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Abstract: In this study, the performance of a boron-rich
Si-B system containing ~ 2-25 mol% Si is reviewed as a
high-temperature thermoelectric material. In this review,
both thermodynamic stability and transport properties
are evaluated to understand the high-temperature ther-
moelectric performance of the Si-B system. The thermo-
dynamic properties, such as Gibbs energy and activity
coefficient, of the Si-B system were calculated and com-
pared to the literature data. Thermoelectric properties
such as Seebeck coefficient, electrical conductivity, and
thermal conductivity were reviewed for the Si-B system. It
is found that the composition and processing techniques
are critical for obtaining higher thermoelectrical proper-
ties and thus also true for the figure of merit ZT. The
entropy (degree of randomness) of a system has a
remarkable effect on ZT. The highest ZT obtained for
this system is approximately 0.2 at 90% B (SiBg + SiB,)
containing SiB, phase, shows the lowest entropy
(~32 J/mol*K) in this system at 1100 K.

Keywords: Silicon-Boron phase diagram, thermoelectric
materials, thermodynamic properties, figure of merit (ZT)

Introduction

Industrial civilization relies heavily on energy consump-
tion in various forms. According to the U.S. Energy
Information Administration (EIA), the annual global
energy consumption in 2012 was 524 quadrillions Btu,
which is equivalent to 150 trillion KWh [1]. The world’s
overall energy consumption demand is increasing every
day. Alternate sources of energy, such as solar energy,
wind power and ocean wave energy, have already been
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exploited to a good extent to meet an ever-increasing
demand for world-wide energy consumption. Some of
these sources are currently used in various systems, either
in the experimental stage or the industrial production.
Fossil fuels are the primary source of energy. Fossil fuels
are burnt to generate heat and also to produce energy.
This causes the greenhouse effect and the consequent
catastrophic climate change. On the other hand, heat is
also generated from many other mechanical and electrical
systems during the industrial operation. In addition, all
automotive systems generate an enormous amount of
heat. Some of our household work also requires medium
to quite high temperatures, such as the use of kitchen
equipment. The heat from these sources can be utilized
as renewable sources of energy, which can prevent further
worsening of climate due to the greenhouse effect by
reducing the demand for fossil fuels.

Industrial waste heat is not measured precisely.
However, several studies have anticipated that about 20—
50% of industrial energy consumption is eventually left as
waste heat. This waste heat can be utilized through several
recovery techniques such as the use of a regenerator,
recuperator, waste heat boiler, or thermoelectric generator
[2]. Most of the industrial processes need high-temperature
thermoelectric generators, whereas most of the efficient
thermoelectric generators are operated at lower tempera-
ture [3]. The better utilization of industrial waste heat
requires a high-temperature thermoelectric generator.

Thermoelectric materials generate electricity by con-
verting the temperature difference of the system into cur-
rent. The heat difference can be utilized through the
application of proper materials to generate the electricity.
Thermoelectric materials can also be employed for trans-
forming waste or additional heat generated by many
sources such as solar radiation, industrial processes, auto-
motive systems, and household appliances to produce
electricity [4, 5]. A typical thermoelectric device is made
of solid state materials. This process of generating electri-
city overcomes the shortcomings of the conventional elec-
tricity generator in many ways, including the use of non-
moving parts, and being silent, reliable, scalable and,
ideal for small, distributed power generation [5].
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Backgrounds of thermoelectric
effect

Thomas Johann Seebeck first introduced the concept of
thermoelectric effect in 1823 [6]. He studied the voltage
difference across the conductor’s hot and cold junctions.
This phenomenon is known as Seebeck effect. The ther-
moelectric potential gradient (AV) generated in the cir-
cuit (Figure 1) between the cold (T) and the hot junction
(T + AT). This thermoelectric potential is called Seebeck
electromotive force. The thermoelectric potential gradi-
ent (AV) is directly proportional to the temperature gra-
dient (AT) between the hot and the cold junction. The
ratio of the thermoelectric potential gradient and tem-
perature gradient is known as Seebeck coefficient (a)

(eq. (1)) [4]

AV
a= 4= 0]
The thermoelectric efficiency is measured by the dimen-
sionless thermoelectric figure of merit (ZT). ZT depends
on the material’s Seebeck coefficient (a), electrical con-
ductivity (0) and thermal conductivity (x) [7, 8] and is
given by eq. (2).

o T

ZT = 2

A high ZT value endorses a more efficient conversion of
heat to electricity, with T being the absolute operating
temperature of the thermoelectric device. The thermal
conductivity of these material has three parts containing
contributions from lattice vibration (k;), photons (k) and
electrons (ke) [9].

Ceramic substrate

Figure 1: Illustration of seebeck effect.
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At room temperature (300 K), the best thermoelectric
materials are currently telluride-based materials, such as
Bi,Te;(ZT ~ 1) and Bi,Te;/Sh,Te; (ZT ~ 2.2) [8, 10]. In the
mid-range temperature (400 K-800 K) region,
several studies have found higher ZT existing in BiSbTe
(ZTmax ~ 1.5), PbTe (ZTmax ~ 1.6), PbTeSe (ZTmax ~ 1.7),
and CoSb3 (ZTnax ~ 1.6) [5, 11]. ZT increases with an
increase in temperature for this temperature region [10].
After that, ZT decreases with the subsequent increase in
temperature. These thermoelectric materials are not good
candidates for a very high-temperature application because
of the reduced value of ZT, as well as low thermal stability
at the higher temperature. For high-temperature applica-
tions, GeSi (ZTmaxaizsx) ~ 2) is used for the generation of
space power [5, 12, 13]. Although GeSi shows both higher ZT
and higher thermal stability (stable up to 1573 K) at a high
temperature, it also has a decreasing trend of ZT after 1123
K. Similar trend is also observed for the complex Zintl Phase
Yb1,SbMny; (ZTmax ~ 1) at 1200 K [5]. These materials are not
efficient after a certain temperature level. This critical con-
dition for high-temperature materials needs to be consid-
ered for prospective thermoelectric power generation.

In this review article, the boron-rich Si-B semicon-
ductor system is discussed for high-temperature thermo-
electric materials. It has a very high thermal stability
(~1543-2293 K) depending on the molar ratio [14].
Moreover, the literature suggests an increasing trend of
ZT up to 1273 K. All of the aforementioned criteria make
Si-B system a feasible choice for high-temperature ther-
moelectric materials. A detailed discussion of thermody-
namic stability and thermoelectric properties is presented
here based on calculations and literature data.

Thermodynamic stability of Si-B
system

In the Si-B system, the boron-rich composition has drawn a
wide attention among researchers in recent years due to its
advantages for high-temperature thermoelectric materials
[15]. Several studies have dealt with the thermodynamic
properties of the Si-B system [16-22]. The thermodynamic
stahility of the boron-rich Si-B system is evaluated from the
Si-B phase diagram and its thermodynamic properties,
including activity and Gibbs energy calculation. The Si-B
phase diagram, illustrated in Figure 2, is obtained from the
thermodynamic modeling software Thermo-Cal [23]. In
addition, experimental data indicates the presence of
these three binary phases, namely SiB;, SiBg; and SiB,
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Figure 2: Si-B phase diagram [22].

Table 1: Boron-rich phases in the Si-B system.

Phases Composition (Mol. % Si)  Stoichiometry
Thermo-Cal [23] Literature
[14, 21]
Silicon triboride ~27-25 ~21.5-26 SiB3
Silicon hexaboride ~13.7-13.85 14.2 SiBg
Silicon n-boride ~6-2 ~6-2 SiB, (n=12-50)

[24]. The main phases in the boron-rich Si-B systems are
summarized in Table 1.

Although the composition is slightly different from that
found in the literature, the calculated phase diagram
shows a good consistency with the literature [14, 21]. Only
the silicon hexaboride (SiBs) phase shows a small differ-
ence in the phase diagram. In the literature [24], it shows
only one single composition, whereas this calculation pro-
vides a small (~13.7-13.85 mol% Si) range of the composi-
tion for this phase. Thermodynamic properties of these
three phases are reviewed here to determine their suitabil-
ity for high-temperature thermoelectric applications.

Silicon tri boride (Sibs):

SiBs is one of the single binary phases found in the Si-B
system. Although Moissan and Stokes mentioned SiBs

phase in 1900 [25], they did not confirm the single phase.
In 1955, it was first reported that SiB; single phase could be
prepared from the elements by hot pressing at a tempera-
ture range of 1873-2073 K [26]. According to Thermo-Calc
software modeling (Figures 2 and 3) and literature, the
range of this single phase exists between 21 and 27 mol%
of Si (Table 1). The invariant reaction for the SiB; phase can
be found in Figure 2 at 1542 K. This invariant reaction
(eq. (3)) for the rhombohedral a-SiB; phase is also reported
in the literature [20, 24]. The alternative orthorhombic
phase of B-SiBs is confirmed in another study [27]. A
further compound named SiB, is also reported in several
other studies [28-30]. SiB; has a wider homogeneity range
(SiB,.s_4.0) and it is closer to SiBs than SiB, [31].

aSi+ SiBg — SiB5 (peritectoid) 3)

The change in Gibbs energy for this phase is summarized
from different literatures in Table 2. In Figure 3, the change
in Gibbs energy of SiB; at 1100 K was illustrated with
increasing mol % of Si. This data is acquired from the
thermodynamic modeling of Si-B system by using Thermo-
Calc software. It can be inferred from the figure that the
most favorable condition for this phase is ~ 27 mol % of Siin
Si-B system. The lowest value for formation Gibbs energy
(AG®) for this binary phase is calculated to be —27.28 K] /mol
at 1100 K from the current thermodynamic modeling, thus
inferring from the current model that SiB; binary phase is
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Table 2: Comparison of the thermodynamic properties of the Si-B system.

Phases AG°(KJ/mol) at 1800 K (*1757 K,**1100 K)
[32] [33] [34] [35] [21]* Current model [23]
SiBs - —24.098 -31.98 -17.978 -56.87 -27.28**
SiBg -54 + 15 -46.310 -66.619 -40.659 -68.6 + 1.2 -54.405 —25.02**
SiBn -108 + 32.8 -56.102 - -57.37 -105.5 + 3 -51.20 -22.69**
(n=15) (n=12) (n=14)
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Figure 3: The change in Gibbs-free energy (AG) with the function of mol % of Si at 1100 K.

more stable than SiBg. The formation Gibbs energy of this
phase at 1800 K from different studies is also tabulated in
Table 2. The activities of Si and B are also calculated by
using Thermo-Calc (Figure 4). As seen in Figure 4, the range
of activity for Si and B was found as ~ 0.53-0.99 and ~ 0.6—
0.48 respectively in SiB; phase.

Furthermore, entropy is calculated to confirm the
degree of randomness in this phase. Figure 5 provides the
entropy change of the Si-B system at 1100 K. SiB; shows the
highest entropy (34.9 J/mol*K) among these three phases.

Silicon hexaboride (Sib)

Moissan and Stokes first introduced SiBg binary phase in
1900 [25]. They obtained a mixture of SiBg and SiBs.
Afterward, several studies were done to confirm the sin-
gle phase of SiBg [36-39] but were not successful. Cline

finally reported the single binary phase of SiBg in 1958-
59 [40, 41]. The SiBg is considered as a line compound in
the previous literature [24]. However, the current model-
ing by using Thermo-Calc shows a small range of compo-
sition at around ~ 13.7-14.28 mol% of Si (Figure 2). The
invariant peritectic reaction (eq. (4)) for this phase is
found at 2122 K, as shown in Figure 2, which is also
consistent with the existing literature [20].

Liquid + SiB,, — SiB¢ (Peritectic) (@)

The lowest value of Gibbs energy for formation of this
compound is found to be -25.02 kJ/mol at 1100 K for the
same compositional range (Figure 3). This confirms the
stability of the SiBg phase in this compositional range.
Table 2 presents the Gibbs energy for this phase at 1800 K
as found in different studies. In Figure 4, a sharp slope of
activity for B and Si is observed for this phase region at
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Figure 4: Activity of B and Si in a liquid Si melt at 1100 K.
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Figure 5: The change in entropy (AS) with the function of mol % of Si at 1100 K.
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1100 K. This indicates the drastic change in Si and B
activity level at 1100 K for this phase. In addition, the
slope confirms that the SiBg is not a single line com-
pound. The Si activity increases from 0.0865 to 0.53 in
SiBg phase region, but remains constant (Figure 4) at the
two other phase regions: SiB, + SiBg or SiBg + SiBs.
The entropy for this phase is calculated at 1100 K in
Figure 5. The highest entropy of the SiB4 phase (~38 J/
mol*K) is lower than the highest entropy of the SiB;
phase (~42 J/mol*K). However, the entropy of the SiBg
phase is higher than the SiB, phase (~32 J/mol*K).

Silicon n boride (Sib,)

In the boron-rich Si-B system, a compound named SiB,, is
introduced where boron content is higher than ~ 94%.
Different studies show the existence of SiB,,, where n lies
between 12 and 50 [42-44]. Both the literature data
(Table 2) and the current model (Figures 2 and 3) have
outlined the thermodynamic stability of this compound.

As presented in Figure 2, the invariant reaction (eq. (5))
for this phase is found at 2310 K, which is consistent with
the existing literature [20].

Liquid + BB « SiB, (5)

It shows a highly negative Gibbs energy (AG° = -22.69 K]/
mol) at 1100 K for the high-boron content region. This
indicates a higher stability of this phase in this composition
range. The formation of Gibbs energy of this phase at
1800 K, as found in different studies, is presented in Table
2. The activity of Si and B are also calculated at 1100 K for
this region, as shown in Figure 4. The activity of Si increases
with an increase in mol% of Si in this high-boron content
region. The activity of Si increases from 0.001 to 0.086 at
1100 K in this compositional range (mol% of Si 2-6%). The
entropy calculated for this phase is the lowest in the boron-
rich Si-B system. The highest entropy for this phase is
~ 32.89 J/mol*K at 1100 K. This indicates that the degree
of randomness is the lowest in SiB,, system.

Both the Gibbs energy calculation and the literature
data indicate that these three phases are thermodynami-
cally stable at a higher temperature range (Table 2 and
Figure 3). All the invariant reactions (eq. 3-5) for different
phases suggest that the phases are thermally stable at a
very high temperature. The activity calculation confirms the
formation of these phases and their regions (mol % based)
in the phase diagram, an important step to obtain a single
or dual phase compound. In addition, the activity calcula-
tion shows a non-ideal behavior of the Si-B system. Apart
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from these, the degree of randomness is predicted from the
entropy calculation of these three phases. For high-tem-
perature thermoelectric materials, the lower degree of ran-
domness is required but, on the other hand, makes it more
challenging. A lower degree of randomness contributes to
lower thermal vibrations, higher phonon scattering at high
temperatures, and generates a lower thermal conductivity
towards obtaining a higher ZT.

Thermoelectric properties of Si-B
systems

The main three phases in the Si-B system discussed in the
previous section are considered as the main candidates
for high-temperature thermoelectric materials, particu-
larly due to their relatively high thermal stability. Two
other phase regions (such as a mixture of SiB¢ and SiB,)
are also found in the literature. Among these phases, SiB;
has the lowest Seebeck coefficient, as shown in Figure 6,
based on findings from different studies. The SiB, and
SiBg¢ phases have comparatively higher Seebeck coeffi-
cients. The wide range of non-stoichiometric, chemical
compositions of SiB,, is the reason for this higher Seebeck
coefficient [49]. Figure 6 shows not only the temperature
dependence of Seebeck coefficient for different phases/
compositions, but also the effect of the processing
method. Hot pressing (HP), sintering, plasma melting,
arc melting (AM), spark plasma sintering (SPS), and che-
mical vapor deposition (CVD) for different phases are also
presented in Figure 6 in order to compare the effect of the
processing methods on the Seebeck coefficient. Among
the various methods, SPS is the most effective one in
producing a very high Seebeck coefficient. This is due
to the fact that SPS process can generate a highly dense
stacking fault in the system [45].

This large increment of the Seebeck -coefficient
results from the phonon-assisted tunneling (hopping)
conduction proposed by Wood and Emin [48, 52, 53] for
boron-rich borides. According to the hopping conduction
mechanism, the Seebeck coefficient depends on two
terms (eq. (6)). First is the average entropy change (AS)
in the system and average vibrational energy (Er) trans-
ported with the carrier [53].

a=(TAS+Er)/qT 6)
This equation is simply modified when the average

energy (E) is associated with the insertion of charge q
and its chemical potential n [53],
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a=(|E-n|+Er)/qT @)

In conventional transport, where low-temperature phonon
drag is ignored, only the first term is considered. On the
other hand, the second part is contributed if the variable
range hopping conduction occurs. In the case of boron or
boron-rich borides, the latter part is considered in the

literature since it follows the variable range hopping con-
duction, while the other part remains constant [54]. Figure 6
represents the Seebeck coefficient based on the phonon-
assisted hopping conduction (eq. (7)) mechanism for differ-
ent processing techniques. Average vibration energies (Et)
are calculated from the linear curve fitting (R-square > 90) of
Figure 6 and summarized in Table 3. As seen from the

Table 3: Summary of average vibrational energy, band gap, thermal and mobility activation energy.

Average vibrational energy
Er (x107'%), Joule/mole

Mobility activation energy,
E, (x 10729, Joule/mole

Band Gap, E;, eV Thermal Activation Energy,

Ep (x103), Joule/mole

SPS-SiBg + SiB, 5.61 + 0.1
SPS-SiB, 1.00 + 0.1
AM-SiB¢ + SiB, 2.15 + 0.16
AM-SiB,, 2.17 + 0.21
AM SiBg 2.3 £ 0.22
AM-SiB, + SiBg 0.55 + 0.1
Sintering SiBg 1.29 + 0.2
CVD SiBg 1.17 + 0.14
CVD SiB, 0.62 + 0.04
CVD SiB,(B/Si=60) 3.43 + 0.25
CVD SiB,(B/Si=48) 0.82 + 0.11
SPS-SiBg 2.59 + 0.26
HP-SiBg 1.57 + 0.06
Plasma melting (SiB,,) 7.91 + 0.14
Sig,Bg 0.5 + 0.05

6.25 + 0.28 0.65 + 0.03 3.19 + 0.14
0.74 + 0.02 0.025 + 0.01 2.91 + 0.22
3.54 = 0.26 0.33 + 0.03 2.20 + 0.12
0.65 + 0.02 0.04 + 0.004 1.53 £ 0.10
1.59 + 0.11 0.1 £ 0.01 9.78 + 0.94
0.79 + 0.07 0.01 + 0.002 1.62 + 0.10
6.54 + 0.73 0.67 + 0.082 3.87 £ 0.11
1.16 + 0.05 0.056 + 0.001 2.02 £ 0.17
0.41 = 0.01 0.04 + 0.0003 1.44 + 0.17
2.04 + 0.14 0.15 + 0.014 -
4.88 + 0.16 0.5 + 0.017 -
7.06 + 0.70 0.71 + 0.08 -
7.03 £ 0.06 0.71 + 0.07 -
5.62 + 0.33 0.58 + 0.04 -
0.19 + 0.01 0.064 + 0.01 1.37 £ 0.12
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calculated data (Table 3), higher average vibration energy
(Er) represents a higher Seebeck coefficient.

The Seebeck coefficient also depends on the micro-
structure, i.e. grain size and the amount of twin
boundaries, of the system [49]. The grain size and
twin boundaries are, of course, different in different
procedures, causing the differences in the Seebeck
coefficient. These grains/twin boundaries from stack-
ing faults provide a potential barrier between the
grains and in effect increases the average vibrational
carrier energy (Ep), thereby increasing the Seebeck
coefficient [55].

Yet again, the Seebeck coefficient in the boron-rich
Si-B system is mostly positive irrespective of the proces-
sing methods. This confirms the p-type semiconducting
behavior of the Si-B system. The only exceptions are
identified for SiBg at 573 K. At this temperature or
below, SiBg phase shows only n-type semiconducting
behavior for both HP and SPS processes.

Figures 7-9 shows the electronic transport proper-
ties of the boron-rich silicon system. The electrical con-
ductivity of boron-rich silicon system is extrapolated
here to compare its dependency on various processing
methods and phases. Increasing electrical transport
property in a particular system exclusively depends on
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carrier concentration tuning [56-59] and/or band struc-
ture engineering [56-58, 60, 61]. As seen in Figure 7, the
electrical conductivity increases with an increase in
temperature for every processing method. This behavior
suggests the degenerated performance of the Si-B sys-
tem [62] resulting from its semiconductor-like behavior
at a high temperature [49]. A high temperature causes
small polar ion hopping to produce an Arrhenius type
relationship which is a thermally activated conductivity
with a temperature dependent prefactor for semiconduc-
tor properties [63]. Explicitly,

0=CT 'exp(-E4/kT) (8)
Here, E, is the mobility activation energy, k is the
Boltzmann constant, and T is the absolute temperature.
Besides, the generalized temperature dependent
Arrhenius type conductivity expression is simply [64],

0 =00exp( - Eg/2kT) )

where E; is the band gap. By taking logarithm of each
side of egs. (8) and (9), we obtain
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= EA
In(eT)=1InC- =" (10)
ln0=ln00—%l (11)

2k T

which indicates that In (6T) vs. T' and In o vs T give a
straight line with a slope of —E,/k and —E,/2k, respec-
tively. Figure 7 and 8 exhibit this linearity (R
square > ~94) with the literature data and plotted in an
Arrhenius plot. The mobility activation energy (E,) and
the band gap (E,) are calculated from this Arrhenius plot
and summarized in Table 3.

Both E, and E, values correlate with each other. The
lower the E, and E; values, the higher the conductivity.
For example, with an identical processing (SPS) route, SiBg
has higher E, (7.06 x107%° J) and E (0.71 eV) values than
those of SiB, (Ex ~ 0.74x107° J, E; ~ 0.025 eV) phases.

This indicates that the boron content increases the
carrier concentration in the valence band which pulls the
fermi level down to the conduction band and therefore,
the material behaves more like an intrinsic semiconduc-
tor. It helps the thermal excitation of electrons from the
valence band to conduction band more easily due to the
convergence of the band gap, and shows higher conduc-
tivity at higher temperatures [56—58, 60, 61]. In addition,
the CVD process shows extraordinary electrical conduc-
tivity for boron-rich Si-B systems compared to other melt-
ing processes. This confirms the fact that the electrical
conductivity is affected by melting, which creates micro-
cracks or inner porosity during the solidification [49].

In Figure 9, thermal conductivity is illustrated with
respect to temperature for various processing methods.
Thermal conductivity decreases with an increase in tem-
perature. Higher amounts of free Si causes a higher thermal
conductivity [45, 46, 48, 49, 65]. For example, Sig,Bg shows
higher thermal conductivity than the other phases. A
highly dense system or multiphase system has higher pho-
non scattering at a higher temperature than a low density
system [66-69]. Thermal energy is mainly transmitted
through the movement of phonons (lattice thermal diffu-
sion), photons (radiation), and electrons. So, an effective
thermal conductivity is represented by the eq. (12) [5, 9],

kegr = Kphonons *+ Kphotons *+ Ketectrons (12)
The effect of photonic thermal transport within solids is
negligible. But the other two components (eq. (12)) are
significant towards controlling/reducing the thermal con-
ductivity through the movement of phonons or electronic
scattering [5]. It can be depressed by hierarchical
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architectures [66-69] (atomic/nano/mesostructures, com-
plex phase structures) which provide anharmonic pho-
non (lattice)/electronic scattering [70].

To understand the thermal conductivity, thermal dif-
fusivity terms (eq. (13)) need to be considered [71].

(13)

where D is the thermal diffusivity, p is the density and C,
is the specific heat capacity.

Maxwell and Boltzmann’s distribution indicates that
the thermal diffusion of individual atoms varies over a
wide range. And this variation occurs exponentially with
a change in the temperature level. Therefore,

(14)

(15)

where D, is the pre-exponential factor and Ep is the
thermal activation energy for diffusion. By taking loga-
rithm on each side of eq. (15), we obtain

Ep 1

Ink=1In(DopCp) - 2T (16)

which indicates that In (k) vs. T™ gives a straight line
with a slope of —Ep/R. Figure 9 demonstrates this linear-
ity (R-square > ~92) with the literature data and plotted in
a semilog plot (Arrhenius type). The diffusional-thermal
activation energy (Ep) is calculated from this Arrhenius
plot and summarized in Table 3.

From the calculated Ep, it can be inferred that the
higher the activation energy, the lower the thermal
conductivity in different processing routes and phases.
This indicates that higher energies are needed when
the phonon or the electron scattering occurs due to
having different phases, impurities, cracks, grains and
grain boundaries. Sintering and SPS exhibit higher dif-
fusional activation energy. In SPS, higher stacking fault
with a highly dense system creates the phonon and
electron scattering and can obtain a higher activation
energy for the SPS process. On the other hand, pores
are the main reasons for scattering in the sintering
process, and thereby increase the activation energy.
The latter process is not suitable for TE materials
since these pores are the cause for the low electrical
conductivity and Seebeck coefficient.
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For a higher ZT, lower thermal conductivity is
desired. However, higher density is still preferred due to
the resultant high Seebeck coefficient and electrical con-
ductivity, which overcomes the effect of the increased
thermal conductivity. Moreover, all of the boron-rich Si-
B systems show a decreasing trend of thermal conductiv-
ity with an increase in temperature. This advantage
makes it a better candidate for high temperature thermo-
electric materials.

Figure 10 compares the ZT values found in differ-
ent studies on the boron-rich silicon borides system.
Depending on different processing routes, ZT values
differ significantly. The denser the structure, the
higher the ZT value of the same phase. The SPS speci-
men having 90 at.% B (SiBg + SiB,) shows ZT=~0.2 in
the boron-rich Si-B system [45]. Moreover, arc melted
SiB, shows almost the same ZT at around 1200 K.
However, SiB¢ via CVD has a lower ZT (~0.01) value
at around 1100 K [46]. The Si-rich Si-B system is also
discussed in the literature [51]. This phase shows
higher ZT (~0.29) than boron-rich borides, as an excess
amount of the free Si is present in this system. Though
the ZT value is a little higher at 1100 K for Si-rich
borides, it has lower thermal stability (Figure 2) than
boron-rich borides. All the thermoelectric properties of
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the boron-rich silicon system are summarized in
Table 4.

Figure 11 indicates the dependence of ZT with an
increasing boron concentration in the boron-rich borides
at a constant temperature. It is observed that SiBg +
SiB,, composite phase shows the maximum ZT at 1100 K.
From Figures 10 and 11, it can also be inferred that ZT
depends on both boron concentration and the proces-
sing routes for B rich borides system. In addition, it can
be determined from Figure 5 that ZT also depends on
the entropy of the system. Among these three boron-rich
Si-B systems, SiB, shows the lowest degree of random-
ness. The SiBg + SiB, (90 at.% B) composite phase has
a higher phonon scattering, since it comprises different
phases which give a higher Seebeck coefficient. Due to
its lower degree of randomness, phonon/electron scat-
tering and phonon-assisted hopping conduction cause
high electrical conductivity and lower thermal conduc-
tivity. And this leads to a high ZT of this boron-rich
boride system.

Additionally, different studies claim that every
material has its peak temperature for ZT [4]. Above
that temperature, ZT decreases with an increase in
temperature. For example, GeSi is reported to show
its peak (ZT=2) at 1100 K [13], though it can be

0
10" 31 T T T T T T T 3
107 - .
107 3
10° 4 .
o 3
107 3 ——SPS SiB,+SiB, I
kl E —O—SPS SiB, £
10° ] —/—AMSiB+SB, ]
—/—AM SiB,
] ——AM SiB, ]
10° ——AM SB#+SB, 3
3 —{>— Sintering SiB, 3
7] —O—CVD SiB, i
107 3 —#—CVD SiB,
] —H— SPS Si,B, 3
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I | I I
400 600 800 1000

Temperature (K)

I
1200

Figure 10: Effect of different processing method and temperature on ZT of silicon borides: ] jum= SPS SiBs + SiB,, [45], === SPS
SiBp [45], emm/ ‘e AM SiBg + SiB,, [45], ==/ AM SiB,, [45], == =—— AM-SiB [46], =} AM- SiB, + SiBs [46],
> Sintering [47], ———}—— CVD SiB [48], ———spmeee CVD SiB, [48], = SPS Sis,B3 [51].
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Table 4: Summary of the thermoelectric properties of Si-B system in the temperature range around 500-1100 K (* different temperature

range).
Phases Preparation Seebeck coefficient Thermal conductivity Electrical conductivity Figure of Merit
(V/K) (W/m*K) (S/m) (ZMmax
SiB, SPS [45] ~397-316 ~7.96-5.2 ~8207-7101 0.013
AM [46] ~135-287 ~7.18-5.6 ~7924-6144 0.096
CVD [49] ~50-250 - ~18,233-54,102*% -
(1000 K)
SiB, +SiBs SPS [45] ~450-910 ~8.5-5.2 ~15-1077 0.2
AM [45] 120-282 ~9.11-6.6 ~315-3196 0.04
SiBs AM [46] ~168-453%(1023 K) ~6.5-5.72 ~932-2393 0.099
CVD [48] ~220-309* (900 K) ~1.70-1.31 ~377-522 0.01
Sintering [47] ~ -26-66 ~5.33-2.62 ~25-338 0.001
SiBs CVD [48] AM ~86-125%(950 K) ~1.55-1.26 ~806-750 0.008
SiBs + SiBg [46] 115-230 13.08-7.81 ~515-573 0.03
Wy T Conclusion
E . SiB
] SiB,+SiB, \5 SiB,
107 5 \ “ 4 The boron-rich Si-B system is investigated in this study as a
: SiB,+SiB, potential high-temperature thermoelectric materials. Both
107 3 4{ thermodynamic stability and thermoelectric transport prop-
H : ] erties are reviewed based on the existing literature.
k: 10° _ 4 Thermodynamic stability of Si-B system is assessed through
3 both the current calculation of Thermo-Calc thermodynamic
104_; T= 1100K _ modeling software and the literature data. The discussion
3 1 also touches upon other relevant literature on the boron-rich
10° _ ] Si-B system. Three single binary phases are identified in the
3 D SiB,/SiB, ] Si-B system. Among these phases, SiB, and SiBg show very
10° 1 . . . . R high melting points of 2310 K and 2122 K, respectively. The
0.75 0.80 0.85 0.90 0.95 1.00 high negative formation Gibbs energy of these phases also

Mole fraction of B, X,

Figure 11: Boron content dependence of figure of merit (ZT).

thermally stable up to around 1600 K. The thermoelectric
power generation efficiency is higher at that peak tem-
perature. For the boron-rich Si-B system, the peak has not
been found in the literature yet. From Figure 10, it is
observed that all the ZT values are still on an increasing
trend. This observation leads to inspiration for further
studies to examine up to 2310 K (melting point of SiB,)
to find a super high ZT for an extremely high-temperature
condition.

confirms the thermodynamic stability of the phases. The
transport properties, including electrical and thermal con-
ductivity and the Seebeck coefficient of the Si-B system,
largely depend on the processing routes and the boron con-
tent of the system. This results in a dependence of ZT on
those variables. Furthermore, the degree of randomness
(entropy) of a system play a vital role on the ZT. In this
study, SiB,, exhibits the lowest entropy, and the composite
phase (SiBg + SiB,,) that contains SiB,, shows the highest ZT
value within the boron-rich Si-B system. In addition, it can
be concluded that no peak ZT value has been reported yet for
the Si-B system. A further study can be done to investigate
the maximum ZT value at extremely high temperatures for
the boron-rich silicon borides system.
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