch between a SiGe alloy 
with Ge contents of 30 % and CoSi2 would be about 2.4 %, enabling the 
latter’s epitaxial formation on the former [32].

In order to form a composite thermoelectric material based on CoSi2 
and SiGe, it is important to maintain the phase composition during 
temperature change. It is known that Co can form compounds with 
germanium [33], but the large difference in the heat of formation be-
tween CoSi2 (-102.9 kJ/mol [34]) and CoGe2 (-17.4 kJ/mol [35]) favors 
the former process. As such, in a ternary compound consisting of silicon, 
germanium and cobalt, two phases should predominantly form: the SiGe 
alloy and cobalt disilicide.

Porous silicon (PS) possesses a variety of unique characteristics that 
make it well-suited for application in integrated devices such as light- 
emitting diodes and optical waveguides [36,37], but is also widely 
regarded as a prominent candidate for use as a structural matrix for a 
variety of composite materials [38,39]. Recently we have developed a 
new approach to fabricating SiGe films based on PS matrices formed by 
electrochemical anodization that involves electrochemically filling 
pores with germanium and subjecting the as-prepared composite to 
rapid thermal processing (RTP) [40]. The proposed method is simple 
and suitable for cheap mass production of SiGe alloys. It was successfully 
employed to produce n-type (phosphorous or antimony doped) and 
p-type (boron doped) materials, with the doping type and level deter-
mined by those of the initial silicon wafer. A high demand for the 
development of low cost and high efficiency thermoelectric materials 
motivated us to also investigate SiGe–CoSi2 nanocomposites, since our 
method allows the introduction of cobalt into the alloy at the prepara-
tory stage. The present works aims to further evaluate the specifics of 
nanocomposite formation using this proposed method, as well as study 
the resulting materials’ thermoelectric characteristics.

2. Materials and methods

2.1. Processing

Fig. 1 illustrates the samples’ production stages, taking into account 
the corresponding structure analysis results, which will be presented and 
discussed further. Three types of samples were fabricated and studied in 
this work. In each case, the initial porous matrix consisted of PS formed 
by electrochemical anodization.

For the first sample type, germanium was electrochemically depos-
ited into the as-grown porous layer, followed by rapid thermal pro-
cessing (RTP 2) for alloying. The process in question was previously 
described in detail [40], and the result is sufficiently reproducible; as 
such, this sample type was used as a reference for the other two and will 
be subsequently referred to as reference SiGe. The fabrication of the 
second sample type additionally included electrochemical deposition of 
cobalt into the initial PS layer using an aqueous solution of CoSO4. It was 
assumed that subsequent germanium deposition and RTP 2 would lead 
to the simultaneous formation of silicon-germanium alloys and cobalt 
silicides, with the latter serving as additives in the SiGe alloy, improving 
its thermoelectric characteristics. This sample type will be referred to as 
unsilicidized SiGe:Co. Lastly, for the third type of samples, an additional 
RTP stage (RTP 1) was introduced after cobalt deposition for pre-
liminary cobalt silicide formation — these samples will be referred to as 
silicidized SiGe:Co.

Electrochemical anodization, as well as cobalt and germanium 
deposition processes were carried out in a PTFE electrochemical cell, 
with a horizontally oriented working electrode (silicon wafer) located at 
the bottom part of the cell. A platinum wire served as a counter- 
electrode. A Metrohm Autolab PGSTAT302N potentiostat/galvanostat 
was used to set up the necessary electrical processing regimes.

PS layers were formed on highly antimony-doped (0.01 Ohm⋅cm) 
monocrystalline n+-type silicon wafers with (100) crystallographic 
orientation. Electrochemical anodization was carried out at 70 mA/cm2 

in a solution containing hydrofluoric acid, deionized water and isopro-
pyl alcohol mixed in a volume ratio of 1:3:1. The thickness of PS layers 
was roughly 1.8 µm. Volumetric porosity was determined by gravimetric 
measurements with the use of a Sartorius CP225D analytical semi-micro 
balance. As described in our previous works, the obtained PS layers 
contain a thin subsurface layer (about 0.3 μm from the topmost edge), 
which exhibits smaller pore sizes and lower porosity, significantly 
complicating pore filling [41,42]. Therefore, the layer in question was 
removed using a two-stage procedure which included chemical copper 
displacement deposition onto PS and subsequent dissolution of the 
deposited metal in nitric acid [43]. The latter process also causes 
oxidation of PS; as such, after subsurface layer removal, the PS samples 
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were immersed in concentrated hydrofluoric acid to dissolve the silicon 
oxide layer. All the samples discussed below have undergone this pro-
cessing stage.

Cobalt was electrochemically deposited into the prepared PS layers 
using an aqueous solution containing 0.1 M CoSO4⋅7H2O and 0.4 M 
H3BO3 (pH = 2.86) The samples were kept in this electrolyte for one 
hour to ensure its access into the pores, followed by a single 65 mA/cm2 

current pulse. Subsequently to this stage, one sample group was sub-
jected to an annealing procedure (RTP 1) with the use of an Annealsys 
As-One 100 RTP system to form cobalt silicide prior to germanium 
deposition. RTP 1 was conducted at 850 ◦C over the course of 30 s under 
argon flow (800 sccm).

Germanium electrochemical deposition was carried out on preemp-
tively air-dried samples using a solution containing 0.05 M GeO2, 0.5 M 
K2SO4, 0.01 М InCl3 and 0.1 M succinic acid. The deposition process was 
carried out for 60 min at a current density of 4 mA/cm2 with constant 
stirring at 80 ◦C, resulting in formation of germanium nanowires 
(GeNWs) in accordance with the electrochemical liquid-liquid-solid (ec- 
LLS) growth mechanism.

RTP 2 was conducted under the same processing conditions as RTP 1 
but in a different temperature/time regime. We have previously shown 

[44] that GeNWs are prone to melting at lower temperatures compared 
to bulk germanium (938 ◦C), which was also confirmed by additional 
experiments, the results of which are presented in supplementary ma-
terials (suppl. fig 1). These results indicate that partial melting of GeNWs 
arrays during RTP initiates at 650 ◦C. At 850 ◦C, most of germanium is 
vaporized with only some leftover spherical particles present on the 
surface. In turn, RTP conducted on a pristine PS sample (suppl. fig 2) 
indicates that the melting of PS is already observed at 950 ◦C — much 
lower than the melting point of bulk silicon (1414 ◦C). Thus, despite the 
lower melting points of the materials in question, most of the germa-
nium is vaporized before PS even begins to melt. In order to increase the 
temperature stability of GeNWs and reduce germanium losses during 
annealing, an additional pre-treatment stage at 600 ◦C should be 
introduced, as shown in our previous works [44–46].

Considering the above, RTP 2 was carried out in two stages: (1) pre- 
treatment at 600 ◦C for 15 min and (2) primary treatment at 950 ◦C for 
30 s.

2.2. Analysis

The samples were studied by scanning electron microscopy (SEM) 

Fig. 1. Schematic illustration of processing stages involved in the fabrication of Si-Ge samples of various types, including two dedicated RTP stages for silicide 
formation (RTP 1) and alloy formation (RTP 2).
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using a Hitachi S-4800 scanning electron microscope equipped with a 
Bruker QUANTAX 200 spectrometer for energy dispersive X-ray spec-
troscopy (EDX) measurements. For distribution comparison, element 
concentration profiles were obtained by scanning each sample diago-
nally across the porous layer — the scan direction is indicated by a 
yellow arrow on the accompanying SEM images. The depth percentage 
values depicted on the profiles correlate to the start and end points of 
each arrow. It should be noted that this particular method of elemental 
analysis relies on acquiring the X-ray spectra from a volume of around 
0.5 μm3. Since the structures in question generally fall below this size 
threshold, the data obtained via this method (EDX concentration profiles 
and maps) can be perceived as average throughout said volume and are 
therefore expressed in arbitrary units (a.u.). As the conditions of the EDX 
analysis remained unchanged for all the samples discussed in the present 
work, we consider this approach reasonable due to only using these 
concentration values as means of spatial distribution comparison.

A DRON-3M X-ray diffractometer was used for XRD analysis in CuKα 
radiation (λ = 0.15406 nm) at room temperature, with an exposure time 
of 4 s and a step of 0.02◦. XRD pattern matching was performed using 
PCPDF-WIN and Jana2006 software, as well as ICDD and COD 
databases.

Stokes Raman spectra were studied using an NTEGRA Spectra II 
confocal Raman spectrometer. Excitation was carried out by a He-Ne 
laser with constant pumping at a wavelength of ~633 nm and two 
semiconductor lasers emitting at wavelengths of 473 and 785 nm. The 
lasers were operated at 1.45, 1.00 and 8.60 mW of optical power, 
respectively. The spectra were recorded using a Peltier-cooled CCD de-
tector. The radiation was focused on the sample using a ×100 objective 
into a spot with a diameter of about 2 µm. Temperature-dependent 
Stokes and anti-Stokes Raman spectra were recorded using a He-Ne 
laser with a Linkam THMS600 temperature control stage in the range 
of 100–500 K.

Study of electrical conductivity and Seebeck coefficient of SiGe alloy 
film samples was carried out in the temperature range of 80–450 K using 
a specialized Cryotel setup. To ensure stable contact of measuring probes 
to the samples and substrates, gold-antimony (AuSb) contact pads were 
pre-deposited onto the surface of SiGe. The pads were annealed in an 
argon atmosphere at 450 ◦C for 20 min for improved electrical contact.

3. Results

3.1. SEM and EDX analyses

Fig. 2 shows surface and cross-section SEM images of the initial PS 
sample, as well as a corresponding EDX profile revealing silicon distri-
bution along said cross-section.

Pore channel outlines can be clearly distinguished on the surface 
SEM image. By analyzing it with the use of ImageJ software, a pore 
density of 1.2⋅1010 cm− 2, an average pore diameter of 95–100 nm, an 
average distance between pores of 90 nm, and an average sidewall 

thickness of 5–7 nm were established. Gravimetric measurements indi-
cate a volumetric porosity of 75 %. As can be seen from cross-section 
SEM images (Fig. 2, b), the pores possess cylindrical shapes and are 
perpendicular to the wafer’s surface. The sidewalls exhibit a rough well- 
developed surface. Silicon’s concentration in PS is about 30–35 a.u. in 
the subsurface region and gradually increases deeper into the layer as 
the signal from the monocrystalline wafer starts to accumulate.

Fig. 3 shows the results of the same set of measurements obtained for 
a PS sample after cobalt deposition.

As Fig. 3 would indicate, the surface of PS has undergone significant 
changes as a result of cobalt deposition. Pore entrances are still 
observed, but their average diameter has decreased to a value of 30–40 
nm, with some pores completely obstructed by large cobalt particles. 
The metal is primarily concentrated on the surface and in the subsurface 
layers (roughly 1 μm from the surface), but can also be found in smaller 
quantities throughout the rest of the layer. These smaller metal particles 
are nearly indistinguishable on the SEM images. The EDX profile shows 
that the concentration of cobalt on the surface reaches 12 a.u. and de-
creases to 1 a.u. all the way at the pore bottoms. Cobalt’s concentration 
being prevalent on the surface and rapidly decreasing with depth is most 
likely associated with significant diffusion limitations reducing the rate 
of reagent and byproduct transfer in and out of the pore channels, 
causing the solution inside the pores to be depleted in regards to cobalt 
ions and quickly stalling the deposition process.

SEM images of the same sample after RTP 1 for silicide formation are 
presented in Fig. 4 and exhibit some very minor changes in terms of 
surface morphology. A slight decrease in the number of exposed pores 
and an increase in the area covered with cobalt are observed.

For reference, SEM images of a PS sample without cobalt particles 
after germanium electrodeposition at different magnification levels are 
presented in Fig. 5. The resulting thick (up to 16 μm) germanium layer 
consists of well-defined tangled GeNWs. Some germanium is present in 
the pores, but is predominantly located on the surface and in the sub-
surface areas. This is a direct result of germanium’s growth primarily 
occurring on the simultaneously depositing indium particles in accor-
dance with the ec-LLS mechanism as opposed to being subject to stan-
dard electrodeposition kinetics. In ec-LLS fusible metal particles act as 
both electron sources and growth mediums, promoting nucleation and 
growth of semiconductor crystallites inside or directly under them, 
usually resulting in a conglomeration of wires comparable with the 
fusible metal particles in question in terms of diameter [47].

SEM images of the samples at all stages of their processing are 
compiled in Fig. 6. The alloy films obtained in the cases of reference SiGe 
and silicidized SiGe:Co are homogeneous, with their thicknesses slightly 
varying across the cross-section from 0.8 to 1.5 μm. They appear fused 
with the substrate and are discernible from it by their lighter color. The 
film/substrate interface is clearly distinguishable on the presented im-
ages and is mostly uneven, with characteristic bumps protruding up to 
200 nm into the substrate. Similarly sized bumps are also observed on 
the films’ surfaces. In contrast, the unsilicidized sample, despite being 

Fig. 2. Structure of the initial PS matrix: (a) plane-view SEM image, (b) cross section SEM image, (c) EDX-based silicon distribution profile along the layer’s depth.
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subjected to the same RTP 2 procedure, appears to retain most of the 
initial porous layer. It has a total thickness 2.2 µm, which comprises of a 
1.8 μm PS remnant layer and a 0.4 Ge/SiGe layer on top of it. The layer 
possesses a non-dense structure with large cavities. The alloy film on top 
of the PS remnants exhibits a developed surface topography in the form 
of islands up to 0.5 µm in height and grooves of comparable size.

Fig. 7 shows surface SEM images of the same three samples. 
Evidently, the surface layer of reference SiGe appears to be the most 
even, with far less bumping compared to the other two samples. Silici-
dized SiGe:Co is comparable in thickness and also relatively uniform, 
though noticeably more granular. The surface of unsilicidized SiGe:Co is 
not continuous and riddled with many well-defined cavities, though 
some sections of the layer are interconnected.

According to EDX analysis results, concentration of germanium in 
reference SiGe slightly exceeds that of silicon over most of the sample’s 

cross-section, amounting to 40 a.u. on the surface and remaining at that 
level until about 60 % into the layer, after which it starts to gradually 
decrease all the way down to 2.7 a.u. The silicon content gradually in-
creases from 27 to 82 a.u. over the cross-section. In contrast, in silici-
dized SiGe:Co concentration of germanium is lower than that of silicon 
but more stable, and is primarily localized in the uppermost part of the 
film, amounting to 12 a.u. on the surface and slightly decreasing deeper 
into the layer. The concentration of silicon behaves similarly to the 
reference sample and gradually increases from to 29 to 89 a.u. Cobalt is 
mostly localized on the surface, as indicated by a concentration of 6 a.u. 
that quickly falls off to a level of 1.5 a.u. at as little as 20 % depth and 
remains nearly unchanged afterwards.

In the case of unsilicidized SiGe:Co both germanium and cobalt are 
primarily localized in the subsurface area and start dropping after the 40 
% point, with germanium decreasing from 35 to 3.5 a.u. and the metal 

Fig. 3. Structure of the PS matrix with Co deposits: (a) plane-view SEM image, (b) cross section SEM image with corresponding EDX mapping results, (c) EDX-based 
silicon distribution profile along the layer’s depth.

Fig. 4. Structure of the PS matrix with Co deposits after a preliminary RTP 1 stage for silicidization: (a) plane-view SEM image, (b) cross section SEM image with 
corresponding EDX mapping results, (c) EDX-based silicon distribution profile along the layer’s depth.

Fig. 5. Structure of the PS matrix after germanium electrodeposition: (a) plane-view SEM image, (b, c) cross section SEM images.
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from 3 to 0.6 a.u. Both silicidized and unsilicidized SiGe:Co are char-
acterized by smaller concentrations of germanium compared to the 
reference sample, most likely pertaining to the differences in GeNW 
growth mechanism when metal/silicide deposits are present on the 
surface.

3.2. XRD analysis

The samples’ XRD spectra are compiled in Fig. 8. After depositing 
cobalt into PS and subjecting the layer to thermal processing at 850 ◦C, 
formation of CoSi2 occurs — its presence is confirmed by prominent 

peaks from the CoSi2 (111) and CoSi2 (220) planes. These are observed 
in both unsilicidized and silicidized samples, but are significantly more 
pronounced in the latter. Peaks from other cobalt silicides such as Co2Si 
and CoSi were not detected, as the transition from CoSi to the high- 
temperature CoSi2 phase begins at temperatures above 500 ◦C [48], 
which is significantly lower than the employed annealing temperature. 
Crystalline CoSi2 possesses a fluorite cubic structure with a lattice con-
stant of 0.5365 nm [49]. Peaks corresponding to CoSi2 in the annealed 
PS/Co are located at 28.99◦ and 48.18◦ The observed peaks are shifted 
towards higher diffraction angle values in relation to their relaxed po-
sitions of 28.81◦ and 47.92◦, which implies disilicide lattice compression 

Fig. 6. SEM and EDX data acquired at different processing stages: (a) initial PS layers with or without Co before and after RTP 1, (b) PS layers after germanium 
electrodeposition, (c) alloyed layer after RTP 2, (d) EDX element distribution profiles inside said alloyed layers.
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strain of about 0.5 % in these directions. The lattice strain of CoSi2 in 
unsilicidized and silicidized samples determined using the same 
approach does not exceed 0.1 %.

The reflection peak at 2θ = 44.05◦ suggests that metallic cobalt 
particles are present in the samples even after RTP 2. According to the 
corresponding Pourbaix diagram [50], cobalt is expected to only be 
present in its metallic form after electrolysis of a Co2+-containing 
aqueous solution with a pH value of 2.86, which is further evidenced by 
SEM and XRD results confirming the presence of metallic crystals. 
Evidently, not all the deposited cobalt reacted with silicon to produce 
silicide compounds in either sample. Contrary to CoSi2 peaks, the in-
tensity of this one remains unchanged in the silicidized sample.

Some peaks are present beyond the presented 2θ range, but are not 
included in Fig. 8 due to being largely irrelevant to the discussion. A 
high intensity peak at 2θ = 69.35◦ and a smaller peak at 2θ = 32.85◦

correspond to (400) and (200) planes of the silicon substrate. The po-
sitions of these peaks subsequently to cobalt deposition and annealing at 
850 ◦C for 30 s are shifted towards smaller angles, implying that the 
porous layer is preserved after this procedure due to its lattice being 
broadened compared to the bulk monocrystalline silicon [51]. The 
lightly-pronounced peak seen in some samples at 61,73◦ is a satellite to 
the one observed at 69.35◦ and is associated with diffraction from Si 
(400). A broad band with a maximum at around 2θ = 22…25◦ present in 
some of the samples is associated with amorphous SiO2 and is most 
strongly defined in the reference SiGe sample. However, little to no 
differences in oxygen contents were detected during EDX measure-
ments, so we do not expect this factor to affect its properties in any 

substantial way.
After germanium deposition and RTP 2, additional peaks at 2θ =

27.31◦ and 28.06◦ emerge. They correspond to reflections from 
germanium (111) and SiGe (111) planes, as indicated on the figure. 
Presence of small amounts of unalloyed crystalline germanium is 
possible in the employed temperature regime and was previously 
observed during the formation of SiGe using the method in question 
[52]. The lattice constant of the obtained SiGe is calculated to be aSiGe=

0.5503 nm. Considering aSi= 0.5431 nm and aGe= 0.5658 nm [53], 
according to Vegard’s law (aSiGe(x) = (1 - x) aSi + xaGe) this corresponds 
to x = 0.3172 germanium fractions in the alloy [54,55]. Additionally, in 
the reference sample, germanium is also present in (220) and (311) 
crystalline orientations (45.31◦ and 53.79◦, respectively), indicating 
differences in growth mechanism caused by the presence of metal or 
silicide particles on the surface.

Taking the above into account, the obtained SiGe:Co films could be 
considered polycrystalline and consisting of SiGe and cobalt disilicide 
crystallites with residual cobalt and germanium inclusions. However, 
the FWHM of all peaks observed on the XRD plots is relatively small, and 
the crystalline size calculated using the Sherrer equation exceeds 200 
nm, making it impossible to determine particle sizes using this method.

3.3. Raman spectroscopy measurements

Stokes Raman spectra recorded at different excitation wavelengths 
revealed a number of bands corresponding to characteristic vibrational 
modes of the bonds in silicon-germanium alloys (Fig. 9). Since longer 

Fig. 7. Plane-view SEM images of the formed SiGe and SiGe:Co films.

Fig. 8. XRD patterns of various samples. The peaks are identified using the ICDD (Co — #00–015–080, Si — #00–027–1402, Ge - #00–004–0545, CoSi2 — 
#00–038–1449) and COD database (SiGe — #96–153–7803).
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wavelength radiation can penetrate further into a sample’s volume, 
using lasers with different wavelengths allowed us to collect data from 
varying depths of the obtained films. According to data presented by J. 
Humlíček et al. [56], the absorption depths for 473, 633 and 785 nm 
laser radiation into an alloy with a germanium content of 40 % are 
determined to be about 80 nm (i.e. only the surface of the film will be 
analyzed), 4 µm (the entire layer) and >5 µm (the substrate/alloy 
interface), respectively.

The band with the most unstable position corresponds to Si-Si bonds 
in SiGe [57]. Its position shifts from 500 cm− 1 for reference SiGe sample 
to 489 cm− 1 for unsilicidized SiGe:Co and up to 508 cm− 1 for silicidized 
SiGe:Co. The second Raman band at around 286–290 cm− 1 corresponds 
to Ge-Ge bonds in a SiGe alloy [44]. Notably, in the case of the reference 
SiGe at 785 nm, a secondary band is observed at 303 cm− 1, which, in 
accordance with differences in laser penetration depth, indicates pres-
ence of some unalloyed germanium in the bottommost parts of the alloy 
layer. Lastly, the third band located at 404–406 cm− 1 is associated with 
Si-Ge bonds [58]. All the aforementioned bands are asymmetrical, 
which indicates involvement of low-dimensional effects, surface states, 
defects, or non-stoichiometric composition of the material [59,60]. 
Alloy formation is accompanied by a change in the length and energy of 
vibrations of bonds between silicon and germanium atoms, and a shift in 
the corresponding band positions from their base values is observed 
(521 cm− 1 for monocrystalline silicon and 300 cm− 1 for crystalline 
germanium) [61].

Weakly-defined bands present in the Raman spectrum of the silici-
dized SiGe:Co sample at 196 and 690 cm− 1 upon excitation by a 785 nm 
laser are related to Co3O4 [62]. Given the samples’ exposure to air 
subsequently to cobalt deposition, oxide formation is inevitable, and a 1 

nm film of Co(OH)2 is known to form instantly at room temperature 
[63]. In turn, Co(OH)2 is converted into Co3O4 at temperatures above 
310 ◦C [62], and the short annealing stage at 950 ◦C likely wasn’t suf-
ficient to convert it to CoO. No peaks corresponding to the 
Raman-inactive CoSi2 phase or other silicides were observed.

Additionally, reference SiGe and silicidized SiGe:Co samples also 
exhibit an intensive band located at around 521 cm− 1, which corre-
sponds to the triple-degenerate optical vibrational mode of mono-
crystalline silicon Si (LO) at the center of the Brillouin zone [61]. Since 
this band is not observed under 473 nm laser radiation, it can be 
assumed to originate from the silicon substrate, which the 
lower-wavelength radiation does not reach. Additionally, a Si (LO) band 
is not observed for unsilicidized SiGe:Co due to its high absorption.

It is known that in Si1–xGex alloys with random distribution of silicon 
and germanium atoms the probability of Ge-Ge, Si-Ge, and Si-Si bond 
formation is proportional to x2, 2x(1–x) and (1–x)2, respectively 
[62–65]. Therefore, the integral intensities of each of the three scat-
tering bands observed on the Raman spectra (which correspond to 
respective atomic bonds in the SiGe alloy) should linearly depend on the 
number of respective bonds. Deviations from linearity depend on the 
magnitude of phonon-induced atomic displacements, the derivative of 
bond polarizability with respect to this displacement, and the Bose 
factor. Hence, the ratio of band intensities in the Raman spectra are can 
be expressed as follows: 

IGe− Ge

ISi− Ge
=

Bx
2(1 − x)

(1) 

Fig. 9. Stokes Raman spectra of the alloyed samples measured with (a) 473 and (b) 785 nm lasers and (c) Stokes and anti-Stokes Raman spectra of the same samples 
measured with a 632 nm laser.
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ISi− Si

ISi− Ge
=

A(1 − x)
2x

(2) 

Coefficients A and B are introduced to compensate for resonance 
effects that lead to the dependence of band intensity on excitation 
wavelength. They widely vary from 1 to 4 for different ranges of Ge 
contents in the alloy and excitation wavelengths [64–67]. Here we 
adopted the values of A = 1.5 and B = 1.8 from [67], which correspond 
to the widest possible range of SiGe alloy compositions. Germanium 
contents calculated using Raman spectra obtained at different excitation 
wavelengths are presented in Table 1.

The use of lasers with different wavelengths made it possible to 
reveal the change in germanium concentration along the depth of the 
obtained SiGe films. In the reference SiGe film the germanium fraction x 
does not change with depth and ranges from 0.510 to 0.529. In unsili-
cidized SiGe:Co germanium concentration increases along the layer 
depth from 0.464 to 0.572. Lastly, silicidized SiGe:Co demonstrates 
opposite behavior, with concentration decreasing from 0.301 to 0.210 
along with depth and remaining below values found in all other samples. 
The obtained germanium fraction in the silicidized sample is close to the 
value calculated using the position of the SiGe (111) XRD peak. Its 
composition is estimated to be the closest to Si0.8Ge0.2, which is 
considered to be optimal for thermoelectric applications [13].

Stokes and anti-Stokes Raman spectra represent processes involving 
emission and absorption of phonons. The intensity ratio of correspond-
ing non-resonant peaks is proportional to phonon population. The 
sample’s temperature can be calculated using Boltzmann statistics [68], 
and the alloy film temperature can be determined from localized 
vibrational modes. The difference between the film temperature and the 
temperature of the silicon wafer underneath it ΔT can be determined 
using the alloy’s thermal conductivity κ, the supplied power P, and the 
thickness of the absorbing region of the film L in the direction perpen-
dicular to the surface with a cross-sectional area A. Therefore, according 
to Fourier’s law, thermal conductivity is equal to 

κ =
P

ΔT
L
A

(3) 

As can be derived from Fig. 6, the film-substrate interface exhibits a 
highly developed topography, causing the film’s thickness to vary 
greatly. Therefore, to obtain an average result, the laser beam area was 
expanded to a diameter of about 7 μm and the power was increased to 
2.4 mW during thermometric Raman measurements. These values were 
then used to calculate κ using Eq. (3). The average alloy film thickness, 
determined from Fig. 6, was employed as L, and the temperatures 
determined from Si-Si Raman peaks from the substrate and film were 
used to calculate ΔT.

Strong absorption in the unsilicidized sample is attributed to its 
cavernous structure, which causes significant light scattering within the 
layer due to multiple reflections in said cavities (Fig. 6). This did not 
allow us to reliably register the anti-Stokes part of the Raman spectrum 
and determine the substrate’s temperature. Therefore, we were unable 
to evaluate the thermal conductivity and ZT values of the unsilicidized 
sample.

The dependency of the resulting alloy films’ thermoelectric param-
eters on temperature is illustrated by the plots presented in Fig. 10. The 
obtained thermal conductivity values (Fig 10, d) are significantly lower 
than the room temperature values for bulk silicon and germanium (156 
WK− 1m− 1 and ~60 WK− 1m− 1, respectively) [69]. The measured values 
of the alloy films’ thermal conductivity are lower than those of bulk SiGe 
alloys of similar compositions and are comparable to values recorded for 
thin-film samples in other works [13].

Measurements of the samples’ resistivity in a temperature range of 
80 to 470 K revealed it to be higher compared to the initial n+-Si sub-
strate (Fig. 10, a). As such, it is not possible to employ a simple bilayer 
conductivity model of two conductors connected in parallel (film/sub-
strate) in order to determine a given film’s contribution to the conduc-
tivity and Seebeck coefficient. An increase in resistivity in a case when a 
conductive film is formed on a conductive substrate may be caused by 
the current exclusively passing through the film due to a potential bar-
rier present at the film/substrate interface.

These results are in agreement with our previous studies [70], where 
it was shown that the utilized method of SiGe alloy formation enables 
fabrication of n- or p-type SiGe by using a silicon substrate with the 
corresponding type of dopant as a base. Assumingly, in this case the 
absence of current flow into the substrate is caused by the formation of a 
heterobarrier at the SiGe alloy/silicon substrate interface. The height of 
such a barrier varies depending on the state of silicon (strained or 
relaxed), as well as on the germanium content in the alloy, and, in the 
case of a relaxed substrate and SiGe with 30 % germanium, is estimated 
to be 30 meV for electrons and 230 meV for holes [71]. In [72] it was 
shown that a SiGe rectifier comprised of a SiGe layer on n-type Si 
demonstrates approximately two orders of magnitude less leakage cur-
rent compared to a Schottky rectifier. In the case of the Si/CoSi2 inter-
face, a Schottky barrier of about 630 meV is also formed [73]. As such, 
regardless of the Si/SiGe or Si/CoSi2 interface structure, there will al-
ways be a barrier forcing the current to exclusively flow through the 
film.

Given this lack of the substrate’s shunting influence, thermal elec-
tromotive force (EMF) measurement results are expected to reflect the 
processes occurring in the film. This assumption is supported by unsi-
licidized SiGe:Co possessing the highest resistivity, as well its tempera-
ture dependence sharply changing its incline at about 200 K. The 
cavernous structure of this sample’s film significantly increases the 
scattering of charge carriers. When unsilicidized SiGe:Co is shunted by 
the substrate, the current would flow through the latter, causing the 
sample’s resistivity to not deviate far from the substrate’s.

We can speculate that the results of resistivity and thermal EMF 
measurements reflect processes occurring in the film. However, since we 
are unable to strictly separate film and substrate inputs at this stage of 
research, we will consider the samples’ electrical conductivity and 
Seebeck coefficient values as effective parameters with contributions 
from both. In the worst-case scenario, such an approximation may 
overestimate the film’s electrical conductivity and underestimate its 
thermal EMF. The resistivity values of reference SiGe and silicidized 
SiGe:Co samples are almost the same across the studied temperature 
range and are approximately 10 % higher than those of the substrate. 
The difference in Seebeck coefficient S, on the other hand, is much more 
pronounced, with S reaching –450 μV/K in silicidized SiGe:Co at 450 K 
— a twofold increase over the substrate’s value of –271 μV/K (Fig. 10, 
b).

Unsilicidized SiGe:Co exhibits the lowest Seebeck coefficient among 
all samples. This behavior is of some interest, because if the increase in 
this sample’s resistivity is associated with an effective decrease in ma-
jority charge carrier concentration, then the Seebeck coefficient should 
increase in accordance with the Pisarenko relation 

S =
8π2k2

B
3eh2 m∗T

( π
3n

)2/3
, (4) 

Table 1 
Germanium fractions in various SiGe alloy samples calculated based on Raman 
spectroscopy data.

Sample Laser wavelength, nm Germanium fractions x in Si1-xGex

Reference 
SiGe

473 0.519
633 0.510
785 0.518

Unsilicidized 
SiGe:Co

473 0.464
633 0.542
785 0.572

Silicidized 
SiGe:Co

473 0.301
633 0.300
785 0.210
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where kB is the Boltzmann constant, h — the Planck constant, n — the 
carrier concentration, e — the carrier charge, m* — the effective mass of 
the carrier.

Moreover, as shown in [13] for a large-area Si0.8Ge0.2 nano-meshed 
film, thermal EMF increases along with pore diameter up to 300 nm. As 
can be derived from Fig. 6, unsilicidized SiGe:Co possesses pores of 
approximately the same size. The simultaneous drop in electrical con-
ductivity and thermal EMF may be due to the emergence of charge 
carriers of an opposite sign; however, no such carriers were introduced 
into the sample, even unintentionally, since the other samples show a 

significant increase in thermal EMF even at a much smaller increase in 
resistivity. It’s plausible that, unlike the ideal structure described in 
[13], high surface state density on the pore sidewalls of the unsilicidized 
sample creates local conductive channels, shunting the thermal EMF. As 
a result, the sample’s power factor at temperatures above 250 K becomes 
even lower than that of the silicon substrate (Fig. 10, c). In contrast, the 
power factor of silicidized SiGe:Co is the highest among all the samples 
and reaches values of 1600–1700 μW/(m⋅K2) at room temperature.

Fig. 10. Temperature dependency of (a) resistivity, (b) Seebeck coefficient, (c) power factor, (d) thermal conductivity and (e) ZT for pristine silicon and SiGe samples 
obtained thereon. Dashed lines indicate values corrected to account for non-Fourier phonon heat conduction, as described in Section 4.2.
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4. Discussion

4.1. Silicide and alloy formation

To summarize, the samples discussed in this study were formed by 
subsequently depositing cobalt nanoparticles and GeNWs into PS 
matrices from aqueous solutions containing cobalt and germanium ions, 
respectively, and optionally subjected to RTP 1 to additionally promote 
cobalt silicide formation. As a result, three types of composite structures 
were obtained: reference PS/GeNWs, PS/Co/GeNWs and PS/CoSi2/Co/ 
GeNWs, which were subsequently subjected to RTP 2 to obtain SiGe 
alloys. It should be noted that, since GeNWs are predominantly located 
on the surface of PS rather than inside the pores, alloying will inevitably 
initiate on the surface and occur from top to bottom.

Assumingly, a continuous alloy layer was not formed in the unsili-
cidized sample due to insufficient amounts of germanium compared to 
the other two cases, as indicated by mass measurements. Specifically, 
the mass of germanium deposited onto the unsilicidized sample was 
almost three times less than that for other samples, despite utilizing the 
same processing regimes. In addition, the alloying process is heteroge-
neous, and in some areas of the film also reached the lower layers, which 
led to the formation of cavities in the alloy. Such a drastic difference in 
the mass of deposited germanium might be related to the change in the 
surface of PS after cobalt deposition, which in the case of silicidized 
SiGe:Co is somewhat alleviated after RTP 1. The presence of cobalt could 
drastically alter the electrochemically-active surface of the sample in 
question, greatly affecting local current density and thus the resulting 
morphology. A more detailed explanation of this phenomenon requires 
additional studies which are beyond the scope of this particular work.

Preliminary annealing at 850 ◦C for 30 s provided strictly solid-phase 
formation of cobalt silicides, as the melting point of any silicides in the 
Co-Si binary system exceeds 1200 ◦C [74]. This contributed to the 
re-opening of some of the pores on the surface of PS, additionally 
encouraging germanium filling. The distribution of cobalt appears to be 
nearly unaffected by RTP 1, which can be attributed to the use of a 
relatively low temperature and processing time. This case is additionally 
supported by Raman spectroscopy data: germanium content in the alloy 
registered at different laser wavelengths remains largely unchanged, 
while germanium concentration deep in the volume of silicidized SiGe: 
Co is significantly lower than that on its surface (Table 1).

As shown by d’Heurle et al. [48], formation of CoSi2 requires a 
sufficiently high activation energy of 2.6 eV and involves several 
mechanisms occurring simultaneously: nucleation, diffusion and (pre-
sumably) interface reaction. Activation energy is increased even further 
in the presence of Ge, as the CoSi2 phase forms at progressively higher 
temperatures as Ge content is increased [35]. Since silicide formation 
occurs in a strict sequence from Co2Si to CoSi2 [48], the increase in 
nucleation temperature could be attributed to the difference in the en-
tropy of mixing caused by the consumption of Si originating from SiGe 
and formed by the expulsion of Ge previously dissolved in CoSi [35].

Thus, despite the high annealing temperature of unsilicidized and 
silicidized samples, the short duration of RTP 2 did not enable the for-
mation of sufficient amounts of CoSi2 in unsilicidized SiGe:Co, which is 
expressed in the weak intensity of corresponding XRD peaks and high 
intensity of the peak corresponding to pristine Co. As such, a preliminary 
silicidization stage can be deemed crucial in order to obtain a continuous 
SiGe alloy film containing CoSi2.

The presence of cobalt precipitates in the annealed PS with Co 
sample can be explained by an excessive amount of cobalt for the syn-
thesis parameters used. In [35] the duration of annealing, after which 
cobalt was completely changed into cobalt silicide was also 30 s, but the 
maximum thickness of metal films was only 10 nm. In our case, the pore 
sizes ranged from 40 to 100 nm [52], and a 30 s annealing process was 
not enough to fully convert all of the metal into silicide.

4.2. Thermoelectric parameters

Characterization of thermoelectric materials is a challenging task 
involving measurement of both their electrical and thermal properties. It 
is further complicated in the case of film materials. Traditionally, ther-
mal conductivity of thin films is measured using time-domain (TD), and 
frequency-domain (FD) methods. TD exhibits high quantitative reli-
ability and allows to perform in-plane and cross-plane thermal con-
ductivity measurements, but is sophisticated and requires complex 
signal analysis and expensive optics [75]. FD assumes heat dissipation 
from a Joule-heated metal strip, which must be formed on the sample’s 
surface by photolithography, which greatly complicates its preparation 
and is not always possible to apply to rough surfaces. Measurement of 
transverse thermal conductivity by this method is relatively easy, but 
in-plane thermal conductivity determination requires fabrication of 
bridge structures, which is a non-trivial task that requires correct ac-
counting for heat dissipation. Processing of experimental results ob-
tained with the FD method is also difficult and requires the use of 
multi-parameter models [76].

The Raman thermometry method employed in this work enables 
acquisition of a given film’s thermal conductivity using Boltzmann sta-
tistics and Fourier’s law of thermal conductivity. Previously, the suit-
ability of this method was demonstrated for samples of similar 
composition and structure (SiGe films on silicon substrates) — both in 
other works [77] and in our own previous publications focused on 
determining thermal conductivity of SiGe formed using the proposed 
method at room temperature [78]. The errors in thermal conductivity 
determination using this approach are usually related to the measure-
ment of film and substrate temperatures, as well as to the deviation of 
heat transfer processes from Fourier’s law. In the first case, it is 
important to provide non-resonant conditions for Raman spectrum 
acquisition, as well as correctly determine the intensity of the corre-
sponding Stokes and anti-Stokes peaks.

In our experiments, we used a laser with a wavelength lying far from 
the resonant inelastic scattering bands of the studied vibrational modes 
[79], and fitting of closely located bands in the 500–520 cm− 1 region by 
the Voigt profile was employed. The validity of such a procedure was 
confirmed by experiments previously performed on pure mono-
crystalline silicon and germanium substrates. The main error of thermal 
conductivity determination can be attributed to non-Fourier phonon 
heat conduction. In [80] it is shown that, if bulk silicon is locally heated 
(starting from the characteristic heat source size of about 100 μm), the 
measured thermal conductivity value decreases due to ballistic phonon 
transport. Since monocrystalline silicon and SiGe possess the same lat-
tice type, we can use the data from [80] to evaluate the contribution of 
this effect to our results in regards to silicon. In our case, the laser beam 
spot size was about 7 μm, so the calculated thermal conductivity for our 
samples (Fig. 10, d, solid lines) can be underestimated by 40 %. As such, 
in the following discussion, thermal conductivity values will be cor-
rected to account for this factor (Fig. 10, d, dashed lines) and used to 
calculate ZT.

4.3. Thermal conductivity measurements

Thermal conductivity values obtained for reference SiGe and SiGe:Co 
samples are significantly smaller than the room temperature thermal 
conductivities for bulk silicon and germanium (156 WK− 1m − 1 and ~60 
WK− 1m − 1, respectively) [69]. Evidently, thermal conductivity de-
creases along with an increase temperature due to enhanced 
phonon-phonon scattering. The nature of this dependence coincides 
with the literature data for monocrystalline SiGe fabricated using the 
Czochralski method [81] and pressure sintering [82]. In absolute values, 
thermal conductivity of reference SiGe at 300 K is 3 Wm− 1K− 1, which is 
2–4 times less than that of bulk SiGe alloys of similar composition [79,
80], and is at the same level as some experimental values obtained for 
thin-film samples (see [13] and references therein). These results are in 
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good agreement with the calculations of thermal conductivity of SiGe 
thin films found in [83] for SiGe of various compositions, where it was 
shown that thermal conductivity decreases with film thickness mainly 
due to boundary scattering being the dominant process.

Thermal conductivity of both SiGe:Co samples is smaller than that of 
reference SiGe over the whole investigated temperature range (Fig. 10, 
d). This can be attributed to additional phonon scattering at the 
boundaries of cobalt disilicide nanocrystals. Nanostructuring itself 
provides scattering of phonons with short and medium wavelengths (up 
to 100 nm), while long-wavelength phonons propagate in the material 
unimpeded. Taking into account that in SiGe the primary contribution to 
thermal conductivity is made by long-wavelength phonons [83], for-
mation of a nanocomposite material with grain sizes larger than 100 nm 
should significantly reduce its thermal conductivity. Narrow peaks 
corresponding to Ge, Co and CoSi2 on XRD spectra in SiGe:Co samples 
indicate the presence of precipitates of similar sizes.

No results in regards to the effect of submicron-sized cobalt disilicide 
precipitates on the thermal conductivity of SiGe alloys are published in 
literature. However, in [31] a 20–25 % reduction in silicon thermal 
conductivity was shown upon introduction of 50 to 500 nm CoSi2 pre-
cipitates, and similar thermal conductivity behavior between the silici-
dized sample and the sample with CoSi2 precipitates was also 
demonstrated. Additional evidence of the determining role of pre-
cipitates in the reduction of thermal conductivity for silicidized SiGe:Co 
lies in the large difference in thermal conductivity at low temperature, 
when disilicide nanocrystals provide effective phonon scattering.

CoSi2 possesses a fluorite structure with a lattice constant of 0.5356 
nm, which is 1.3 % smaller than that of silicon. Since a SiGe alloy of any 
composition has a lattice constant greater than that of silicon, the dif-
ference between it and the lattice constant of cobalt disilicide will be 
even greater, and CoSi2 precipitates inside SiGe are expected to exhibit 
tensile strain. However, according to the XRD data, the CoSi2 lattice was 
almost relaxed in both silicidized and unsilicidized SiGe:Co samples. 
Based on this we can conclude that a high density of dislocations appears 
at the interface in the form of a local nanoscale disorder, which should 
provide efficient scattering of short-wavelength phonons. As such, the 
observed decrease in thermal conductivity in silicidized SiGe:Co can be 
attributed to phonon scattering at various length scales.

4.4. Resistivity measurements

In accordance with our measurements, the resistivity of the initial 
silicon wafer, upon which the alloys in question were formed, amounted 
to 0.008 Ohm⋅cm, which is well within the doping level tolerance in 
regards to the manufacturer-specified value of 0.01 Ohm⋅cm and is. The 
resistivity values of reference SiGe and SiGe:Co samples at temperatures 
below 170 K do not deviate from this number, but raising the temper-
ature past this point leads to an increase in resistivity of SiGe:Co by 
about 10 %. Since cobalt precipitates are observed in both unsilicidized 
and silicidized SiGe:Co, it can be assumed that the metal may also be 
present in these samples in the form of individual atoms. In this case, the 
increase in resistivity of the silicidized sample may be attributed to 
ionization of these cobalt atoms, which provides deep-level n- and p- 
type traps near the middle of the band gap in both silicon and germa-
nium [84], which leads to the depletion of majority charge carriers in 
the sample. It is known that cobalt disilicide CoSi2 exhibits one of the 
largest electrical conductivity values among transition metal silicides 
[85]; however, formation of space charge and mismatch dislocations on 
the SiGe/CoSi2 heterojunction can also lead to charge carrier scattering 
in a wide temperature range.

Among the investigated samples, unsilicidized SiGe:Co exhibits the 
largest resistivity and possesses a thermal EMF value similar to that of 
bulk silicon. As a result, its power factor outperforms that of the sub-
strate only at temperatures below 200 K, when its resistance is not 
significantly different from the substrate in both magnitude and varia-
tion (Fig. 10, a). It is quite possible that the thermal conductivity of such 

a sample may be even lower than that of silicidized SiGe:Co due to its 
cavernous structure; however, as already mentioned, the high absorp-
tion of the laser signal did not allow us to reliably register the anti-Stokes 
part of the Raman spectrum and determine the substrate’s temperature. 
Therefore, this sample was not used for further analysis.

4.5. Seebeck coefficient measurements

The thermal EMF value of a pure SiGe alloy strongly depends on the 
material’s doping level, ratio of germanium and silicon, and the way the 
sample is fabricated [18,80,84]. The value registered in our experiments 
for reference SiGe, as well as its temperature dependence coincides well 
with the literature data for alloys of similar composition and 
conductivity.

In accordance with the expression (4), which is fully confirmed 
experimentally, in doped SiGe alloys thermal EMF increases along with a 
decrease in charge carrier concentration. In our case, the resistivity of 
silicidized SiGe:Co increased in relation to the reference sample (Fig. 10, 
a). If we were to estimate the corresponding decrease in concentration 
using the results from [55], it would not be enough to provide the 
observed increase in thermal EMF (Fig. 10, b). On the other hand, if we 
assume that the increase in resistivity is caused by the compensation of 
majority charge carriers in the alloy by a dopant with an opposite sign, 
then thermal EMF should be expected to have decreased due to bipolar 
electrical conductivity. In doped semiconductors, thermal EMF can also 
increase in the presence of sharp local densities of states of electrons 
around the Fermi levels near energy band edges [86]. However, the 
sample’s resistivity should not increase in such a case.

The most likely reason for the strong increase in thermal EMF for 
silicidized SiGe:Co is the energy filtering effect, which involves strong 
scattering of low-energy charge carriers on potential barriers due to a 
steep dependence of their relaxation time on energy [20,55,86]. No 
information on the SiGe/CoSi2 Schottky barrier was found in literature, 
but, as mentioned above, is about 630 meV in the case of Si/CoSi2 [72,
83]. Considering that the work function of SiGe lies in the range between 
those of pristine Si and Ge, which differ by about 500 meV (or no more 
than 200 meV for a composition similar to silicidized SiGe:Co) [87], 
then it can be argued that the SiGe/CoSi2 Schottky barrier is also quite 
high. As can be derived from XRD data, pure cobalt precipitates are 
present in silicidized SiGe:Co; however, their presence also ensures the 
formation of a sufficiently high Schottky barrier of ~600 meV [88]. It is 
likely that germanium precipitates do not contribute significantly to 
energy filtering since they are present in both reference SiGe and sili-
cidized samples, but thermal EMF of reference SiGe is not largely 
different from the known literature data for SiGe alloys without Ge 
precipitates.

4.6. Power factor measurements

Despite the fact that the electrical conductivity of silicidized SiGe:Co 
is smaller than that of reference SiGe (Fig. 10, a), its thermal EMF is 
significantly higher (Fig. 10, b). At this stage of research, we cannot 
guarantee that electrical measurement results correspond to the char-
acteristics of the alloy specifically, especially when it comes to electrical 
conductivity. If an electric current was to flow into the substrate during 
resistivity measurements, the recorded electrical conductivity would be 
overestimated, though the evaluations presented above indicate that 
this effect is negligible.

In terms of Seebeck coefficient measurements, the highly conductive 
substrate can shunt the film’s thermal EMF, resulting in measurements 
being underestimates. Given that the expression used for determining 
the power factor includes these values in the first and second powers, we 
can speculate that they are also not too far from their true values. The 
obtained power factor value for reference SiGe (1 mWm− 1K− 1 at room 
temperature) is in good agreement with results found in literature [89].
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4.7. Figure of merit measurements

The data presented in Fig. 10, d are obtained for the thermal con-
ductivity of the film in the transverse direction. However, it can be used 
in combination with electrical conductivity and Seebeck coefficient 
measured along the film to estimate ZT, since in our samples the char-
acteristic phonon free path lengths are significantly smaller than the 
layer thickness. In turn, as seen in the cross sections of reference SiGe 
and SiGe:Co films (Fig. 6), the films’ structure is homogeneous, so 
anisotropy of thermal conductivity is not expected to be present. 
Therefore, the well-developed structure of the film/substrate interface 
and the rough surface of films themselves will contribute to additional 
heat flux dissipation, and the result of ZT calculation would be a slight 
underestimation.

As has been shown in various theoretical works, a composite mate-
rial cannot possess a ZT value higher than that of any of its components 
[90], and the maximum power factor values are exhibited by composites 
consisting of a metal and a good thermoelectric material [28,29]. 
However, without taking into account the interface phenomena, their ZT 
does not exceed that of the thermoelectric material. In [22] this concept 
was further developed for nanocomposites made of silicide nano-
particles in SiGe alloys, and was experimentally confirmed in [23,91].

In this particular case, the highest achieved ZT is exhibited by sili-
cidized SiGe:Co and amounts to a value of 0.72 at 450 K.

5. Conclusions

As part of this work, we have demonstrated a simple method of 
forming a promising thermoelectric material consisting of a SiGe with 
CoSi2 precipitates exhibiting metallic properties. The formation of such 
a composite is thermodynamically favorable, and it should remain stable 
when employed in thermoelectric converters.

The structure decorated with preliminarily formed cobalt disilicide 
precipitates demonstrated good thermoelectric properties at tempera-
tures up to 450 K, which is attributed to the potential barrier at the SiGe/ 
CoSi2 heterojunction providing a high thermal EMF due to the charge 
carrier energy filtering effect. The similarity between crystal lattices at 
the SiGe/CoSi2 interface turned out to be a favorable factor, as the de-
fects arising there make a small contribution to electrical conductivity 
while also providing efficient scattering of high-frequency phonons. The 
sizes of these scattering regions provide “hierarchical” scattering, 
starting from atomic-size defects of the crystal lattice to nanoscale and 
submicrometer-size grain boundaries, which ensures a decrease in 
thermal conductivity by reducing lattice thermal conductivity.

It’s important to note that the proposed method of thermoelectric 
material fabrication can be easily integrated into traditional silicon 
technology in order to create high-efficiency on-chip thermoelectric 
generators or coolers. Notably, researchers generally try to avoid or 
minimize the influence of the substrate on the thermoelectric material 
formed thereon. In our case the obtained ZT values are determined from 
the “effective” electrical parameters, but perform at a level comparable 
to the best modern thermoelectric materials of its class throughout the 
studied temperature range [92].
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