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A B S T R A C T

Thermoelectric generators, which can convert waste heat directly into electricity, are promising candidates for
capturing low-grade heat and enhancing the efficiency of the heat engines. This would lead to decreasing the
fossil fuel usage and greenhouse gas emission. Many Heusler compounds have been studied for thermoelectric
application due to their desired characteristics such as sizeable thermoelectric power factor, non-toxicity, and
high stability over a wide temperature range. The primary restriction for Heusler thermoelectric materials has
been their high lattice thermal conductivity, which reduces their thermoelectric figure of merit. Several stra-
tegies have been carried out to ameliorate this restriction by engineering the phonon transport properties. This
article discusses several approaches such as bulk nanostructuring, the creation of point defects and vacancies,
impurity doping, and multiphase engineering of the material structure for reducing the thermal conductivity of
the Heusler compounds. The effectiveness of each of these methods depends on temperature; hence, the working
temperature must be taken into account when designing the material structure and the composition to achieve
the optimum performance for practical applications.

1. Introduction

Climate change as a result of global warming may be traced back to
human activities, industrial processes, and greenhouse gas emission
[1,2]. In this field, the application of renewable energy and the prac-
tical use of waste heat are very appealing fields of study [3–6]. Ap-
parently, the trend is encouraging as based on the report of “interna-
tional energy agency, world energy outlook 2017″, there has been a
rapid deployment of clean energy technologies and an indirect falling
costs [7]. One of the available techniques towards improving energy
efficiency is to endeavor to convert the wasted thermal energy back into
more useful energy such as electricity. Thermoelectric generators
(TEGs), capable of converting waste heat directly into electricity, have
already attracted worldwide attention as evidenced by the expansion of
research activities on thermoelectric materials and manufacturing of TE
modules and systems. Waste heat recovery is an environmentally
friendly method which not only reduces the consumption of fossil fuels

for energy production but also decreases waste heat emissions [8–11].
For thermoelectric materials, the dimensionless figure of merit (zT)

is a measure for evaluating the efficiency of energy conversion and is
defined as:

zT S T
e l

2
=

+ (1)

where S is the Seebeck coefficient (VK−1), σ is the electrical con-
ductivity (Ω−1m−1), T is temperature (K), κe and κl are the electronic
and the lattice thermal conductivities (Wm−1K−1), respectively
[12,13]. With the advances in new thermoelectric materials, the ther-
moelectric technology is growing to find new market space for power
generation, cooling, or detection and imaging applications [14–17].
Consequently, new types of thermoelectric devices and fabrication
techniques are also being developed [18,19]. High-performance ther-
moelectric materials have been promoted following new designs such as
the reduction of the thermal conductivity by using larger phonon
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scattering via nanostructuring [20,21] and nano-inclusions [22–24] as
well as the increase of the power factor by designing complex structures
[25–29], creating of resonant energy levels close to the band edges
[30], using low dimensional structures [31–33], and via carrier filtering
[34–36]. New materials based on bulk heterostructures, or nano-
composites, have especially taken considerations because of their sim-
plicity of manufacture and similarity with the current type of the
thermoelectric devices. Even though nanostructuring techniques have
turned out to be gainful in numerous material frameworks because of
the inherent spectral discrepancies of the electron and phonon transport
parameters [37], these strategies are also linked to the degradation of
the charge carrier mobility or have less efficiency at high working
temperatures. Therefore, in a few materials, they have resulted in a
significant decrease in the power factor prompting little or no en-
hancement of the figure-of-merit [20,38,39].

In this regard, Heusler alloys have a simple lattice structure and as
such phonon characteristics compared to those of the caged structures
like Skutterudites [40–42] and Clathrates [43–45]. Therefore, they
generally have higher thermal conductivity while also a more sub-
stantial thermoelectric power factor. Therefore, methods for reducing
the thermal conduction in Heusler based alloys are highly desired.
Concerning material selection, it is desired to find compounds con-
taining nontoxic and eco-friendly elements with no or little rare earth
components, which are sustainable in harsh condition and at high
temperature In this field, the Heusler compounds have attracted much
attention due to their particular characteristics as non-toxic materials
with magnetic or semiconducting behavior and also remarkable stabi-
lity at various temperature intervals [46,47].

These compounds are divided into full- and half-Heusler types
which are based on ternary intermetallic materials [48–53] with the
stoichiometric composition of X2YZ and XYZ, respectively [12,54]. The
full-Heusler alloys (X2YZ) have an L21 structure with fcc lattice unit
cells containing four atoms as X at (1/4,1/4,1/4) and (3/4,3/4,3/4), Y
at (1/2,1/2,1/2) and Z at (0,0,0) in Wyckoff coordinates, and their
corresponding space group is Fm-3m (No. 225) [12,54]. Also, the half-
Heusler alloys have a C1b structure with the absence of one of the X
sub-lattices, and the corresponding space group of F-43m (No. 216)
[12,54].

In the mentioned compositions, generally, X is filled with a high
valence transition element, Y is substituted with a lower valence tran-
sition metal atom, and finally, Z is an element in the III–V columns of
the periodic table with s-p type valence electrons [12,54].

Fig. 1 shows the atomic arrangements for the full-Heusler and half-
Heusler alloys and the elements, which have been carried out in these
compounds.

Traditionally, high thermal conductivity (κ= κe+ κl) has been the
main drawback of the Heusler TE alloys. The dominant part of this
thermal conductivity is κl due to lattice vibration which is represented
by phonons [58,59]. Generally, phonons are described in quantum
mechanics as a unit of vibrational energy that arises from oscillating
atoms within a crystal lattice, which can have different frequencies, and
are responsible for transferring the thermal energy. There are two types
of phonons to carry thermal energy within solids, (i) acoustic phonons
which are representing the coherent displacement of atoms in parallel
(longitudinal) or perpendicular (transverse) to the propagation and (ii)
optical phonons, corresponding to the incoherent motion of the two
neighboring atoms in the opposite direction.

Fig. 2.b shows the schematic optical and acoustic components of
phonon energies based on the dispersion of two atoms with masses of
m1 and m2 (equation (2)) [60].

m m m m
sin qa
m m

1 1 1 1 42

1 2 1 2

2 2

1 2
= + ± +

(2)

Here ω is the frequency, a the lattice constant, q the phonon wave
vector, and β a constant related to the atomic bonds.

As depicted in Fig. 2.a, in the acoustic branches, including long-
itudinal (LA) and transverse (TA) modes, the group velocities of all the
acoustic branches, Vgj= dωj/dq (j= LA, TA), are higher than that of
the longitudinal optical (LO) and transverse optical (TO) modes with
their velocity being nearly zero at q≈0. The transverse mode makes
either a doubly degenerate or two separate branches. In each classifi-
cation, the transverse modes have lower group velocity than the long-
itudinal ones due to the higher frequency of the longitudinal modes at a
specific wave vector. In other words, the longitudinal branches gen-
erally carry more energies in comparison to the transverse branches
with the same momentum.

In a solid, if A represents the number of atoms in a unit cell, the
outcome will be 3A phonon branches, in which, three branches are
acoustic, and the rest are optical. Also, Table 1 shows the classification
of acoustic and optical branches as longitudinal and transverse with
their counts [61].

Moreover, both the acoustic and optical components of phonon
energy propagate transversally and longitudinally within the crystalline
solids as schematically illustrated in Fig. 2.b. In respect to the appli-
cation temperature range, the transverse acoustic (TA) (Fig. 2b) bran-
ches have low frequency and are characteristics of low temperature
while the longitudinal acoustic (LA) (Fig. 2b) types have higher fre-
quencies and are dominant at high temperature.

It is worth noting that a higher number of atoms (A) in a unit cell
can be a recipe for obtaining lower thermal conductivity. Because,
when the number of optical components of the phonon energy in-
creases, the absorbed energy can be transferred less by the acoustic
branches. In this case, more energy is attributed to the optical branches,
which have a negligible contribution to heat transfer ascribed to their
low group velocity. Moreover, due to the limited phonon frequency
(∼10 THz), by increasing the optical branches, the acoustic phonon
frequency declines as the acoustic branches transfer only a partial
amount of energy in the crystal. This fact influences the lattice thermal
conductivity mostly at high temperature in which the high-frequency
phonons are the majority of heat carriers [61].

To reduce thermal conductivity, one needs to somehow obstruct the
phonon transport [62,63] with appropriate strategies. The choice of
phonon scattering approach is based on the application temperature
range, which may include strategies such as nanostructuring [62–66],
impurity/vacancy doping [67] and designing a multiphase matrix [12].
Consequently, a comprehensive understanding of the phonon scattering
mechanisms is required for optimum engineering of the material
structure. The following section discusses the central phonon scattering
mechanisms useful for the Heusler TEs.

2. Thermal conductivity of heusler compounds

The lattice thermal conductivity in the isotropic Debye approx-
imation can be described based on Holland's model [68]:

( )I I I1
3

2 2T T LU0= + + (3)

where
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Here x k T/ B= is a dimensionless parameter, kB is the Boltzmann
constant, h is the Plank's constant (ћ=h/2π), θj and vgj are the Debye
temperature and the group velocity for the corresponding phonon
modes, respectively, T states the absolute temperature, ω is the phonon
frequency, and τcj shows the total scattering relaxation time for the
corresponding phonon branch.

Parameters j x x, , ,j j1 2 and x j3 are defined in Table 2.
1 corresponds to q /2max where the transverse branch becomes al-

most flat (Fig. 2a). This is the frequency where umklapp processes are
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supposed to start. 2 and 3 are the zone-boundary frequencies for the
transverse and longitudinal phonons, respectively.

This model reduces to the Callaway's model [69,70] if the long-
itudinal phonons dominate the thermal conduction. Callaway's form-
alism makes no distinction between transverse and longitudinal phonon
modes and the sum over phonon polarization is set equal to three, and
an average phonon velocity is used everywhere. Therefore, the Call-
away model becomes less accurate when the temperature increases.
Holland's model, also, although not being as accurate as the first prin-
ciple methods, enables obtaining detailed information about the effect
of different phonon scattering mechanisms on lattice thermal con-
ductivity in a convenient way. There are several main contributing
scattering sources within solid structures incorporated in the phonon
scattering relaxation time. Table 3 lists the summary of the main

phonon scattering mechanisms and the corresponding relaxation times
including, grain boundary phonon scattering, impurity-phonon mass
fluctuation scattering, point defect (alloy) scattering, three-phonon
scattering due to the normal (N) and umklapp (U) processes, and
electron-phonon scattering.

Fig. 1. (a) full-Heusler crystal structures and (b) half-Heusler, (c) specific elements in the Heusler alloys (adapted from Refs. [55–57]).

Fig. 2. Schematic acoustic and optical phonon branches for a diatomic lattice.

Table 1
The number of acoustic and optical branches in a solid with A atom in the unit
cell.

Longitudinal Transverse

Acoustic 1 2
Optical A-1 2(A-1)

S. Hooshmand Zaferani, et al. Renewable and Sustainable Energy Reviews 112 (2019) 158–169

160



Here M is the total average mass for the alloy, is the Grüneisen
constant (or the anharmonicity parameter), a is the atomic size de-
termined by the cubic root of the atomic volume, and is the ratio of
the normal three phonon-scattering rate to the umklapp three-phonon-
scattering rate, which is assumed temperature-independent. Electron-
phonon relaxation time e ph, is given by Ziman [74,75] in which vs is
the sound velocity, kB is the Boltzmann constant, Ea is the deformation
potential, md is the density-of-states effective mass, ρ is the mass den-
sity, and EF is the Fermi energy. yi, Mi, and aiin the relaxation time due
to point defects are the fractional concentration, mass, and atomic size
of each element in the alloy respectively, where M f Mi i i= and
a f ai i i= . s determines the contribution of strain disorder to point
defect scattering of phonons. If the lattice constants of the elements in
the compound do not differ largely, the effect of strain is small com-
pared with the mass fluctuation. The phonon relaxation time due to
scattering by impurity atoms is calculated based on a single atomic site,
in which fi is the fractional concentration of the impurity atom i, and Mi

is its mass. Due to the substitutional replacement of the host atoms by
impurities, the doping-phonon scattering in Heusler alloys can happen
via both the mass fluctuating and atomic interaction. Therefore, it
follows a similar trend as that of the point defects.

Grain boundaries can introduce three different types of scattering of
phonons: (1) regular reflection and refraction Ref ,(2) diffusive scattering
due to the corrugation of the GB, Diff , and (3) Rayleigh scattering, Ray
[76,77]. Diffusive scattering is related to the physical defects at the GB,
such as vacancy. Rayleigh scattering arises from the mass and bond
stiffness differences between the host alloy and the spherical grains
such as precipitated regions of impurities. The mean free path due to
regular reflection and refraction is approximately constant as listed in
the table. Here GBis the mean distance of the GBs, and is the dif-
ference of refraction indices of the elastic waves in different grains. This
can arise, for example, due to the different orientation of the crystal in
the adjacent grains. If the crystal orientation is slightly rotated by an
angle , one can estimate . If the GB region is much smaller than
the wavelengths of the excited phonons, the diffusive scattering re-
laxation time changes with 2. The phonon relaxation time with

respect to such a diffusive scattering is shown in Table 3, in which is a
parameter that characterizes the degree of the corrugation of the GB
(typically 1< <10). For the case of Rayleigh scattering, in which
is some constant dependent on the details of the grain boundary char-
acteristics, the approximation is valid for low frequency phonons. At
high frequencies the exponent of ω decreases and eventually at very
high frequencies, the scattering is almost frequency-independent and is
in the same form as that of the regular reflections and refractions at the
GBs [76,77].

Once all the different relaxation times are calculated, the total re-
laxation time of phonons c can be given by Matthiessen's rule [78] as
follows:

1 1 1 1 1 1 1 1 1
c U N e ph pd i ph Ref Diff Ray

= + + + + + + +
(5)

However, the strength and effectiveness of each scattering me-
chanism is temperature dependent. At low temperature and low fre-
quency, grain boundary phonon scattering is often ruling, and at a
sufficiently high temperature and high phonon frequency, the Umklapp
scattering of phonon by other phonons becomes dominant. At the in-
termediate temperature and frequency (between the two limits) elec-
tron-phonon and point defect scattering, e.g., by dopants, vacancies,
and alloy element substitution can become important (Fig. 3). There-
fore, the working temperature must be considered when engineering
the structure for optimum performance from the scattering resources.

3. Scattering mechanisms

To reduce the thermal conductivity of Heusler TE alloys, one may
engineer various sources of the phonon scattering such as grain
boundaries or inter-phase boundaries (interface), interstitial or sub-
stitutional atoms, impurities, point defects (e.g., substitutional, va-
cancies) and precipitates [48]. Over approximately the last ten years,
many of these techniques have been successfully implemented. Table 4
shows a range of Heusler compounds synthesized and the executed
phonon scattering mechanisms within the working temperature range.
The success of producing appropriate sample is dependent on the pro-
cess parameters such as time, temperature, dopant and the degree of
porosity. As represented in this table, the mass fluctuating is a practical
method of phonon scattering, which has been employed in various al-
loys such as Yb13.82Pr0.18Mn1.01Sb10.99 La2.2Ca0.78Te4 and
Ti0.5Zr0.5NiSn0.994Sb0.006 leading to zT values of 1.2, 1.2 and 1, re-
spectively.

Table 2
Parameters used in equations (3) and (4).

Parameters Values

j T0 TU L
x j1 0 k/ B1 0
x j2 k/ B1 k/ B2 k/ B3

Table 3
Phonon scattering relaxation time [71–73].

Scattering Strategies Parameters and relations

GB regular reflection and refraction v ( )Ref GB gj
1 2

GB diffusive scattering
vDiff GB gj

kB j1
2 1

GB Rayleigh scattering ( )Ray
vgj
GB

j
T

3 4

Impurity-phonon mass fluctuation ( ) ( )f x1
i ph

a
vgj

kBT
i i

Mi
M

1
3 4 2 4=

Point defect ( ) ( ) ( )y y x1 1
PD

a
vgj

kB T
i i

Mi
M s i

ai
a

1
3 4 2 2 4= +

3-phonon
Umklapp process N xu A Ma

T
j

1 20
3

6 2
4

1/3 1 5
9

1
2
2

3
2= ×

+

+

Normal three-phonon scattering N u=
Electron-phonon

( )E m v m v k T/4 /e ph a d gj d gj B
1 2 3 4 1

2
2= ln

mdvgj kBT EF kB T x mdvgj kB T x

mdvgj kBT EF kB T x mdvgj kB T x

1 exp 1
2

2 / / 2 / 16 1
2

2 / / 2

1 exp 1
2

2 / / 2 / 16 1
2

2 / / 2
×

+ + +

+ +
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3.1. Grain boundaries scattering

Grain boundaries as phonon scatterers can be employed in de-
signing the TE materials. The correlation between phonon coherencies
and the mean free path, the wavelength, and grain size (characterized
length) have impacts on phonon dispersion. Thermal conductivity de-
creases when the effective phonon mean free path is greater than the
grain or crystal size [94]. Since phonon mean free path is a function on
the wavelength, and wavelength itself is dependent on temperature as
per Wien's displacement law (λmax.T= constant), grain boundaries can
be the significant scattering sources at low temperature [92,93].

For the Heusler TE alloys, nano-sized grains [47,63,64] and high-
density of grain boundaries have resulted in phonon scattering and
reduced the lattice thermal conductivity. For example, the reported
lattice thermal conductivity of the polycrystalline Zr0.5Hf0.5Co1-
xRhxSb0.99Sn0.01 was 3.7 Wm−1K−1 at 300 K in structures with grain
sizes of 80-175 nm. Mikami et al. [95] used spark plasma sintering to
synthesize Fe2VAl0.9Si0.1/Bi composites via incorporating different
amounts of Bi to yield a composite structure containing micrometer-
sized Bi grains and nanometer-sized Fe2VAl grains. The results showed
the inclusion of nanometer-sized microstructural constituents of
Fe2VAl0.9Si0.1 has reduced thermal conductivity [95].

Also, Katsuyama et al. [96] studied the effects of grain refining via
the milling process on the thermal conductivity of half-Heusler
ZrNiSn0.98Sb0.02 alloys. Fig. 4 illustrates the grain size reduction of this
alloy with increasing the milling time.

Table 5 compares the TE properties of different samples. As

represented in the table, the thermal conductivity lowers with the
milling time in the 3 and 5-h milled samples due to the grain refine-
ment, hence; a higher concentration of the grain boundaries.

It is noted that the sample milled for three hours has higher Seebeck
coefficient than the one milled for five hours resulting in a higher zT.
The grain refinement can lead to the formation of various defects such
as vacancies, antisites, dislocations, etc., some of which can introduce
charge carriers into the lattice [97–99]. The lower Seebeck coefficient
and higher electrical conductivity of the 5-h milled sample indicates a
higher carrier concentration, which can be the reason for the smaller
power factor if the carrier concentration is away from the optimum
value [97,100]. There is also a limit for the grain size below which the
carrier mobility is impaired more than the phonon transport, which can
lead to smaller zT [97,100].

In another study [101], the relation between the average grain size
and the lattice thermal conductivity was evaluated for TiNiSn1-xSbx
alloy as shown in Fig. 5.

In this study, the lattice thermal conductivities were characterized
against the average grain size in the temperature range up to 300 K. As
shown in Fig. 5, by decreasing the average grain diameters, the lattice
thermal conductivity decreased due to the interface phonon scattering.
It should be noted that the grain boundaries can also act as potential
obstacles to hinder the charge carrier transport and decrease electrical
conductivity [47]. In some materials, the effect is significant, that the
zT does not improve noticeably or even reduces [102,103].

Therefore, the decoupling of thermal and electrical conductivities is
desired. El-Asfoury et al. [104] used graphene to decouple the κ and σ

Fig. 3. Dominant modes of the phonon scattering versus temperature (adapted from Ref. [61]).

Table 4
List of Heusler TE compounds with dominant scattering sources and the corresponding temperature range.

Heusler TE Compound Engineering Strategy Effective Temperature Range (K) Scattering Mechanism ZT Max Ref.

ZrNiSn Y or Sb doping – Mass fluctuating 0.28 [58]
Ti0.3(ZrHf)0.69V0.01Ni0.9Pd0.1Sn0.99Sb0.01 Ti substitution at the Zr and Hf site 820 Mass fluctuating 0.92 [79]
Ti0.5(ZrHf)0.49Nb0.01Ni0.9 Pd0.1Sn0.98Sb0.02 Nb substitution at the IV metal site 900 Mass fluctuating 0.66 [80]
Mg2Si0.8Sn0.2 Sb doping 740 Mass fluctuating 0.95 [81]
Zr0.5Hf0.5Co0.4Rh0.6 Sb0.8Sn0.2 Variation of CoSb particle size range 775 Grain boundary scattering 0.18 [82]
Zr0.7Hf0.3NiSn Phase separation 350 Multi-phase interface scattering 0.007 [83]
ZrNiSn, (Zr0.5, Hf0.5)NiSn

Zr(Ni,Co0.2)Sn
Ni and/or Co antisites, structural vacancies 775 Mass fluctuating 0.03 [84]

Ti0.3Zr0.35Hf0.35Ni1.01Sn Phase separation 350–500 Multi-phase interface scattering 0.68 [85]
Cu12Sb3.39Te0.61S13 Te doping 623 Mass fluctuating 0.8 [86]
AgSbSe2 Sb deficiencies 300–610 Mass fluctuating 1 [87]
Yb13.82Pr0.18Mn1.01Sb10.99 (RE=Pr and Sm) doping 1275 Mass fluctuating 1.2 [88]
CoSbS Nickel doping 873 Mass fluctuating 0.5 [89]
La2.2Ca0.78Te4 Calcium doping 1273 Mass fluctuating 1.2 [90]
Bi2Te2.2Se0.8 Point defecting and Se

Content changing
473 Mass fluctuating 0.82 [91]

Ti0.25Hf0.75CoSb0.85Sn0.15 Phase separation 710 Multi-phase interface scattering 1.2 [92]
Zr0.25Hf0.25Ti0.5NiSn0.994Sb0.006 Nano-sized precipitates 500 Mass fluctuating 0.91 [93]
(Ti0.2,Zr0.8)Ni1.1Sn FH-nanoprecipitates and Ti, Zr point defects 870 Mass fluctuating 0.81 [65]
Ru2VAl0.25Ga0.75 Variation of Ga content 400 Mass fluctuating 0.006 [69]
Ti0.5Zr0.5NiSn0.994Sb0.006 HfO2 doping 500 Mass fluctuating 1 [47]
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of the Bi85Sb15 compound. In this work, graphene was incorporated in
the microstructure to decorate the grain boundaries and prevent crystal
growth. Also, the decrease in electrical conductivity was compensated
by increasing the carrier concentration (n) via the graphene doping
[104–106]. It is also noteworthy that high values of σ/κ and n/κl ratios
can be regarded as a measure to promote decoupling between thermal
and electrical conductivities and arriving at high zT values [104,107].

3.2. Mass fluctuation

Mass fluctuating can also promote the phonon scattering and lower
the lattice thermal conductivity [101,108,109]. The magnitude of the
mass difference at the interfaces is a crucial parameter in reducing the
thermal conductivity [61]. By increasing the temperature, the phonon's
wavelength decrease, and these short wavelengths can be scattered
more efficiently by mass fluctuation defects such as dislocations, im-
purities, vacancies and alloy atoms [67].

Also, the change in atomic mass impacts the group velocities. Based
on equation (6), by considering the sound speed in solids (Vs) as the
group velocity of phonons, via changing the density (ρ) and/or che-
mical bonding (E), the group velocity will be altered, as well.

V E
s =

(6)

Therefore, by selecting the high atomic mass dopant/impurity ele-
ments and/or weak chemical bonds, the sound speed will reduce and
result in the reduction of thermal conductivity [62,66,67]. This issue
can be explained based on the spring-mass system (equation (7)).

F m a m d X dt K X( / )i i i i i i·
2 2= × = = × (7)

In this system, the phonons can be scattered based on the variation
in mass (mi) and/or spring constant (Ki), here representing the atomic
bonding. Therefore, atomic substitution/doping is an effective method
for modifying phonon transport similar to changing mi or Ki (Fig. 6).

The change in the mass and/or spring constant occurs due to the
presence of impurities or vacancies which can cause mass fluctuation
[67]. Moreover, the mass fluctuation can also lead to electric potential
disturbance; therefore, it can be employed for energy filtering of both
phonons and electrons. This can occur at the interfaces between two
different elements or structures. Chai et al. [65] investigated the in-
terfaces between full-Heusler and half Heusler phases to prevent the
low energy phonons from passing through the solid structure.

In this field, Berry et al. [110] investigated the effects of the mass
fluctuating strategy via modulation doping (dissolving) of half-metallic
MnNiSb in the TiNiSn alloy and forming a heavily doped
Ti1−xMnxNiSn1−xSbx phase. The results showed the enhancement of
the thermoelectric characteristics (Table 6) with a maximum zT value
of 0.63 in x=0.05, at 823 K.

Fig. 7 illustrates BSE images of the modulation doping systems with
various amounts of MnNiSb. Based on this image, the matrix was
mainly the pristine TiNiSn phase, containing the heavily doped
Ti1−xMnxNiSn1−xSbx with a random distribution. This change in mass
caused the fluctuation which led to phonon scattering and reduction of
thermal conductivities from about 6.35 to 5.65 WK−1m−1at 823 k
[110].

Furthermore, nanoinclusions, or nanograins, can provide some
barriers to prevent the low energy carriers from propagating through
the solid. Hence, both σ and κ will be modified which can generate
greater zT values depending on the effectiveness of the barrier on each
property [111].

Fig. 4. SEM illustration of grain size reduction due to the milling process in the consolidated samples, a) 0 h, b) 3 h, c) 5 h (ref. [96] with permission).

Table 5
Thermoelectric parameters of ZrNiSn alloy after doping with Sb and also refining under the milling process at a temperature of 573 K (adapted from Ref. [96]).

Alloy S (μVK−1) σ (Scm−1) PF (μWm−1K−2) κ (Wm−1K−1) zT

ZrNiSn −293 400 3500 7.3 0.25
ZrNiSn0.98Sb0.02

0 h milling
−55 2000 4900 6.7 0.42

ZrNiSn0.98Sb0.02
3 h milling

−180 1724 6700 5.75 0.67

ZrNiSn0.98Sb0.02
5 h milling

−75 1923 5400 5.7 0.55

Fig. 5. Relation between the grain size and the lattice thermal conductivity
(adapted from Ref. [101]).
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In another study, Maji et al. [84] observed the drastic descend of the
lattice thermal conductivity in Zr0.5Hf0.5Co1-xRhxSb0.99Sn0.01 half-
Heusler alloy via mass and strain fluctuation by Rh substitution at the Co
sites. The effect of Sb doping on thermoelectric characteristics of the full-
Heusler Fe2VAl alloy was evaluated [112]. The results showed that the
thermal conductivity remarkably decreased by the Sb substitution of the
Al atoms. In this case, the mass fluctuating occurred in the Fe2VAl1−xSbx
alloy was due to the large mass difference of Sb and the constituent
elements [112]. In another study [79], Zr, Hf, and Ti were utilized to
change the mass and strain field caused by their different masses and
atomic radii in the Tix(ZrHf)0.99−xV0.01Ni0.9Pd0.1Sn0.99Sb0.01 half-Heusler
alloy. Based on the results, the best thermoelectric properties achieved
were S=−206 μVK−1, σ=1408.5 Scm−1, κ=5.13Wm−1 K−1, and
finally, zT=0.92 at 820 K for xTi equals to 0.3.

As shown in Fig. 3, vacancies or voids can also provide mass fluctua-
tions. Vacancies can be regarded as weightless nano-sized impurities or
point defects which can scatter high-frequency phonons. Lee et al. [80]
illustrated the influences of the vacancies on thermal conductivity by

increasing the Nb concentration in Ti0.5(ZrHf)0.49NbxNi0.9Pd0.1Sn0.98Sb0.02,
which induced voids in NiSn phase. The sample showed a thermal con-
ductivity reduction from 6.20 to 5 WK−1m−1 with the highest zT of
0.66 at 900 k.

The electrical conductivity may be reduced substantially by the
addition of the alloying element in the Heusler TEs. The added elements
can interact with the Heusler alloy constituent elements either by dis-
solving (substitutionally or interstitially) in the matrix or forming the
second phase precipitates both of which impacting the electrical con-
ductivity [113]. Therefore, the trade-off between the thermal and
electrical conductivities must be carefully considered in the mass fluc-
tuation engineering similar to the other scattering strategies, e.g., na-
nostructuring [25].

3.3. Multi-phases phonon scattering

Another effective technique to scatter phonon is based on the multi-
phase engineering of the material structure. Domain interfaces corre-
sponding to multi-phases can generate mass or lattice spacing dis-
continuity that can scatter phonons, and reduce the lattice thermal
conductivity [12,64,114]. In the multi-phase structures, the coexisting
Heusler phases (half or full) can be modeled by introducing different Ki
and mi values (equation (7)) corresponding to the different atoms and
chemical bonds. The variations in the Ki and mi lead to scatterings at
the phase interfaces affecting the thermal conductivity. At sufficiently
large grain sizes, each phase has its own physical properties (and

Fig. 6. Motion of atoms in spring system a) using an interface layer with three ranges of atoms, b) atomic substation.

Table 6
Thermoelectric parameters of (TiNiSn)0.95 + (MnNiSb)0.05 alloy at 823 K [110].

Alloy S (μVK−1) σ (Scm−1) κL (Wm−1K−1) zT

(TiNiSn)0.95 + (MnNiSb)0.05 −160 1700 3.5@823K 0.63
TiNiSn −150 1100 4.25 @723K 0.35

Fig. 7. Backscatter electron (BSE) images of (TiNiSn)1-x + (MnNiSb)x system: (a) x= 0, (b) x=0.05, and (c) x= 0.1 (Ref. [110] with permission).

S. Hooshmand Zaferani, et al. Renewable and Sustainable Energy Reviews 112 (2019) 158–169

164

mailto:3.5@823K


phonon group velocity), and the multi-phase effect can be modeled
merely by a phonon scattering causing by the interfaces. However,
when the domains become small and comparable to the dominant
phonon wavelengths, the individual phase properties alter. In that case,
the phonon dispersion (and velocity) changes, and the models based on
an effective medium, such as coherent potential approximation, are
more appropriate [115–117]. Douglas [118] showed the effects of
phase separation on the thermoelectric factors of half-Heusler TiNiSn in
corresponding to the presence of phase-segregated Heusler TiNi2Sn
alloy. In this study, the TiNi1.15Sn containing two phases of TiNi2Sn and
TiNiSn (Fig. 8) showed a significant reduction of the thermal con-
ductivity by nearly 10%–30%. Hence, the zT value increased by about
25% compared to that of the TiNiSn alloy reaching 0.44 at 800 K.

Also, as shown in Table 4, the phase separation strategy was carried
out successfully to enhance the zT value of the
Ti0.25Hf0.75CoSb0.85Sn0.15 alloy to around 1.2 at 710 K. In this study, the
phase separated half-Heusler Ti0.25Hf0.75CoSb0.85Sn0.15 alloy was syn-
thesized, which showed the reduction of thermal conductivities.

Solidification and cooling procedures can influence the phase de-
composition because the atomic diffusion is dependent on the cooling
rates and temperatures. Consequently, the formation of the new phases
can interfere with phonon transport due to differences in phase struc-
ture and atomic arrangement [12]. Fig. 9 shows the effects of tem-
perature on phase transformation and segregation of CoVSn compounds
within a specific mole percent to the alloy mixture.

According to Table 7, the phase composition can be adjusted by
temperature leading to the formation of one to three different phases at
each specific molar ratio of the elements in CoVSn (Fig. 9). Each phase
has its own thermal and electrical properties; therefore, the composite
material can take a wide range of properties depending on the choice of
the molar ratios and the temperature of thermal treatment. Thus by
controlling the temperature, the multiphase structures could be en-
gineered to introduce the required conditions towards phonon scat-
tering at the phase boundaries.

Schwall et al. [83] evaluated the effects of phase separation on the
thermal conductivities of the half-Heusler Zr(1-x)HfxNiSn series. They
showed that the samples with more phases have higher electrical con-
ductivity, but lower thermal conductivity, despite their higher elec-
tronic thermal conductivity. The small thermal conductivity of these
samples was associated with the phase separation, which leads to in-
creased interfacial phonon scattering.

Similar to the mass fluctuation mechanism, energy filtering may
also occur at the interface of the domains [119]. For example, Agarwal
et al. [105] doped graphene into Bi2Te3 to make energy filtering that
not only decreased the thermal conductivity but also improved the
Seebeck coefficient (S=−117 (μV.K−1)). The samples showed
zT= 0.92 near 405 K. It was concluded that the phase separation

induced sub-micron multi-phase domains, which acted as scattering
centers and reduced the thermal conductivity.

4. Dominant phonon scattering mechanisms in heusler crystal
structures

Heusler alloys can be conveniently doped by replacing the elements
in the fcc sub-lattices with other atoms to optimize their thermoelectric
properties [55]. The optimum doping concentration often moves the
peak of the figure-of-merit of these alloys to the moderate temperature
ranges [49,120]. In this range of temperature, the impurity scattering is
often significant and dominates the phonon transport as schematically
shown in Fig. 10.

To demonstrate the underlying physics of the trend observed in
Fig. 10, as a case study of a half-Heusler alloy, the thermal conductivity
of NiTiSn was calculated and compared with the experimental data
(Fig. 11a) [121]. The variation of phonon mean free path (MFP) versus
phonon wavelength was also calculated as shown in Fig. 11.b. This plot
demonstrates the contributions of various phonon wavelengths and
MFP to the thermal conductivity. Model calculations followed the
methodology described in Refs. [102,122].

In Fig. 11.b, the green dot-line following by the blue, and red dot-
lines represent the contribution of phonons with MFP>100 nm to the
accumulated thermal conductivities (κl) at the temperatures of 300 K
and 650 K, respectively. Based on this figure, the phonons with
MFP>100 nm contribute to the thermal conductivities equal to 4.8W/
mk at a temperature of 300K. In other word, if all the phonons with
MFP>100 nm are 100% scattered, the thermal conductivities will be
reduced by the amount of 4.8W/mk. However, at a higher temperature
of 650K, by eliminating the phonons with the MFP>100 nm, the
thermal conductivity is reduced only by the amount of 2.4W/mk.
Therefore, nanostructuring is much less effective at 650 K (by ∼50%)
compared to at 300 K. Note that material with grain sizes of 100 nm
does not necessarily filter all the phonons with MFP>100 nm. As
discussed earlier, phonons can experience different types of scattering
at an interface leading to different kinds of relaxation times such as due
to reflection and refraction, diffusive, or Rayleigh scattering. Therefore,
the hard cuts as shown in Fig. 11.b are the extreme cases, and in
practice, one would need much smaller grains than 100 nm to filter all
or most of the phonons with MFP>100 nm.

Fig. 11.b also shows that the low energy phonons with high MFPs
have a small contribution to the overall thermal conductivity, especially
at higher temperatures where the half Heusler material has a high zT. In
contrast, the accumulated thermal conductivity increases significantly
versus phonon energies although the high-energy phonons have smaller
MFPs, mainly due to the larger density of states at higher energy.

As mentioned earlier, the scattering of these high-energy (short

Fig. 8. (a) Optical and (b) scanning electron images of polished surfaces of the binary phase TiNi1.15Sn alloy. In (a), H stands for the TiNi2Sn full-Heusler alloy, and
hH shows the TiNiSn half-Heusler phase (hH). (b) Illustration of a region containing half-Heusler precipitates. (Ref. [118] with permission).
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wavelength) phonons is most efficient through mass and lattice con-
stant fluctuation such as by point defect strategy. Both ai and Mi in the
point defect relaxation time can be manipulated readily by substitu-
tional doping in Heusler compounds to decrease the lattice thermal
conductivity effectively.

5. Summary

Thermoelectric generators can contribute to controlling global
warming by generating electrical power from low-grade heat which is
otherwise wasted in mechanical engines or industrial processes. Heusler
semiconductors are known as eco-friendly materials with potentially
good thermoelectric properties. The high lattice thermal conductivity of
these compounds, however, limited their effectiveness. The transport of

Fig. 9. Multiphase formation by controlling the synthesis temperature of CoVSn.

Table 7
Phase composition of CoVSn alloys at 600,700,800 and 900 °C as mentioned in
Fig. 9.

T (°C) Phase/Crystal structure/Elements

900 Equilibrium line between two areas of (CoSn, BCC (Co,V,Sn)) and
(Liquid, CoSn, BCC (Co,V,Sn))

800 Equilibrium line between two areas of (CoSn, BCC (Co,V,Sn)) and (
ALTA_Sigma (V, Co), CoSn, BCC (Co,V,Sn))

700 ALTA_Sigma (V, Co)+ CoSn+BCC (Co,V,Sn)
600 ALTA_Sigma (V, Co)+ CoSn+SnV3

Fig. 10. Dominant phonon scattering mechanisms versus temperature.
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phonons as the primary heat carriers are to be impaired to reduce
thermal conductivity. The critical phonon engineering strategies ap-
plicable to Heusler compounds were discussed. These strategies must be
implemented according to the working temperature to deliver an ef-
fectively low thermal conductivity in practice. At low temperature, the
acoustic branches with long wavelength are mainly responsible for heat
transfer. These acoustic branches can be distracted by grain/crystal
boundaries with length scales comparable to the phonon wavelength.
When the grain size is less than the mean free path of these phonons,
the thermal conductivity is reduced significantly. By increasing the
temperature, the phonons occupy higher frequency states creating mid
to short wavelength phonons. In this region, the mass and lattice spa-
cing fluctuations can be more effective in phonon scattering. This can
be achieved via substitutional doping of various elements into the
Heusler alloy with a large discrepancy of masses and strain fields. The
domain interfaces in the multi-phase structures can also generate mass
and lattice spacing discontinuities and decrease the thermal con-
ductivity in the medium temperature range. At high temperature, the
phonon scattering is often dominated by 3-phonon scattering which is a
function of the Grüneisen constant (or the anharmonicity parameter)
and is effectively independent of the grain sizes. Among the discussed
phonon scattering strategies, the mass and lattice constant fluctuations,
due to point defects and/or elemental substitutions, are the most ef-
fective methods for improving the thermoelectric performance of
Heusler compounds over their optimum working temperature. It should
be noted that because of the trade-off between the thermal and the
electrical conductivity, the phonon scattering strategies must be im-
plemented carefully as sometimes these methods may cause a sig-
nificant reduction of the thermoelectric power factor.
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