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Abstract: Thermoelectrics can convert waste heat to electricity and vice versa. The energy conversion
efficiency depends on materials figure of merit, zT, and Carnot efficiency. Due to the higher Carnot
efficiency at a higher temperature gradient, high-temperature thermoelectrics are attractive for waste
heat recycling. Among high-temperature thermoelectrics, silicon-based compounds are attractive
due to the confluence of light weight, high abundance, and low cost. Adding to their attractiveness is
the generally defect-tolerant nature of thermoelectrics. This makes them a suitable target application
for recycled silicon waste from electronic (e-waste) and solar cell waste. In this review, we summarize
the usage of high-temperature thermoelectric generators (TEGs) in applications such as commercial
aviation and space voyages. Special emphasis is placed on silicon-based compounds, which include
some recent works on recycled silicon and their thermoelectric properties. Besides materials design,
device designing considerations to further maximize the energy conversion efficiencies are also
discussed. The insights derived from this review can be used to guide sustainable recycling of e-waste
into thermoelectrics for power harvesting.

Keywords: silicon; waste silicon; semiconductor; energy harvesting; electronic waste; thermoelectrics;
solar cell waste

1. Introduction

The increasing trend in energy generation worldwide is accelerating with a high of
162,194 TWh recorded in 2019, 21% more in comparison with a decade ago [1]. With this
trend, it is imperative to explore various sources of energy, extending our options from
finite natural resources and current methods of sustainable energy generation. Despite
the development and advances in renewable energy sources, energy conversion is never
completely efficient.

Energy generation, whether by fuel combustion or by conversion from other energy
forms, usually involves a certain degree of heat loss to the environment. This heat loss
becomes more pronounced at higher operating temperatures due to the large thermal dif-
ference between the source, the mechanical components, and the surroundings, promoting
energy dissipation by radiation. Additionally, the waste heat produced, if not sufficiently
dissipated, can be counterproductive to energy generation. For example, in a study con-
ducted by Benghanem et al., it was shown that the efficiency of photovoltaic cells past the
optimal operating temperature decreases by 0.5% with every ◦C increase [2]. It may then
be expedient to focus on improving the energy conversion efficiencies in high-temperature
applications whereby the residual heat prevents optimal performance to a larger extent.
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In addition, attention should be directed to applications that not only incur the most
heat loss but also utilize a large amount of fuel to further amplify economic benefits from
a more efficient energy conversion. One example would be commercial aircraft, which
are consuming up to 95 billion gallons of diesel in 2019 (before the coronavirus pandemic)
due to the booming aviation industry, [3–10]. Furthermore, extra consideration should be
taken for applications that utilize scarce material as energy sources, such as radioisotope
thermoelectric generators (RTGs) powered by naturally occurring but limited radioactive
oxides. To fully maximize the energy conversion processes in these applications, waste
heat can be harvested and converted into electricity, which can be achieved through the
use of thermoelectric generators (TEGs).

In this review, the conversion of energy from heat to electricity through thermoelectric
materials will be explored in the context of high-temperature applications, such as commer-
cial planes and deep space exploration. While a wide range of thermoelectric materials and
devices have been studied up till now for low- and medium-temperature applications, such
as utilizing body heat and waste heat from devices, this review will focus on applications
requiring an operating temperature of >800 K. In addition, special emphasis will be placed
on the potential of recycled materials, specifically silicon, for such application, keeping
sustainability in mind. Furthermore, the thermoelectric materials commercially used in
these applications will be analyzed in detail, focusing on their strengths and weaknesses as
a thermoelectric material for high-temperature applications, common synthesis methods,
doping, and modification for the optimization of their performance. Finally, device design-
ing considerations will also be discussed to comment on the requirements of a suitable
thermoelectric module in the context of the aforementioned high-temperature applications
of commercial aviation and space voyages.

2. Thermoelectric Devices

The thermoelectric effect can be described as the interconversion of a thermal gradient
and potential difference due to the migration of charges. The Seebeck effect, utilized in
thermoelectric generators, occurs when there is a temperature difference across a suitable
material. Charges travel from the heat source to the heat sink, causing one end of the
material to be more negatively charged than the other. Subsequently, there will exist a
potential difference between the hot side and the cold side, and when this material is
connected in a circuit, a current will be generated, as illustrated in Figure 1.

The effectiveness of a thermoelectric material is measured by its dimensionless figure
of merit (zT), which is calculated in Equation (1). The zT of a material is strongly linked to
the efficiency of the thermoelectric device, which can be calculated using Equation (2) [11].
Maximizing zT has shown to be challenging due to the interconnectedness of its constituent
factors. Additionally, the efficiency ceiling for any thermoelectric material is limited by the
Carnot component ∆T

Tc
, which suggests that a larger temperature difference will reap better

energy conversion efficiencies.

zT =
S2σ

κ
T (1)

ηmax =
∆T
TH

√
1 + ZTavg − 1√

1 + ZTavg +
Tc
Th

(2)

From a materials perspective, the performance of the thermoelectric can be altered
using various methods due to the different components contributing to a single parameter.
For instance, thermal conductivity comprises lattice (κlat), bipolar (κbi), and electrical
(κele) components [12–21]. Much of the work in decreasing thermal conductivity is aimed
towards κlat, utilizing strategies such as downscaling and isovalent substitution, which
hinder the transport of heat-carrying acoustic phonons [22–34]. More recently, machine
learning has been popularly used in conjunction with materials science discovery and air
materials development [35–38]. However, the effectiveness of these strategies is limited
according to the defect type and the wavelengths of phonons [18,38–42]. Alternatively,
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other strategies, such as band structure modulation, entropy engineering, and preferential
scattering of minority carriers, can be explored, which aim to improve other components
of thermal conductivity as well [43–53]. More recently, a fresh perspective on engineering
next-generation high-performance thermoelectrics has been reported, which includes low
doping, in contrast to the “golden range of carrier concentration” [54,55].

To date, the majority of high-performing thermoelectric materials are chalcogenides,
such as SnSe-, GeTe-, PbTe-, PbSe-, and Bi2Te3-based materials [56–75]. In addition, efforts
using both theoretical and experimental and even machine learning approaches are contin-
ued to be spent on discovering and improving materials performances [66,76–92]. However,
despite these efforts, the underlying power conversion efficiency also depends on the appli-
cation temperature. For instance, there has been relatively less focus on high-temperature
thermoelectrics, presumably due to their low materials performance. However, this can
be offset by the fact that at such high-temperature gradient, the overall power conversion
efficiency will be decent, considering the relatively high Carnot efficiency.

Figure 1. Basic configuration of a thermoelectric module and its working principle for TEG and
TEC. (a) Schematic of heat transport from cold side to hot side when electric current is applied to
thermoelectric cooler. (b) Cross-section of a typical thermoelectric module consisting of thermal and
electrical insulation and interface materials. Reproduced with permission from [93].

For device applications, there are multiple factors to consider. First, the properties of
the p-type and n-type legs should be comparable to maximize the device zT and optimize
the efficiency of the module. The requirements for properties matching between p-type
and n-type legs can be categorized into:

2.1. Geometrical Matching

This involves tailoring the dimension of the respective leg according to the intrinsic
properties. This is done to ensure a similar level of heat current density and electrical current
density passing through both legs. Based on the electronic and thermal transport data, the
ideal form factors for the device should be as close as possible to the following values:

Ln AP
Lp An

=

(
ρpκn

ρnκp

)1/2
(3)

where ρ and κ represent the electrical resistivity and thermal conductivity of both p-type
and n-type legs.
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2.2. Compatibility Factor Matching

This is a less intuitive requirement. It was popularized by Snyder et al. in the early
2000s [94]. Compatibility factor is important to ensure that not only both p-type and n-type
legs have the same heat or electrical current density, but also the relative current density is
similar in both legs. The concept of relative current density is defined as:

u =
J

k∆T
(4)

where u is the relative current density, J is the electrical current density, and κ∆T is the
thermal heat flux through the thermoelectric leg. At a particular temperature, the value of
u, which maximizes the overall efficiency, is defined as s (compatibility factor):

s =
√

1 + zT − 1
ST

(5)

where s, zT, and S represent compatibility factor, figure of merit, and Seebeck coefficient,
respectively. Intuitively, for materials with high Seebeck coefficient (and generally low
electrical conductivity), only low electrical current for a given heat flux is allowed to pass
through the material to maximize its efficiency by minimizing loss due to Joule heating.

In addition to electrical and thermal matching, both thermoelectric legs need to have
similar coefficients of thermal expansion [95]. As the device will be subjected to a temper-
ature gradient and the materials expand with heating, it is important to ensure that all
legs expand and contract with minimal differences as it can introduce strain to the points
of connection, causing the legs to detach from the interconnects and breaking the circuit.
Another consideration would be the choice of insulating layer used to fill the space between
the thermoelectric legs. A suitable insulator is important to reduce the heat transfer from
the heat source to the heat sink to preserve the temperature gradient and maximize the
power output of the device. Additional requirements are considered based on the specific
application in which the thermoelectric module is used as environmental factors can also
affect the modifications required for the device. Some examples of external factors are high
pressure, high operating temperature, vibrational stress, humidity, geometry of the surface
for application, extremely low temperatures that can cause icing, and the required duration
of service. Some of these will be addressed at a later section of the review regarding the
conditions on commercial aircraft and space voyages.

Notwithstanding, the fabrication of a highly efficient thermoelectric module is first
dependent on the performance of the individual thermoelectric leg. It is important to compare
the efficiency of thermoelectric materials based on their operating temperatures. Materials
with wide band gaps are most suitable for high-temperature applications as bipolar conduction
can be avoided. Through modifications, the peak figure of merit for each material may be
improved. However, another avenue to explore is achieving modest zT for a wider range of
temperatures to broaden the scope of applications for a single material (i.e., high average zT
over the operating temperature range). Until an effective solution can be realized to widen
the operating temperature of the best-performing materials, it is prudent to focus efforts on
deploying the currently available TEGs into applications where there is potential to reap large
benefits, such as in high-temperature applications.

3. Thermoelectric Applications
3.1. In Commercial Airplanes

In terms of applications, a thermoelectric module for power generation can potentially
be used for applications where a high hot source temperature is present, such as automobiles
or aircraft. Crane et al. reported the integration of TEG into the exhaust line of BMW X6
and Lincoln MKT [96]. It was found that power up to 500 W was achieved during operation
after a steady state was reached. This was achieved at an engine operation of 3000 RPM,
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105 Nm, and a coolant temperature of 30 ◦C with a flow rate of 20 liters per minute. A
schematic of the parts and assembly is shown in Figure 2.

Besides automobiles, commercial airplanes can be a large source of thermal energy at
multiple stages of their operation. The copious amount heat generated by the engines, cou-
pled with the low temperatures at high altitudes, presents a large temperature gradient and
an opportune situation to exploit waste heat harvesting using TEGs. The air surrounding
the mechanical and electrical components of aircraft is heated to various extents according
to the mode of operation. According to a 2002 report by the National Academy of Sciences
(Washington, DC, USA), the air at the engine bleed was measured to be 170 ◦C for ground
operations and 350 ◦C at take-off, which is when the maximum power is utilized [97].
Considering the heat loss due to radiation, should a thermoelectric be implemented, the
actual temperature of the surface in direct contact with the aircraft components can be
expected to be higher than the reported values.

The use of thermoelectric devices can provide further environmental benefits and profit
the aviation industry as well. First, by converting waste heat into electricity, the carbon
emissions of aircraft would be reduced. Globally, in 2019, humans produced over 43 billion
tonnes of CO2, 12% of which was contributed by transport sources and commercial aircraft,
taking up 2% of the total CO2 production. Summarizing the contributions of aircraft
worldwide, 915 million tonnes of CO2 was produced in 2019 alone [98]. Although the
impact on climate change from the cumulative use of automobiles and the production
of electricity surpasses that of commercial aviation, passenger air travel is producing the
fastest growth of individual emissions, despite a significant improvement in the efficiency
of aircraft operations over the last 60 years [99]. Following this trend, it can be forecasted
that the aviation industry will continue to grow in the coming years and possibly contribute
a larger share to the CO2 production worldwide. Therefore, it is worthwhile to invest in
targeting the reduction of emissions from the commercial aviation industry.

Moreover, according to a 2009 report by Boeing Research and Technology, harvesting
waste heat can reduce fuel consumption of aircraft by up to 0.5%, which is equivalent to a
savings of USD 12.075 M in monthly operations [100]. Excluding these major benefits of
utilizing thermoelectric devices for commercial aircraft, additional gains include potential
weight reduction when thermoelectric coolers replace traditional coolants and improve
system efficiencies of other auxiliary systems used in planes, which tend to overheat with
long operating hours. Additionally, thermoelectric coolers have no mechanical parts, which
minimizes the amount of maintenance required.

Thermoelectric applications in aircraft have taken a backseat with the harvested energy
used to power auxiliary operations. One popular application is the powering of wireless
sensor networks (WSNs) [101]. WSNs monitor the state of the physical environment at the
area of deployment and communicate the status to a central location for data collection
or analysis. This is used to minimize redundant electrical connections in the already-
complex wiring system in the aircraft. These sensor nodes are utilized for wireless avionics
intracommunications (WAIC), and the exchange of data between different components in
the same aircraft can be programmed to elicit a desired response for specific conditions.
For example, when the cabin is detected to have low oxygen levels by the WSNs, the
information can be broadcasted to the other nodes to discharge oxygen masks from above
the passenger seats [102].

Additionally, WSNs are commonly used for the structural health management (SHM)
of buildings, and its potential use in aircraft has been recognized as well [104,105]. SHM
utilizes the information gathered by WSNs to signal for symptoms of deterioration. For
instance, nodes can be used for comparative vacuum monitoring and are installed in areas
more prone to fatigue. Initially, the area is maintained in vacuum conditions by sealing
interfaces using adhesives. When mechanical motion causes cracks in the components,
air will be able to escape and break the initially induced vacuum. The change in pres-
sure will be registered by the sensor node, and the maintenance team can be alerted for
repair. This moves the health management of structures to condition-based maintenance
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instead of scheduled maintenance and, hence, enhances the reliability and safety of the
aircraft as symptoms of component damage can be detected and remedied faster, avoiding
catastrophic failure [106].

Figure 2. (a) Bi2Te3-based cylindrical TEG device. (b) TEG integration into the exhaust line of the
BMW X6 prototype vehicle. (c) Integration of the TEG into the underfloor of the test vehicle. Figure
reproduced with permission from [96,103].

Taking inspiration from TEGs implemented in automobiles, the device design for
aircraft application can be modelled similarly. In terms of location, the aircraft fuselage
has been a popular choice for study in the past. Simulations have shown that the energy
generated averages 3.3 V with power management systems, sufficient to sustain WSNs [107].
As the fuselage does not have significant curvature, prototypes developed tend to use flat
TEGs, which was also seen in a study by Elefsiniotis et al. [108].

Other alternative locations worth exploring include the aircraft engine and nozzle,
where a large amount of heat is expended throughout the course of the flight [109]. How-
ever, as the geometry at these areas is slightly more complicated than that of a flat surface,
more considerations are included in designing the device. For example, due to the curva-
ture of the aircraft nozzle, it may be more practical to consider annular TEGs whereby the
width of the thermoelectric legs is nonuniform to allow for the device to wrap around the
surface. A study conducted by Shen et al. concluded that the use of ATEGs for curved
surfaces reduces contact resistance compared with the flat version [110]. Ultimately, this
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could possibly improve the TEG performance and energy harvesting efficiency of the
system. Hence, for each location that we intend to apply TEG, the geometry, among other
factors, should be taken into consideration.

3.2. In Spacecraft

The use of thermoelectric materials in space voyages is a niche application, high-
lighting the suitability of the energy generation method unparalleled by other sustainable
forms. They are the key component of radioisotope thermoelectric generators (RTGs),
which supply power to satellites, space probes, and unmanned remote facilities. An RTG is
a form of nuclear battery that employs the Seebeck effect to harvest the heat generated by
the decay of radioactive material. Figure 3 shows the schematic multimission radioisotope
thermoelectric generator (MMRTG) [111]. GPHS (general purpose heat source) Pu238 heat
source modules were used to fuel the system, with an 87.5 year half-life. This is surrounded
by the thermoelectric modules. The other side of the thermoelectric modules is retained
at a lower temperature as heat is dissipated by the radiator fins. This mode of energy
generation is most useful for space voyages as other forms of energy generation can be
costly or unreliable or have a large weight penalty.

Figure 3. Schematic illustration of a multimission radioisotope thermoelectric generator (MMRTG).
Figure extracted from open source (https://commons.wikimedia.org/wiki/File:MMRTG_schematic_
-_english_labels.png; accessed on 18 January 2022).

https://commons.wikimedia.org/wiki/File:MMRTG_schematic_-_english_labels.png
https://commons.wikimedia.org/wiki/File:MMRTG_schematic_-_english_labels.png
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Thermoelectrics are generally used for space applications because although photo-
voltaics have higher energy conversion efficiency, they will be an inefficient mode of energy
generation as the rotation of the planets limits the amount of light that can be harvested,
especially for voyages farther from the sun. The employment of hydropower or wind
energy generation is also dependent on our current understanding of the environment in
space. In the case of satellites that are launched to orbit in vacuum, these modes of energy
generation would be unsuitable. Additionally, a large number of batteries or fuel cells
would be required to power the mission in the entirety of its duration.

An important consideration is the ease of maintenance or replacement of the energy
source. It would be inconvenient to consistently send manpower into space to replace or
repair the power source. Hence, it is intuitive to gravitate towards RTGs as thermoelectric-
based generators have a high power-to-mass ratio, require minimal maintenance due to the
absence of mechanical components, and are self-sustaining in the presence of a temperature
difference, which allows the user to customize the power source to the power and duration
required [112]. To date, the total initial power generation capabilities for space voyages is
on a climbing trend from 2.7 W for Transit 4A, which was launched in 1961, to 113 W for the
recent Mars Curiosity rover. This can be partly attributed to advances in RTG technologies
over the years [113]. The difference between the technologies is further detailed by NASA
in Table 1 [114]. It can be observed that different RTG technologies are utilized depending
on the external conditions, such as the atmosphere and the operating temperature of the
RTG. Consequently, different thermoelectric materials may be used to fulfill the different
requirements to maximize the efficiency of the RTG. From the table, it is evident that RTG
technology has evolved significantly over the years and is versatile for missions of various
durations and in different environments.

Table 1. Types of RTG technologies by NASA. Reproduced with permission from “NASA Special Ses-
sion: Next-Generation Radioisotope Thermoelectric Generator (RTG) Discussion” from the National
Aeronautics and Space Administration, 2017 [114].

Acronym Definition Descriptions Power/GPHS Th (K)

GPHS-RTG General-purpose
heat source RTG

This RTG was designed to operate in vacuum only. It was flown on
PNH, Cassini, and other missions. Not a modular system. 290/10 1273

MMRTG Multimission
RTG

Operated in vacuum and atmosphere. Flown on the Curiosity rover.
Not a modular system. 110/8 803

eMMRTG Enhanced
multimission RTG

A potential enhanced version of the MMRTG. Designed to operate
in vacuum and atmosphere. Not a modular system. While not yet
approved for development, it is extremely well modelled, and its

system requirements are well understood.

145/8 873

While the usage of RTGs has proven successful over the decades and further de-
velopment is ongoing, the conversion efficiencies of the thermoelectric modules can still
be further improved. Increasing the efficiency of the thermoelectric could suggest that
the same missions can be launched using less radioisotopes for the heat source. This is
pertinent for the continuation of space voyages as the currently most used radioisotope,
238Pu, is scarce [115]. Hence, it is financially and environmentally beneficial to study
possible avenues of improvement in the thermoelectric materials used for RTGs.

One strategy for maximizing the power harvested by RTGs is the use of segmented
thermoelectric legs. This strategy utilizes a combination of thermoelectric materials for
different operating temperatures and will be further explained in a later section. Table 2
shows the different thermoelectric materials used for low-, mid-, and high-operating
temperatures utilized by NASA so far in their space voyages. Both commercial aircraft and
RTGs emit large amounts of heat energy, which, when harvested, can be channeled and
converted to electrical energy and improve the efficiency of the applications.
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Table 2. p-Type and n-type thermoelectrics used for low, mid, and high temperatures. Repro-
duced with permission from “NASA Special Session: Next-Generation Radioisotope Thermoelectric
Generator (RTG) Discussion” from the National Aeronautics and Space Administration, 2017 [114].

Operating
Temperature

n-Type p-Type

Low Mid High Low Mid High

1 Bi2Te3−xSex 1-2-2 Zintl La3−xTe4
composite Bi2−xSbxTe3 9-4-9 Zintl 14-1-11 Zintl

2 Bi2Te3−xSex 1-2-2 Zintl La3−xTe4 Bi2−xSbxTe3 9-4-9 Zintl 14-1-11 Zintl

3 Bi2Te3−xSex SKD La3−xTe4
composite Bi2−xSbxTe3 SKD 14-1-11 Zintl

4 Bi2Te3−xSex SKD La3−xTe4 Bi2−xSbxTe3 SKD 14-1-11 Zintl

5 Bi2Te3−xSex Mg2Si1−xSnx
La3−xTe4
composite Bi2−xSbxTe3 Tetrahedrite 14-1-11 Zintl

6 Bi2Te3−xSex n-HH La3−xTe4
composite Bi2−xSbxTe3 p-HH 14-1-11 Zintl

7 Bi2Te3−xSex PbTe La3−xTe4
composite Bi2−xSbxTe3 TAGS 14-1-11 Zintl

8 Bi2Te3−xSex Nano PbTe La3−xTe4
composite Bi2−xSbxTe3 TAGS 14-1-11 Zintl

9 - Mg2Si1−xSnx Nano SiGe - MnSi1.7 Nano SiGe

10 - - La3−xTe4
composite - - 14-1-11 Zintl

11 - - La3−xTe4 - - -
12 - - Nanobulk SiGe - - Nanobulk SiGe
13 Bi2Te3−xSex - Bi2−xSbxTe3 -

14 Bi2Te3−xSex - La3−xTe4
composite Bi2−xSbxTe3 - 14-1-11 Zintl

15 Bi2Te3−xSex SKD - Bi2−xSbxTe3 SKD -
16 Bi2Te3−xSex PbTe - Bi2−xSbxTe3 TAGS -
17 Bi2Te3−xSex Mg2Si1−xSnx La3−xTe4 Bi2−xSbxTe3 Tetrahedrite 14-1-11 Zintl
18 Bi2Te3−xSex n-HH La3−xTe4 Bi2−xSbxTe3 p-HH 14-1-11 Zintl
19 Bi2Te3−xSex PbTe La3−xTe4 Bi2−xSbxTe3 TAGS

14-1-11 Zintl
20 Bi2Te3−xSex nano PbTe La3−xTe4 Bi2−xSbxTe3 14-1-11 Zintl
21 - - La3−xTe4 - - 14-1-11 Zintl

4. Materials Selection
4.1. Silicon

Silicon is the second most earth-abundant element in the earth’s crust, and the most
abundant element used in modern-day technologies [116]. Its popularity partially stems
from the nontoxic and relatively unreactive nature of derivatives, such as silica and silicates,
at room temperature [117]. Consequently, the sheer volume of silicon being used has
accelerated the rate of production of waste materials. Mainstream applications, such as
electronics and semiconductors, typically require ultrapure silicon, which undergo a tedious
and expensive purification process. Thermoelectric applications are also affected by defects,
albeit less sensitively compared with other applications, which suggests that the cost of
fabrication can be much cheaper. Intrinsically, bulk silicon has a high thermal conductivity
of ~150 Wm−1 K−1 at room temperature. Fortunately, such parameters can be optimized to
give a decent zT value. Several works in the recent two decades have studied the potential
of elemental silicon as a thermoelectric material in various forms [118–123]. For instance, a
work conducted by Bux et al. compared the performances of synthesized nanostructured
bulk Si and Si0.8Ge0.2 and found that the thermal conductivity of nanostructured bulk
Si could be significantly reduced and ultimately produce a zT of 0.7 at 1200 K. While in
the initial days, extensive silicon purification did not pose much of a problem, the waste
from the first-generation electronics boom in recent years has caused it to become a major
issue. This problem is exacerbated by the exponential increase in solar cell waste [124].
For instance, it is often economically and technologically not feasible to recycle used
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silicon (often alloyed or doped with other elements) for delicate use, such as in the high-
performance electronics industry. In addition, the process of cutting Si ingots with wire for
solar cell fabrication leads to a material loss of 40% in the form of kerf [125]. Fortunately,
this is where thermoelectrics can play a vital role. As a majority carrier device (as opposed
to a minority carrier device, such as photovoltaics), thermoelectrics are generally less defect
sensitive, and existing impurities may even be beneficial to their performance instead.
Additionally, since silicon is safe to handle in comparison with other compounds composed
of toxic or harmful elements, such as Pb or Te, the mass production of silicon-based
thermoelectrics would not pose any concerns to human or environmental health.

4.2. Recycled Silicon

High-performance thermoelectrics can often be achieved via defect engineering, where
lattice defects or impurities are deliberately introduced into the materials to improve their
electrical or thermal properties. This makes thermoelectrics a perfect target for recycling (or
upcycling) silicon-based electronics waste (e-waste) and other technological silicon waste.
Figure 4 shows a schematic of how thermoelectrics can benefit from the existing defects of
the waste material.

Figure 4. Schematic showing waste upcycling of industrial and agricultural waste into thermoelectrics.
Figure from Bahrami et al. [125]. Copyright 2020, Wiley (Weinheim, Germany).

Recycling waste material into thermoelectrics is an area that has been explored for
other elements, such as bismuth [126,127]. Cai et al. recently explored the recyclability
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of bismuth antimony telluride thermoelectrics and discovered that the combination of
reprocessed (Bi,Sb)2Te3 scraps and nano-SiC showcased a better zT of 1.07 at 325 K even in
comparison with the commercial alloy, which was 0.95. Further work conducted on the
specifics of the nanocomposition yielded an improved zT of 1.33.

Similarly, the merits of upcycled silicon-based thermoelectrics has been recognized but
not yet popularized, which undermines its potential in championing sustainable energy
harvesting and cooling technologies. For instance, the pioneering encounter with recycled
silicon thermoelectric stemmed from rice husks. Si-based compounds obtained from the
valorization of rice husks were used by Bose et al. to synthesize Mg2Si [128]. However, the
results then were not particularly promising with a zT of 1× 10−4 due to the impurities that
were retained in the synthesis of the compound [129]. More recently, Ran et al. discovered
that upcycled silicon from sawing waste, doped with phosphorous, achieved a power factor
of 32 µW cm−1 K−2 at 1273 K and, subsequently, a peak zT of 0.33 [130]. Comparatively,
SiGe alloys (to be discussed later) performed with peak zT values reaching ~0.65 and ~1
in p- and n-type Si80Ge20, respectively, were consistently reported in multiple studies for
temperatures of 900–950 ◦C.

Additionally, there is an abundance of silicon-based waste products as a result of
the escalating rate of production of PV modules. Fabrication of such electronics produces
by-products, such as SiC, diamond particles, metals, and oxidized silicon. While it may
be intuitive to prioritize recycling precious and expensive materials, such as silver and
gold, thankfully, in recent years, there has been more effort to recycle Si particles [131].
Aside from utilizing Si kerf for TE synthesis, other Si-based by-products can be purified
and utilized for the synthesis of compounds, such as Mg2Si. Isoda et al. [132] and Mesaritis
et al. [133] successfully utilized Si kerf as a precursor to Mg2(Si,Ge,Sn) alloys, which perform
competitively for TE made from commercial silicon.

It is worth noting that although recycled silicon does not have very high average
figure of merit, the wide temperature gradient made available by the high operating
temperature allows for a better Carnot efficiency, resulting in decent power conversion
efficiencies. Figure 5a,b shows the power factor and figure of merit of silicon thermoelectrics
processed from sawing waste from recent works. Although such number is nowhere near
the recorded zT of thermoelectrics, it can still provide 5–7% power conversion efficiency
based on Equation (2). Further optimization of the doping for recycled silicon can present
opportunities for thermoelectrics with performances competitive with popular SiGe.

Figure 5. (a) Power factor and (b) figure of merit zT for silicon from sawing waste, with different
levels of P doping. Figure from Ran et al. [130].



Crystals 2022, 12, 307 12 of 24

4.3. Silicon Germanium

Silicon germanium is a semiconducting alloy with a diamond crystal structure pop-
ularly used for high-temperature thermoelectric applications. The alloy is miscible at all
ratios of SiGe but presents a challenge in consistent synthesis due to its complex phase
diagram. Prior to the development of SiGe as a thermoelectric, silicon was the staple for
high-temperature applications due to its abundance and nontoxicity. However, it is disad-
vantaged as a thermoelectric material due to its low electrical conductivity and high thermal
conductivity. The conductivity of silicon can be improved through aliovalent doping of
boron and phosphorus to create p-type and n-type semiconductors, respectively. However,
this is insufficient to boost its performance as a thermoelectric without improvements in its
thermal conductivity.

Conversely, germanium is also a semiconducting material with a small band gap of
0.66 eV. It exhibits good electrical conductivity and low thermal conductivity, making it a
promising thermoelectric option for low-temperature applications. However, germanium is
much less abundant than silicon at 1.5 parts per million and is also rather costly [134]. Hence,
it is more frequently used as an alloying component to other thermoelectric materials, such
as SiGe and GeTe.

The addition of Ge to a Si matrix introduces mass fluctuations, varying the lattice
parameters as well. Dismukes modelled the relation between the lattice constant and the
percentage Ge in 1964, slightly modifying Vegard’s law, as shown in Equation (6) [135,136].

Si1−xGex(A) = 5.432 + 0.20x + 0.027x2(A) (6)

The mass fluctuations created due to the difference in atomic size of silicon and ger-
manium scatters short-wave acoustic phonons, which contribute largely to the material’s
thermal conductivity. A paper by Virginia Semiconductor compares the electronic char-
acteristics of Si, Ge, and some compositions of SiGe [137]. The electrical properties of the
Si1−xGex alloys vary proportionately to the amount of germanium added to the silicon
matrix, reducing the resistivity and thermal conductivity while increasing the drift mobility
of charge carriers.

The ratio of Si to Ge was studied for optimal composition to maximize the scattering
of acoustic phonons, and it was found that a 20% substitution of Ge exhibited a significant
decrease in thermal conductivity to ~9 W cm−1 K, and a further addition of Ge contributed
insignificantly [138]. Additionally, Ge is about 100 times more costly as compared with
Si [139]. Therefore, minimizing the required amount for substitution would be financially
beneficial. The alloying of silicon and germanium in different ratios allows for the fabrica-
tion of thermoelectric materials with various operating temperatures due to the changes in
the band gap. This offers a solution to silicon’s shortcoming as a thermoelectric, presenting
us with SiGe as an option for thermoelectric materials at high-temperature applications.

Adding on the promise of intrinsic SiGe, multiple modifications have been studied
to further enhance the performance of this alloy, including nanostructuring, modulation
doping, and various methods of synthesis. SiGe exhibits a complex phase diagram, as
illustrated in Figure 6. There is a large separation between the solidus and liquidus lines,
suggesting that the composition of the SiGe alloy is sensitive to temperature and the amount
of Ge added.

According to a recent review by Basu et al., the solid-state synthesis of SiGe through
mechanical alloying, followed by densification by hot pressing or spark plasma sintering,
is the key to consistent replication of desired stoichiometry. Mechanical alloying is also
a simple and economical method to produce homogeneous alloys with consistent grain
sizes. Hot isostatic pressing utilizes a combination of temperature and pressure to densify
the ball-milled powder. The alternative to hot pressing is spark plasma sintering (SPS),
whereby a high current is applied through the sample, heating the sample while under
compression. In comparison with SPS, hot pressing is less favored as it encourages grain
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growth. Similar to silicon, p-type SiGe is most commonly synthesized by doping with
boron and n-type with phosphorus.

Figure 6. Phase diagram of SiGe. Figure reproduced with permission from “Towards a
Fully Functional Integrated Photonic–Electronic Platform via a Single SiGe Growth Step” from
Littlejohns et al., 2016 [140].

A popular strategy for enhancing the thermoelectric performance is modulation dop-
ing. Compared with uniform doping, modulation doping is the selective addition of
dopants in spatially segregated areas, as shown in Figure 7. The clustered-doping method
promotes higher charge mobility as the ionized dopants will be segmented into the desig-
nated areas and limit the electrostatic scattering of charges [141]. Hence, it can be expected
that modulation doping will improve the power factor. However, it is also important
to consider that the dopants have their own thermal conductivity. The higher thermal
conductivity of the introduced precipitates limits the improvement of zT by the increase in
power factor.

For example, a previous work conducted by Yu et al. demonstrated their three-
dimensional modulation doping approach using a two-phase nanocomposite of different
types of nanograins. In their study, an improvement of 40% was realized in the power
factor of Si80Ge20 doped to 30% with Si100B, forming the composite (Si80Ge20)0.7(Si100B5)0.3
in comparison with Si86Ge14B1.5. Conversely, for the n-type Si84Ge16P0.6, the modulation-
doped composite (Si80Ge20)0.8(Si100P3)0.2 exhibited an improvement in power factor by 20%.
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Despite the increase in power factor for both samples, the zTs did not improve due to the
high thermal conductivity of the Si nanoparticles. Yu elaborated that the use of modulation
doping strategies will inevitably bring about an increase in the electronic component as
charge carriers are thermal carriers and also an increase in the lattice component when the
nanoparticles have a higher thermal conductivity [143]. In turn, more attention should
be directed to the reduction of the lattice component. This further modification was also
discussed in his work.

Figure 7. Schematic showing a carrier transport in (a) pristine BiCuSeO, (b) modulation-doped
and (c) uniformly doped samples. Figure reproduced with permission from “High Thermoelectric
Performance Realized in a BiCuSeO System by Improving Carrier Mobility through 3D Modulation
Doping” from Pei et al., 2014 [142].

4.4. Other Silicon-Based Compounds

Aside from SiGe, many other Si-based compounds have been of interest for thermo-
electric use due to silicon’s crust abundance and nontoxicity. Each of these has its own
merits and shortcomings, which will be briefly discussed in this section. To date, the
compounds that have gained traction in the thermoelectric field are metal silicides, more
specifically for alkali, alkaline, and transition metals. However, the optimal operating
temperatures for each of them vary according to the alloying composition.

Ru2Si3 was once considered a potentially competitive high-temperature thermoelectric
material, alongside SiGe alloys. Its interesting band structure suggested an initial extrap-
olated zT 50–300% higher than that of SiGe, assuming that the carrier mobility of Ru2Si3
trends similarly to that of silicon [144,145]. Sawade et al. synthesized undoped Ru2Si3,
which boasted a zT of 0.32 at 900 K [146]. Despite further work on the compound, such as
Mn doping, breakthroughs since then have been limited due to a lack of suitable dopants
and scarcity concerns of elemental Ru [147].

Most other metal silicides are observed to be suitable for medium temperature appli-
cations. There is a wide array of transition metal silicides that have been developed for
thermoelectric use, such as MnSix, CrSi2, WSi2, and MoSi2. Within this category, good ther-
moelectric performance was exhibited by the higher manganese silicide (HMS) compounds,
which exhibited a zT of 0.5–0.7 at 500 ◦C [148].
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The superior performance of HMS partly stems from MnSi, which introduces energy
barriers and improves carrier charge transport. In addition, HMS alloys are mechanically
robust and highly resistant to oxidation, making their fabrication into module easier.
Many studies have been conducted to further improve the performance of HMS, such as
nanostructuring, Ge substitution, Al substitution, and nanoinclusions, with some degree of
success. However, more studies could be conducted in improving the power factor of HMS
to further boost zT.

Likewise, recycled silicon has been studied for the synthesis of Mg2Si. Akasaka et al.
and Honda et al. achieved a zT of 0.5–0.6 at 800–860 K, and Isoda et al. and Mesaritis et al.
synthesized Mg2(Si,Ge,Sn) thermoelectrics with purified Si kerf and reported a decent zT.
The values achieved are competitive with pristinely synthesized thermoelectrics, and this
opens up an opportunity for cheaper and more sustainable materials.

Si-based materials have exhibited great potential in waste heat harvesting at medium
to high temperatures. The choice of material for TE module fabrication and subsequently
deployment in commercial aviation or aerospace application warrants additional consid-
eration of other aspects of the material to ensure that the device performs with optimal
power efficiency for a reasonable lifetime.

5. Consideration for High-Temperature Devices
5.1. Device Design

Developing unicouples for a functional device, especially for applications that concern
human safety or high cost, needs to account for multiple considerations. This is partly
the reason more attention should be directed to developing thermoelectrics for use in
applications, such as commercial aviation. Following the selection and modification of
suitable thermoelectric materials, the function of the thermoelectric module in the specific
environments should be optimized.

One strategy previously mentioned to be applied in RTGs is the use of segmented
thermoelectric legs. Each material exhibits a peak in zT at varying temperature ranges, de-
pending on the bandgap width. This limits its versatility in applications as this temperature
range tends to be narrow, allowing the thermoelectric to shine only at the specific applica-
tions. Segmentation is performed to extend the peak performance of the thermoelectric leg
to a wider temperature range as compared with each of the materials individually. Figure 8
depicts a schematic on how segmented thermoelectric legs are arranged in a module.

The multipart leg will comprise a material with a peak zT at only high and low
temperatures individually. The material that performs best at high temperatures will be
connected to the same side as the heat source, while the material for lower operating
temperatures will be near the heat sink. As the heat source supplies thermal energy to TE
#1 and taking into consideration the insulating layer and the intrinsic thermal conductivity
of the material, some heat will be conducted to the interface of TE #1 and TE #2. Hence, one
end of material TE #2 will be heated, but to a lower temperature as compared with direct
heating from the source. This imposes different temperature gradients across each material,
allowing them to operate at their optimal conditions.

In terms of zT, using a single material leg will allow the TE to perform best at a narrow
temperature range (as shown by the corresponding dashed graphs). However, segmenta-
tion allows for the combination of strengths of the constituent materials, thus increasing
the average zT (black solid line) and viable operating temperature of the thermoelectric.

This segmentation technique has been used in RTG modules to maximize power
conversion. Taking the example of Si-based materials, the peak zT occurs at temperatures
above 900 ◦C. At lower temperatures, the zT could decrease to as low as half the maximum
value. Through segmentation with other thermoelectrics, such as skutterudites or PbTe,
the peak zT is broadened across a larger temperature range, which would allow for more
effective energy harvesting as the heat source diminishes over time.
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Figure 8. Segmented thermoelectric legs improve the average zT across a wider temperature range in
comparison with single material legs.

However, using multiple components will introduce additional considerations. Apart
from the electrode contact resistance, which is also examined in single material thermo-
electric legs, the electrode–electrode resistance should also be considered for segmented
thermoelectric legs. Additionally, to achieve the optimal zT, the relative current density
u = J/κ∇T of the segments should be equal to the compatibility factors as defined by
s =

(√
1 + zT − 1

)
/ST [94]. Since the relative current density is the ratio of the electric

current density to the heat flux by conduction, and the compatibility factor is similarly a
ratio of the figure of merit to the Seebeck coefficient, high values imply a good individual
thermoelectric performance. However, as a part of a segmented leg, it is ideal for the
materials to have similar current densities and compatibility factors to have an efficient
thermoelectric generator. The guideline for selecting appropriate materials is to have the
compatibility factors differ by less than a factor of 2. Otherwise, the efficiency of the
segmented material may decrease instead.

In his work, Snyder et al. reiterates the effectiveness of segmented thermoelectric legs in
RTGs. The material used for the lower temperature range was TAGS ((AgSbTe2)0.15(GeTe)0.85,
operating below 525 ◦C, while PbTe was used for the temperature range above 600 ◦C for the
n-type leg. In selecting the appropriate materials for the p-type leg, Snyder used TAGS as the
reference material to be a part of the leg. Comparing the performances of various materials,
the zT of PbTe matches more to TAGS as compared with SnTe, which exhibits a much lower zT
at the required operational temperature [149]. However, upon comparison of the compatibility
factor, the graph for PbTe drops much lower than that for SnTe, making SnTe the more suitable
candidate for segmentation with TAGS at the 525–600 ◦C temperature range, and his results
support this pairing, which has a higher efficiency than the PbTe–TAGS pair.

Similarly, for ATEGs, segmentation is also possible and was discussed in this paper
by Shen et al. [110]. Currently, the study of segmented annular TEGs (SATEGs) is less
developed compared with its flat counterpart and is deserving of more attention, especially
for studies approaching from a device point of view.

Alternative to segmentation, other methods have been explored to increase the perfor-
mance of TEGs across a wider temperature range. Interestingly, a recent paper by Niu et al.
discussed the use of functionally graded materials (FGMs) in ATEGs [150]. For functionally
graded materials, the dopant concentration is tailored to be different across the thermoelec-
tric leg such that the Seebeck coefficient increases from the cold end to the hot end. This
was suggested as an alternative to segmentation to avoid problems regarding delamination
or material compatibility. FGMs for silicon-based materials were previously studied by
Hedegaard et al. and Rogolino et al. as well, although no studies have yet explored the
performance of the material in an ATEG [151,152].
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5.2. Environmental and Situational Considerations

It is important to note that additional considerations should also be in place depending
on the environment and situation that the thermoelectric module is utilized in. For com-
mercial planes, there are multiple possible locations to install thermoelectric devices–the
most common being the fuselage, where low-temperature thermoelectrics are utilized for
powering WSNs [153,154]. Looking toward further usage of thermoelectrics in commercial
aviation, models have been constructed around the installation of thermoelectric generators
at the plane engine nozzles [109]. As previously mentioned, the temperature gradient
in this area can be large. Hence, thermoelectric materials of wide bandgaps and a high
melting point are required to tolerate the operating temperature of the engine.

To begin exploring the possibility of using TEGs in other areas of the plane, a sufficient
area should be available, and the weight penalty incurred from the installation should
not outweigh the potential benefits of the TEG. In addition, the ambient temperature at
a cruising altitude poses the problem of icing. When the temperature increases during
descent, the melted ice may cause water damage to the thermoelectric device if not ad-
equately protected. The issue of short circuit due to liquid is also faced constantly with
changes in humidity and precipitation. Moreover, the area near the engine is vulnerable to
mechanical vibrations and drastic pressure changes. It is of utmost importance to ensure
the secure adhesion of the device onto the surface and to conduct cyclic mechanical and
thermal testing before releasing the application for commercial use. Ideally, the TEG would
utilize a substrate that can conform to the curvature of the planes’ surface to prevent strain
during expansion and contraction of the components.

Concerning the cost, it is important to consider the longevity of the TEG as the life cycle
of commercial planes is on average 30 years. The developments of new materials should
also be noted to forecast any required upgrade in device. While waste heat harvesting has
its financial gains, the transit to launching its widescale use could be challenging due to the
high start-up costs and the required certification from the Federal Aviation Administration.

Similarly, for RTGs as the operating temperature can be extremely high up to 1273 K
for GPHS-RTG, as shown in Table 1, thermoelectric materials of wide bandgaps and high
melting points are also required. In addition, thermoelectric modules utilized in RTGs need
to be mechanically robust to endure the harsh entry and landing conditions.

6. Conclusions and Outlooks

The large temperature difference and multiple possible applications that can be pow-
ered by scavenged energy make thermoelectrics an ideal match for use in commercial avia-
tion. Further development of existing materials, such as upcycled silicon, could bring more
value to TEGs, especially due to its light weight and crust abundance. In addition, with the
advancement of small-scale devices, such as self-powered sensors, for low-temperature
applications, the time is ripe to translate the benefits to harvest heat for high-temperature
applications. For example, Wahbah et al. utilized a 9 cm2 TEG to generate 20 µW at 22 K.

Due to the relation of TEG efficiency to the Carnot cycle, a better conversion efficiency
can be expected at high-temperature environments. Waste heat harvesting can bring
about economic and environmental benefits, and thermoelectric cooling can also delay the
degradation of equipment. Having realized the energy generation potential in commercial
aviation, more studies have been conducted in recent years to capitalize on this opportunity.
Similarly, well-studied RTG technologies are continuously being developed to maximize
the power harvested from scarce radioisotopes. Although the large temperature gradients
paint an optimistic picture for efficient energy generation, multiple factors still need to be
considered when designing TEGs for specific applications, which will be tested by various
other elements, such as air pressure, humidity, and mechanical stress. Nevertheless, it is a
worthwhile investment to research thermoelectrics for high-temperature applications as a
long-term solution for sustainable energy generation.
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