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Abstract

Silicon and germanium present distinct and interesting transport properties. However,
composites made of silicon-germanium (SiGe) have resulted in a breakthrough in terms
of their transport properties. Currently, these alloys are used in different applications,
such as microelectronic devices and integrated circuits, photovoltaic cells, and thermo-
electric applications. With respect to thermoelectricity, in the last decades, Si ,Ge,, has
attracted significant attention as an energy harvesting material, for powering space appli-
cations and other industrial applications. This chapter focuses on the recent advances
and new approaches in silicon-germanium (Si, Ge ) nanostructures for thermoelectric
devices with high thermoelectric efficiency obtained through magnetron sputtering.

Keywords: silicon-germanium nanostructures, magnetron sputtering deposition, thin

films, nanomesh, thermoelectric, Raman spectroscopy

1. Introduction

Several chapters of this book describe different approaches, properties, and applications of
silicon and its undeniable impact on our culture, technology, and commerce. Its usefulness
has made us talk about the silicon era [1]. In this chapter, we are going to focus on the use
of silicon-based materials in one of the main pillars of our life nowadays: the obtainment of
energy to power up all the resources in which our society is based (transport, communica-
tions, and human infrastructures in general).
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Although silicon is mainly associated with microchip devices and advances in computing, the
alloy that silicon forms with germanium can be used as a thermoelectric material, which is, in the
presence of a gradient of temperature, able to generate an electrical voltage and vice versa. This
thermoelectric effect has been long known. Nevertheless, it has not been widely used because
of its modest efficiency. In recent years, the interest on thermoelectricity has revamped due to
the use of thermoelectric devices for micro-energy harvesting or as a large-scale conversion of
residual heat into electricity. This increase in the research on thermoelectrics is mostly due to
the impact nanostructuration has on improving the efficiency of these materials, which has been
increased almost a factor of three over the last 20 years. The purpose of this chapter is to high-
light the ways in which silicon-germanium has improved its efficiency by nanostructuration.

Considering the decreasing fossil fuels and increasing energy demand worldwide, a pressing
need for improved direct thermal (wasted heat) into electrical energy conversion is imposed.
The wasted heat comes from the energy transportation, vehicles, electricity generating sources,
industry, etc., which tampers the actual efficiency of the initial resources. For instance, around
30% of the energy obtained from the fuel of a car is actually used in its movement. The other
70% is lost in the form of heat, friction, and cooling the car. Furthermore, it is completely rea-
sonable to look for alternative energy technologies to reduce our dependence on fossil fuels
and greenhouse gas effects. This necessity has fostered multiple lines of research, including
the conversion of thermal energy through thermoelectricity [2]. As an example, the most recent
International Energy Outlook 2016 (IEO2016) [3] prepared by the USA Energy Information
Administration shows the energy production predictions for the year 2040, based on the data
recorded previously (Figure 1a). It is shown that the total world consumption of energy will
increase a 48% from 2012 to 2040. Renewable energies are the fastest-growing energy sources
over the predicted period, with a foreseen increase in their consumption of around 2.6%/year
between 2012 and 2040. In Figure 1a, CPP refers to a Clean Power Plan (CPP), which is a USA
regulation that aims to reduce carbon dioxide emissions from electric power generation by
32% within 25 years, relative to the levels of 2005 in the USA.

Focusing on the future of the different sources of energies, that is Figure 1b, world net electric-
ity generation is envisioned to increase by 69%, in 2040, going from 21.6 trillion kilowatt hours
(10" kWh) registered in 2012 to 25.8 trillion kWh predicted for 2020 and to 36.5 trillion kWh in
2040. It is worth noting that, even with initiatives as the CPP, or the development predicted
for renewable energies, fossil fuels will still account for a 78% of the energy used in 2040 [3].

For these reasons, in late 2015, representatives from 185 countries and the European Union
(EU) met in Paris to reach a commitment to addressing climate change, called Paris-COP21.
This worldwide engagement is expected to drive innovation in renewable energies, battery
storage, energy efficiency, and energy recovery. One of the main conclusions obtained in the
conference is that climate change is often discussed as a single problem, but solving it will
require a wide variety of solutions [4]. The EU budget for low carbon-related research under
Horizon 2020 has been effectively doubled for the period 2014-2020, and the EU has prom-
ised to invest at least 35% of Horizon 2020 resources into climate-related activities [5]. In the
United States, hundreds of major companies, including energy-related companies such as
ExxonMobil, Shell, DuPont, Rio Tinto, Berkshire Hathaway Energy, Cal-pine, and Pacific Gas
and Electric Company, have supported the Paris-COP21 [6]. In the coming decades, there will
be a need for more energy-efficient technologies, easily compatible with the non-renewable
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Figure 1. (a) Total world energy consumption sorted by energy source between the period 1990 and 2040. Dotted lines
for coal (black) and renewables (green) show the predicted effects of the USA Clean Power Plan (CPP) regulation. (b)
World net electricity generation predictions sorted by energy source, for the period of 2012-2040. Both figures are
reprinted with permission from Ref. [3]. Copyright 2016.

energies (that will not disappear in the near future as it can be seen in Figure 1b). Certainly,
thermoelectric materials and especially thin films are interesting players in this scenario. Its
ability to convert waste heat into electricity regardless of the source of heat generation, stabil-
ity over time, and the ability to generate electricity locally without the need for transportation

are some of its many advantages.

Likewise, Figure 2 and Table 1 show some of the most outstanding historical facts and current
state of the art of Si and SiGe in thermoelectric, microelectronic, and photovoltaic applications.
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Figure 2. Timeline of some breakthrough or historical event in Si-Ge in thermoelectric, photovoltaic cells and microelect-

ronics. References in Table 1.
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Some breakthrough or historical event  Year Refs
in SiGe
Microelectronics and First epitaxial silicon transistors 1960 [7]
Manufacturing
First oxidation study of SiGe 1971 [8]
First SiGe n-type MODFET 1986 [9]
First SiGe p-type MODFET 1986 [10]
First SiGe photodetector 1986 [11]
First SiGe HBT (heterojunction bipolar 1987 [12]
transistor)
First SiGe hole RTD (resonant-tunneling ~ 1988 [13]
diode)
First SiGe (BiCFET) (bipolar inversion 1989 [14]
channel FET)
First SiGe HBT grown by CVD (chemical 1989 [15]
vapor deposition)
First SiGe gate (CMOS) technology 1990 [16]
First SiGe waveguide 1990 [17]
First SiGe LED 1991 [18]
First SiGe solar cell 1992 [19]
First SiGe phototransistor 1993 [20, 21]
First SiGe HBT with peak cutoff 1993 [22]
frequency above 100 GHz
First SiGe HBT with peak cutoff 2001 [23]
frequency above 200 GHz
First SiGe HBT with peak cutoff 2002 [7]
frequency above 300 GHz
Current Record SiGe HBT with peak 2016 [24]
cutoff frequency 500 GHz
Thermoelectric figure of SiGe radioisotope thermoelectric 1976 [25-28]
merit generators (RTGs) Mission LES 8, 9
SiGe (RTGs) in mission Voyager 1 and 2 1977 [25-27]
spacecraft
SiGe (RTGs) in mission Galileo spacecraft 1989 [25-27, 29]
SiGe (RTGs) in mission Ulysses spacecraft 1990 [25-27, 29]
SiGe (RTGs) in mission Cassini spacecraft 1997 [25, 26]
SiGe (RTGs) in mission New Horizons 2005 [25-27]
spacecraft
Bulk material (zT)~ 1.3 at 1073 K 2014 [30]
Historical evolution zT SiGe 2016 [31, 32]
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Some breakthrough or historical event  Year Refs
in SiGe
* % Solar cell efficiency 1998 [33]
2003 [34]
2014 [35]
2015 [36, 37]
2016 [38]
$ Price history photovoltaic cells in US$ 2012 [39-41]
per watt
2015 [42, 43]
1 Recent progress of the miniaturization of ~ 1988 [44]
semiconductors Si and SiGe
2000 [45]
2004 [46]
2010 [47]
T Number of industrial SiGe and strained 2000 [48]
Si fabrication facilities
2007 [49]

Table 1. This table highlights historical events and the latest advances in silicon and silicon-germanium in thermoelectric,
microelectronic, and photovoltaic applications.

2. Thermoelectric concepts: current overview and strategies for improving
the thermoelectric efficiency

The efficiency of a thermoelectric material is controlled by its figure of merit, denoted as zT.
This parameter is defined as follows:

zT =a*-0-T-«x! (1)

where the parameters are the following: the square of the Seebeck coefficient, , times the
electrical conductivity, o, times the operating temperature, T (in Kelvin), divided by the ther-
mal conductivity, k. The thermal conductivity itself is a sum of its lattice and electronic con-
tributions, x, and x, respectively.

Most of these parameters are heavily interdependent [50-53], as it is shown in Figure 3. If
one takes into account the material properties in classical physics, large a usually results in a
low 0, and a large o increases x_, given that these parameters depend on the carrier concen-
tration. Therefore, the fabrication of materials with high power factor (a*¢) and low thermal
conductivity (k) necessary for obtaining a high zT is quite challenging. The energy conversion
efficiency (1 __ ) of thermoelectric devices is determined by Eq. (2), with T, and T being the
hot and cold temperatures, respectively.
Ty-Tc N1+2ZT -1

nmax = T T (2)

N1+ ZT +4
H
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Figure 3. Schematic diagram that briefly summarizes some of the main strategies for the improvement of the figure
of merit through the increase in the power factor and the decrease in the thermal conductivity. The graph shows the
behavior of the Seebeck coefficient, electrical conductivity, and thermal conductivity versus carrier concentration. This
figure is adapted from Ref. [50].

As it can be seen from the definition of the figure of merit, a large value of zT can be obtained
by having a high power factor (a*¢) and a low thermal conductivity (k). In Figure 3, there is
also a scheme with some of the strategies that are being used nowadays to improve the figure
of merit.

As it can be seen in Figure 3, there are two main routes to improve the thermoelectric figure of
merit, which are tailoring to improve the power factor and lowering the thermal conductivity.
In the first case, there have been different ideas proposed recently. Some of them are aimed to
increase the Seebeck coefficient, such as quantum confinement in low-dimensional structures,
which was first proposed by Hicks and Dresselhaus in 1993 [54]. It is based on the dependence
of the Seebeck coefficient on the gradient of the density of states (DOS) with energy. Then,
given that very sharp DOS would be found in quantum confined structures, the Seebeck coef-
ficient would be greatly enhanced. Other approaches to obtain higher Seebeck coefficients
are electron energy filtering [55], which proposes the filtering of the electrons with the lowest
mean energy, and resonant scattering [56] by introducing distortions into the DOS. In the case
of the electrical conductivity, modulation doping has been used to improve carrier mobility
[57]. Also, controlling the crystal orientation or composite engineering has shown results in
this sense [58]. The main problem is that an increase in the Seebeck coefficient comes along
with a decrease in electrical conductivity, as it is the case in energy filtering.
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Therefore, other routes to obtain both an increase in the Seebeck coefficient and electrical
conductivity have been proposed, such as band engineering [59], and electron energy filtering
are nowadays under study. A recent review on all these strategies can be found in Ref. [58].

The other mentioned route to improving the thermoelectric performance is to engineering the
structure of the material to reduce lattice thermal conductivity, what is called phononics engi-
neering [60-62]. This last approach can be understood if one takes into account that classical
thermoelectric materials are usually semiconductors. Indeed, for metals, k is dominated by
free electrons, whereas in semimetals and heavily doped semiconductors, both «, (lattice ther-
mal conductivity) and x_ (electron thermal conductivity) play an important role in the total
thermal conductivity. In particular, in the case of semiconductors, heat is conducted primarily
by the acoustic phonons [51, 52, 63]. Undoubtedly, in recent years, there has been an explosion
in the research and understanding of the tailoring of thermal conductivity through nanostruc-
ture fabrication [51, 52, 64]. In these cases, low thermal conductivity can be achieved by inhib-
iting the transport of heat through the lattice vibrations, which are called phonons. Phonons
can be divided into those having low, medium, or long wavelengths. Figure 4 depicts how
the nano-inclusions, defects, or vacancies significantly reduce the mean free path of the dif-
ferent phonons, thereby reducing the lattice thermal conductivity [64, 65]. In pure materials
(non-alloys or doped), the dominant phonon scattering mechanisms go from boundary scat-
tering to phonon-phonon Umklapp scattering with increasing temperature. Then, in order to
reduce the thermal conductivity, point inhomogeneities are usually introduced, such as alloy
atoms, dopants, isotope variations, rattlers, and point defects. Through these mechanisms,
not only phonons, but also electrons are scattered, and thus, the « is reduced [51, 52, 62, 66].
In the case of nanostructure fabrication, the idea is to form structures with smaller sizes than
the phonon mean free paths, but greater than the electron or hole mean free paths, given that
phonons are more strongly scattered by the interfaces than are electrons or holes [67], giving

Vacancy
Defect

ong Wavelength Phonon <117 Short Wav:

Figure 4. Scheme of the most used strategies for reducing thermal conductivity and their effect on phonon scattering.
Grain boundaries scatter mid-long wavelength phonons at their interfaces, while alloy atoms, dopants, defects, lattice
vibrations, and nano-inclusions scatter short-wavelength phonons. The electrons, which are depicted as arrows in the
figure, are supposedly not scattered and thus electrical conductivity is not altered.
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rise to phonon glass-electron crystals (PGEC). As it was said before, the lower the thermal
conductivity is, the higher and longer the temperature gradient is maintained and thus more
efficient the material results.

3. Thermoelectric properties of silicon-germanium alloys

Silicon-germanium alloys (SiGe) have played a primary role in thermoelectricity in the last
decades, although its potential for thermoelectric application was first shown in the 1950s
[68-70]. Less than 10 years later, in 1964, a study on how to improve silicon-rich SiGe alloys
was published [71, 72], and, the next year, they were used for the first time in a spatial mis-
sion from NASA (the SNAP-10 [71]). From that moment onward, they have been successfully
used in radioisotope thermoelectric generators (RTGs) for deep-space NASA missions. Bulk
silicon-germanium nanostructures (that is, compacted nanograins) are used in the RTGs that
power different spacecraft's such as Voyager 1, Voyager 2, Galileo, Ulysses, Cassini, and New
Horizons missions [25, 26, 73]. For instance, missions Voyager and Cassini spacecrafts are
equipped with RTGs that use a pellet of **PuQ, as the thermal energy source and SiGe as
the thermoelectric conversion material. In addition to having very attractive thermoelectric
and physical properties, SiGe devices can operate at temperatures up to about 1050°C with-
out significant degradation [25, 73]. For high-temperature applications (above 600°C), SiGe
alloys have a high thermoelectric efficiency and have been the type of conduction and the
carrier concentration in SiGe can be controlled by doping with phosphorous (n-type) or boron
(p-type). As a consequence, a total of 28 USA space missions have safely flown powered by
RTGs [26, 73]. In this field, SiGe used as thermoelectric conversion material has accumulated
over 250 million devices working hours in space applications (running for over 40 years in
Voyager missions) without failure [25, 26, 74].

In all these years, different studies on how to increase the efficiency of these materials, such
as the use of grain-refined alloys [75, 76], nano-inclusions [77], SiGe superlattices fabrica-
tion [78], and understanding how the grain size affects thermal conductivity [79], were per-
formed. Also, novel methods for the fabrication of SiGe, such as the chill casting method [80],
milling and sintering techniques [81], high-energy ball milling [82], spark plasma sintering
[83, 84], and mechanical alloying, were developed. The improvements achieved in SiGe were
all related to nanostructuring the material and reducing the lattice thermal conductivity. In
2008, a theoretical work proposed that the introduction of silicide nanoparticles into the SiGe
matrix would reduce drastically the thermal conductivity [85]. That is, if the grain size is
smaller than the mean free path of the phonons, the total effect is a reduction in the effective
mean free path and thus a reduction in the thermal conductivity. Another route studied has
been the enhancement of the power factor in SiGe through the concept modulation doping
[86]. In this case, a 40% power factor enhancement in Si, Ge,, bulk nanocomposites has been
reported, and it was a direct result of the enhanced mobility due to this modulated doping
[86]. With all these advances, zT values for nanostructured bulk SiGe as high as 1.3 for n-type
and 0.95 for p-type have been measured [87-89].

Apart from these successes in the increase of thermoelectric efficiency and the space appli-
cations of SiGe, there is another outstanding property that makes SiGe appealing for many
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other applications, which is the possibility of integration (compatibility) in the technology
of semiconductors based on silicon. This can be made through thin films fabrication of
SiGe on silicon like it is done in the complementary metal-oxide semiconductors (CMOS)
industry [90]. In general, thermoelectricity struggles with the lack of cheap, abundant,
and environmentally friendly materials. Recent works have emphasized the importance of
considering the relationship between material's price, manufacturing costs, and efficiency
to consider different thermoelectric materials [91]. Silicon-germanium could overcome
this deficiency by proposing high harvested power density, abundant on earth, low tox-
icity, and cost-efficiency. These characteristics increase the interest of SiGe among other
thermoelectric materials [90, 91].

3.1. Some strategies for reducing the thermal conductivity of silicon-germanium

The challenge of obtaining ultra-low thermal conductivities in silicon-germanium, in particu-
lar, for thermoelectric applications, is not recent. Figure 5 represents the different strategies
that have been followed to fabricate nanostructures with reduced thermal conductivity in SiGe.

In the case of pure silicon and germanium, measurements in bulk, the room temperature
thermal conductivities are ~140 W K™ m™ [67] and ~60 W K™ m™, respectively [30]. However,
SiGe alloys provide a significant reduction in thermal conductivity versus the above-men-
tioned values. Depending on the germanium content, values ranging from ~20 to ~9 W K" m™
have been measured in bulk [30]. The lowest value of room temperature thermal conductiv-
ity has been achieved for a stoichiometry of Si ,Ge,, (~9 WK™ m™), which is still large for
thermoelectric applications. Nevertheless, an even lower value (<1 W K™ m™) has been mea-
sured for films grown by sputtering with a Si Ge_, stoichiometry [92]. The difference with
the previous case is that these films were grown through metal-induced crystallization (MIC),

Dimensionality of Silicon Germanium ..

oD 1D 2D 3D -

Clusters, Nanotubes,
Particles Nanowires

2D Silicene, Nanomesh, Bulk
Layers

Figure 5. One of the strategies that has been proven to be useful in improving thermoelectric performance is to reduce
dimensionality. Here, different configurations that the silicon-germanium has been fabricated at the nanometric scale to
improve its thermoelectric properties are shown.
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which allows the reduction of the crystallization temperature of the SiGe. With this technique,
films with thermal conductivity values down to ~1.2 W K" m™ at room temperature [92, 93]
have been obtained. (See Section 4 for more details.)

At the same time, the growing interest in 2D materials has also triggered the study of 2D
silicene [94], which has low thermal conductivity and high power factor. Although the
thermal conductivity of silicene has not been measured experimentally due to the diffi-
culty of synthesizing freestanding silicene (and also the complication to carry out thermal
measurements in the in-plane direction), several numerical simulations have predicted
a thermal conductivity of silicene at room temperature from 5 to 70 W K™ m™ [94-97].
Also graded Si, Ge /Si superlattice structures have been theoretically proposed and fab-
ricated. The idea behind these structures was to demonstrate a thermal rectification effect
derived from a theoretical model (the kinetic collective model), which showed that the
thermal boundary resistance of a Si;_ Ge /Si depends on the direction of the heat flow
if the structure is symmetric. The predicted effect would cause around 40% difference
depending on the heat flow direction. Experimentally, these graded superlattices were
fabricated via molecular beam epitaxy (MBE) on silicon substrates, and further studies
on the impact of the composition, strain, or alloy inhomogeneities [98] showed that the
transport properties could be engineered, obtaining values for the thermal conductivity
aslow as 2.2 Wm™ K™ [99].

Another 2D structure that has recently been developed is the fabrication of nanomeshes
(nanoporous or holey silicon or SiGe membranes). These structures can be fabricated by
sputtering deposition in large areas [100], which offers the advantages of scalability and
flexibility required for real applications [100-102]. Moreover, the variation of the geom-
etry of the mesh influences its thermal conductivity [100, 102], allowing a further con-
trol on this parameter. In particular, the thermal conductivity of the nanomeshes was
reduced as the diameter of the pores became smaller, achieving values that varied from
k=1.54+0.27 WK'm™, down to the ultra-low k¥ =0.55+0.10 W K m™ value [100]. The lat-
ter is well below the amorphous limit, while the Seebeck coefficient and electrical conductiv-
ity of the material were retained [100]. (More details of these nanomeshed structures will be
given in Section 5.)

In addition to phonon transport engineering [59, 60], different technological strategies such
as the fabrication multilayers [103] and channels with reduced dimensionality such as 1D
nanotubes [104] and 1D nanowires [105] have achieved a significant reduction in the thermal
conductivity. Furthermore, several authors have demonstrated that the obvious reduction in
cross-plane thermal conductivity in SiGe 0D cluster —particle (quantum dots) [106] superlat-
tices is primarily due to the increased physical roughness at the superlattice interfaces and not
due to quantum confinement effects [107, 108].

Figure 6 summarizes the current state of the art for silicon-germanium in terms of ther-
moelectric properties. Here, the most promising materials in the form of bulk, thin films,
nanomeshes, nanowires, and nanotubes are shown. It is worth noting in these figures
that the results of our works, which will be explained later, namely the MIC films and the
nanomeshes, are among the best-performing materials. In terms of Seebeck coefficient
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Figure 6. A summary of the latest reported measurements of different structures of Si Ge,_ is presented, shows (a)
Seebeck coefficient, (b) electrical conductivity, and (c) power factor reported for bulk, thin films, nanomeshes, nanowires,
and nanotubes. (d) The thermal conductivity for different Si Ge, nanostructures and bulk samples as a function of the
alloy composition. This figure is adapted from Ref. [100].

(see Figure 6a), the values measured for MIC SiGe thin films are comparable to other
values measured in different thin films fabricated with other techniques, while the nano-
meshes present the highest Seebeck coefficients, only comparable to values measured in
bulk. Nevertheless, the values of electrical conductivity (Figure 6b) are quite low, when
compared to the values of bulk or nanotubes, but in the order or even better than the
values given for thin films. The enhancement of the electrical conductivity within those
structures is one of the improvements that are being studied nowadays.

On a whole, the power factor (presented in Figure 6c), which takes into account the square
of the Seebeck coefficient times the electrical conductivity, shows that the MIC films have
power factors compared to other thin films (even higher) and the values achieved in
nanomeshes are only overridden by bulk materials and nanotubes [109] (note that the
black circles are theoretical calculations, not actual measurements). The last data show
the thermal conductivity of different alloy compositions for different kinds of structures
(Figure 6d). Here, it is worth noting that the values measured for both MIC films and
nanomeshes are well below the values measured for crystalline bulk SiGe and among
the lowest ever recorded, comparable with the value of the amorphous material (which
is1 Wm™K™).
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4. Thin films: improvement of the thermoelectric performance through
the reduction of thermal conductivity of nanocrystalline Si ,Ge , films by
sputtering deposition

Silicon-germanium thin films can be easily p- or n-type doped at room temperature when
the material is amorphous. Nevertheless, doping is particularly difficult when the material is
crystalline, given that it is usually crystallized at high temperatures. Si Ge,_ films grown by
different techniques, such as low-pressure chemical vapor deposition (LPCVD) or sputtering,
turn out to be amorphous unless the deposition itself is performed at very high temperatures
[110-112]. Certainly, amorphous SiGe layers are not an option to be used as thermoelectric
materials, given their low Seebeck and low electrical conductivity. Therefore, the main chal-
lenge with these Si Ge,  alloys, which are to be applied in large-scale practical applications,
has not yet been overcome due to the difficulties in the growth of high-quality, highly crys-
talline, low-cost, and appropriately doped films. On that sense, some examples that can be
found in the literature obtained in our lab are compiled in this section.

Recently, metal-induced crystallization (MIC) [92, 113, 114] has proved to be an interesting
alternative to reduce the crystallization temperature required for SiGe. This process is based
on the growth of the films on substrates with Au [115], Ag [116], Al [117], Ni [118], Cr [119],
or Sn [120] layer. Then, an appropriate heat treatment is performed, allowing the gold from
the film to migrate through the semiconductor film all the ways to the surface. This gives rise
to a eutectic mixture. The Au-Si eutectic temperature occurs around 350°C, Au-Ge being at
around 361°C [121]. Using this MIC technique, quite promising results have been reported
recently for thin films of boron-doped Si ,Ge , (n-type) grown by sputtering, resulting in
films with a good power factor and a very low thermal conductivity [92]. In that work, two
different approaches were followed: (i) in situ MIC (depositing the films at different controlled
temperatures during the sputtering process) and (ii) ex situ MIC (deposition of the films at
room temperature in the sputtering chamber and subsequently post-annealing in an external
furnace under a controlled atmosphere) [92].

The structural evolution from amorphous to crystalline as a function of the different treatment
temperatures can be observed in Figure 7 through the Raman spectra, both for in situ (left
hand, red color) and ex situ (right hand, blue color) MIC films for different temperatures. It
can be seen that the vibration modes appear as broad bands for room temperature treatments
(see Figure 7a and e), which means that the material is amorphous. Then, the peaks become
narrower as the treatment temperatures increase. Moreover, the Si-Si vibrational peak shows
a clear red shift for the highest temperature (500°C) of the ex situ samples (Figure 7d). This
shift may be related to the formation of silicon-rich clusters. Moreover, the relative intensities
and frequencies corresponding to the main peaks present in the Raman spectra are strongly
dependent on the alloy composition.

A closer look at the Si-Si peak reveals that it is, in fact, a convolution of two peaks; a very nar-
row peak corresponding to the Raman spectrum of crystalline silicon-rich SiGe and a broader,
smaller peak corresponding to the Si-Si vibrations are typically found in Si Ge ,. This could be
an indication that silicon is partially segregated in the ex situ samples. The peaks observed in the
in situ samples are narrower than those of the ex situ annealed samples, which confirms the high
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Figure 7. Raman spectra of thin films deposited on gold/glass substrates: ex situ thermal treatment (in blue: a, b, ¢, and
d) and in situ thermal treatment (in red: e, £, g, and h) for samples treated at RT, 300, 400, and 500°C, respectively. The
expected vibrational bands (schematically represented) corresponding to Ge-Ge, Si-Si, and Si-Ge bonds are marked on
the figure. With permission from Ref. [92].

degree of crystalline order. Furthermore, these results clearly indicate that whereas, in the in situ
treatment, the crystallization starts at 300°C, the crystallization onset is lower for ex situ treat-
ments. It is interesting to note that in the 400-500 cm™ region, secondary modes start to appear at
high temperatures. These modes might be associated with the formation of a compositional gra-
dient due to segregation of Si and Ge, which promotes predominantly Si cluster formation. These
clusters would remain embedded in the SiGe matrix when the post-annealing is performed.

Then, the structural analysis by synchrotron radiation-grazing incidence X-ray diffraction
(SR-GIXRD) for samples treated at 500°C is shown in Figure 8. In order to perform the XRD
study, the gold layer was also selectively removed by potassium iodide etching. Nevertheless,
gold diffraction maxima are dominant in the ex situ treated sample, which means that not all
the gold was removed. This indicates that the gold, instead of migrating completely to the
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Figure 8. (a) and (b) present different measurements for the ex situ (a) and in situ (b) MIC fabricated films with 500°C
treatment temperatures. On the right side, the optical image of the surface along with a Raman mapping of the surface
is presented. In the left side, the different Raman spectra collected corresponding to Si,Ge,, (blue color), nano-Si,_ Ge,
(green color), and pure silicon (red color) are shown (note that for the in situ film, b), there is no evidence of silicon
segregation). The inset at the left side presents SEM image of the film surface. (c) Synchrotron radiation SR-GIXRD
diffractograms measured at 1.3775 A wavelength for ex situ (blue color) and in situ (red color) MIC fabricated films, with
heat treatments at 500°C. The heights of the intensities in dotted lines correspond to the Si-Ge phase intensity values
given in the JCPDS 04-016-6750 data sheet. The inset shows the calculated lattice parameters for the Si-Ge films. This
figure is adapted from Ref. [92].

surface during the ex situ MIC treatment, part of it stayed, trapped inside the film. In the case
of samples deposited in situ at temperatures of 500°C, the diffraction peak intensities at (111),
located at 20=25.33° for the synchrotron radiation source, are higher than the intensities of
samples treated ex situ.

The low values of thermal conductivities (1.13 and 1.23 W m™ K for in situ and ex situ thermal
treated at 500°C, respectively) obtained in Ref. [92] have been associated with the formation
of Si-rich SiGe and Si clusters during the gold-induced crystallization, which creates plenty
of phonon scattering sites at the grain boundaries. The best power factors were achieved for
samples grown at 500°C, that is, in situ MIC. The results indicate a maximum of 16 yW m™ K™
at 315°C, which is the best-reported value, to date, for SiGe films grown by DC sputtering
with Au-MIC —similar to the state-of-the-art values available in the literature for Si-Ge bulk
samples. This is due to the fact that this sample is not contaminated with gold and also that
the doping has not been lost by this thermal treatment.

In the same way, these results also suggest two different mechanisms of induced crystalliza-
tion dependent on the type of heat treatment (ex situ and in situ MIC). For the ex situ samples,
the gold layer travels through the Si-Ge film grown at RT when heated afterward at 500°C,
while in the case of in situ treatment, a eutectic is formed and the nanocrystalline Si-Ge film
seems to be formed underneath.
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5. Nanomeshes: record low thermal conductivities in large-area
nanoporous Si Ge_, for enhanced thermoelectric applications

Another recent example of a reduction in thermal conductivity by using the low-dimensional
concept has been recently reported [100]. These large-area nanomeshed films were fabricated
by DC sputtering of Si  ,Ge , on highly ordered porous alumina matrices (see Figure 9a), in
such a way that the formed Si, Ge_, film replicated the porous alumina structure, resulting in
the nanomeshed films shown in Figure 9b. A very good control of the nanomesh geometrical
features (pore diameter, pitch, and neck) was achieved thanks to the alumina templates used,
with pore diameters ranging from 294 + 5nm down to 31 +4 nm. The method developed is
able to provide large areas of nanomeshes in a straightforward and reproducible way, being
easily scalable for industrial applications.

Most importantly, as shown in Figure 10a, the thermal conductivity of the films was redu-
ced as the diameter of the porous became smaller, achieving values that varied from
x=154+0.27 WK 'm™, down to the record low x=0.55+0.10 W K'm™ value. The latter is
well below the amorphous limit, while both the Seebeck coefficient and electrical conductivity
of the material were maintained (see Figure 10b).

Likewise, as in the previous case for the nanocrystalline Si ,Ge , films grown by sputtering
deposition, the nanomeshed SiGe films were oriented along the [111] direction, as revealed
by XRD measurements (see Figure 11a). Raman spectra showed the three characteristic

Nanoporous
a-) Anodic Aluminu
Oxide Empt

AAO with SiGe
bl)
nanomeshes

Figure 9. (a) Sketch and optical image of a porous alumina template and (b) the SiGe film nanomesh fabricated on top
of it.
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vibrational modes obtained for polycrystalline SiGe (see Figure 11b) and showed a homog-
enous phase in all the film.

Additionally, the chemical/surface potential of the Si  Ge , nanomeshed films was studied
by Kelvin probe microscopy (KPM). Figure 12a and b shows the SEM image and the AFM
surface topography of a 294 + 5 nm porous size nanomeshed film, which presents a homoge-
neous profile of the surface potential (see Figure 12c). This indicates that the work function of
the films is homogeneous, confirming the homogeneity in the chemical composition obtained
by Raman, and no potential drop is observed at the grain boundaries.

On the one hand, as far as the thermal conductivity is concerned, it is highly reduced when
compared to bulk or thin films. This reduction is due to alloying, phonon boundary scat-
tering on the upper/lower boundaries, and crystallite boundaries within the nanomeshes.
Moreover, the measurements showed that the smaller the pore diameter is, the larger the ther-
mal conductivity reduction in the Si| Ge , nanomesh. This can be understood as a result of the
enhanced scattering on the pore boundaries, along with the higher disorder or even coherent
phonon effects that could be playing a role in the nanomeshed structures, when compared
to plain films. Using this approach, it is possible to control thermal transport of these films
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Figure 10. (a) Thermal conductivity (k, red triangles) and electrical conductivity (o, black spheres) and (b) Seebeck
coefficient (S, blue squares) and figure of merit (zT, green spheres) plotted versus the pore diameter of the nanomesh.
The transport properties obtained for a Si ,Ge, film grown under the same conditions are also plotted for comparison
(inside the rectangle on the left of each graph, corresponding to continuous thin film). This figure is adapted from Ref.
[100].
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Figure 11. (a) X-ray diffraction and (b) Raman spectra of a Si  ,Ge, , grown on nanomeshes with a pore diameter of 31 nm
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¥ 291nm

Figure 12. (a) SEM image of a Si ,Ge,, nanomeshed film of 294 + 5 nm pore size. (b) Topography image by AFM and (c)
surface potential image by KPM. The uniformity in the contrast of the KPM image reveals homogeneity in the surface
potential of the film. This figure is adapted from Ref. [100].

through nano-engineering. Moreover, the power factors of the nanomeshes are higher in the
structures with larger pores (and larger distances between the pores), and consequently, they
are found smaller in the more disordered structures, which comprise denser pore structure
and smaller pore diameters.

The power factors are found to be between 65 and 455 uW K2 m™, which seem to be as large
as some of the last reported values for bulk Si Ge ,. This is attributed to the fact that the
electrical conductivity in the nanomeshes with large interpore distance is much larger than
the more dense nanomeshes, whereas the Seebeck coefficient remains almost the same [100].
while still retaining reasonable power factors, which opens the door for efficient thermoelec-
tric applications for this alloy.

6. Concluding remarks and future directions

In summary, this chapter has shown how the nanostructuration of SiGe takes advantage of
the reduction in the lattice thermal conductivity while maintaining the thermoelectric prop-
erties of the material, which makes the material quite competitive with others convention-
ally used. Moreover, the two examples of nanostructuration that have been described here in
more detail, namely the sputtered MIC films and the nanomeshes present several advantages
over other techniques, such as the possibility of coating large areas thanks to the sputter-
ing process, which is also industrially scalable. Furthermore, the sputtering onto alumina
templates, which gives rise to the nanomeshes, can also cover large areas, given that the alu-
minum oxide templates can be fabricated over large-area aluminum substrates. In the case
of nanomeshes, the drastic reduction in the thermal conductivity achieved is due to alloy-
ing, phonon boundary scattering on the upper/lower boundaries, and crystallite boundaries.
Therefore, this makes the method cost-effective to be scaled into the industry. Another key
thing to remember is that both nanostructures (MIC films and nanomeshes) are compatible
with silicon technology, opening the door to applications in electronic devices, which need
to have thermal dissipation. This provides not only a novel approach to growing this kind of
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structures in a simple and reliable way, but also an important route toward achieving high
conversion efficiency and highly scalable thermoelectric materials.

This chapter presents the most recent advancements in SiGe alloys for its use as efficient ther-
moelectric material. To this end, it is important to understand the mechanisms that govern
the thermal conductivity, in order to engineer the material to reduce it as much as possible
without affecting other thermoelectric properties. The thriving expansion of new capabilities
of 1D and two-dimensional SiGe has progressed rapidly during the last few years. Although
most of the two-dimensional materials have a simple honeycomb lattice structure, under-
standing the phonon transport mechanism in such atomic thin SiGe seems not an easy task.
It is obviously important to recognize that no single technology can meet the world's energy
needs in the twenty-first century; one needs a combination of many technologies in which
the thermoelectric materials can undoutebtedly play a role. Further, these large-area films or
nanomeshes provide a novel approach to growing nanostructured thermoelectric materials
in a simple and reliable way.
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