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Current State-of-the-Art in the Interface/Surface
Modification of Thermoelectric Materials

Shiyang He, Sebastian Lehmann, Amin Bahrami,* and Kornelius Nielsch*

Thermoelectric (TE) materials are prominent candidates for energy converting
applications due to their excellent performance and reliability. Extensive
efforts for improving their efficiency in single-/multi-phase composites
comprising nano/micro-scale second phases are being made. The artificial
decoration of second phases into the thermoelectric matrix in multi-phase
composites, which is distinguished from the second-phase precipitation
occurring during the thermally equilibrated synthesis of TE materials, can
effectively enhance their performance. Theoretically, the interfacial manipula-
tion of phase boundaries can be extended to a wide range of materials. High
interface densities decrease thermal conductivity when nano/micro-scale
grain boundaries are obtained and certain electronic structure modifications
may increase the power factor of TE materials. Based on the distribution of
second phases on the interface boundaries, the strategies can be divided into
discontinuous and continuous interfacial modifications. The discontinuous

1. Introduction

Thermoelectric (TE) materials are auspi-
cious candidates for direct thermal-to-
electrical energy conversion applications
and sustainable energy solutions, owing to
their combined heat and electricity attrib-
utes. The key challenge for enhancing
the performance of TE materials is estab-
lishing a balance between their property
indicators in the equation describing their
dimensionless figure of merit (zT) value

(Equation (1)):12!

2T =S*ox'T 0

where S, 0, k, and T are the Seebeck

interfacial modifications section in this review discusses five parts chosen
according to their dispersion forms, including metals, oxides, semiconduc-
tors, carbonic compounds, and MXenes. Alternatively, gas- and solution-
phase process techniques are adopted for realizing continuous surface
changes, like the core-shell structure. This review offers a detailed analysis
of the current state-of-the-art in the field, while identifying possibilities and

obstacles for improving the performance of TE materials.
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coefficient, electrical conductivity, total
thermal conductivity, and absolute tem-
perature, respectively. The total thermal
conductivity comprises the contribu-
tionsP’! the from lattice vibrations (k) and
charger carriers (k) and can be expressed
by x = kj + k.. High 2T values require a
high power factor (S?0, PF) and a low total
thermal conductivity.! The energy conver-
sion efficiency (7) of TE materials in con-
ventional TE generators is determined by
the zT value, and can be presented by Equation (2):!

_T,-T. J1+2T-1
==

n (2)

1+zT+E
T,

c

where Ty, T, and T are the hot-side temperature, cold-side
temperature, and average temperature of the TE material.
Although enhancing the temperature gradient (T,—T;) benefits
the improvement of the conversion efficiency, different TE mate-
rials exhibit optimum TE performance in different temperature
ranges; therefore, the desired TE materials should be selected
within a given temperature range. To realize a higher 7, higher
zT values are generally required for various temperature ranges.
Overall, TE materials with zT values higher than 1 are preferred
for practical applications in TE generators. If a TE material with
a 2T value exceeding 3 is used, the corresponding 7 would be
high enough to replace traditional power generators/refrigera-
tors with TE generators.[®]

However, optimizing the TE performance is a relatively com-
plex task, due to the intercorrelation between the transport
parameters,! making obtaining a zT value of 3 challenging. It
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should be noted that the S, 0, and k parameters are intercorre-
lated by Equations (3)—(5):®

o =neu 3)
21,2 Z
S 8 kET m*(i)s (4)
3eh 3n
Kk =K,+LoT ()

where n, e, u, h, kg, m*, and L stand for the carrier concentra-
tion, elementary charge, mobility, Planck constant, Boltzmann
constant, carrier effective mass near the Fermi level, and tem-
perature-dependent Lorenz number, respectively. For a degener-
ated semiconductor with parabolic band dispersion, assuming
that the dopant does not alter the scattering or band structure,
the Equation (4) for S is valid.®! Therefore, how to decouple the
PF and xis still a challenge in the TE field. In recent decades,
numerous strategies were applied to investigate the rational
design and development of TE materials. The main concepts
for optimizing the zT value converge toward two approaches:
i) enhancing the PF in terms of electrical properties by point-
defect engineering,® ™ band engineering,1> texturing, >
and energy filtering;'®2% ii) decreasing the independent lattice
thermal conductivity via nanostructuring,?2¥! phonon engi-
neering,**2% interfacial modifications,”-*% or searching for new
TE materials with intrinsically low thermal conductivity.?0-32
Single-phase TE materials have been thoroughly investi-
gated, including PbTe,[3373% SnSe, 13638 Cu,Se,3%* and Bi,Te;-
based alloys,*#] skutterudites, 1 Mg;Sb,,¥*! and Half-
Heusler alloys,®5U which can achieve zT values above 1 by ele-
ment doping; however, their zT values can be further enhanced
through the aforementioned strategies. Thus, the introduction
of new materials into TE multiphase composites is another
prominent approach attracting major scientific interest. When
following the conventional melting route, second phases may
occur and disperse heterogeneously in the TE material due to
the nonequilibrium state; however, a uniform distribution can
be achieved by directly dispersing the nanoparticles or forming
a coreshell structure (Figure 1). Depending on the modifi-
cation methods, the techniques of dispersion decorating or
second-phase coating could establish discontinuous interfaces
or continuous interfaces, respectively, between the matrix and
the second phases. It should be noted that surface modification
approaches provide the possibility to combine different disper-
sions and matrices in such a way that two or more constitu-
ents with different thermodynamic stability conditions can be
gathered in one system, endowing the final system with their
specific advantageous characteristics. Furthermore, as opposed
to other alteration methods (e.g., phase precipitation), the
resulting chemical composition can be more finely tuned.
Interfacial modifications can carry a highly beneficial effect
in that a second phase on the interface can boost the mate-
rial's thermoelectric properties in a variety of ways. In regard
to thermal transport, heat flow tends to bypass the dispersion
when the i of the matrix is higher than that of the dispersion.
Owing to the larger mismatch in the acoustic impedance or
phonon spectra between the second phase and the matrix phase,
the introduced high-density interfaces between the dispersed
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Figure 1. Schematic illustration of discontinuous interfacial modifica-
tions with different dispersions and continuous interfacial modifications
with core—shell structure, resulting in low energy carrier scattering and
phonon scattering.

nanoparticles and matrix are more effective in phonon scat-
tering than normal grain boundaries. According to theoretical
calculations, by increasing the dispersion size and thickness of
the second phase coating, the second phase scatters phonons
from short to long wavelengths.*®l Because of the mid-wave-
length phonon scattering, the scattering will be more effective
if the second phase is properly selected in terms of dispersion
concentration/size or thickness of the second phase coating,
allowing for the 2T values to be further improved. In terms of
electrical transport, S can be enhanced by a mechanism known
as electron energy filtering,>® as well as by modifying the resist-
ance between the dispersion and the matrix. This is achieved by
curving the electron bands at the interfaces between the second
phase and the bulk matrix, enabling the high-energy electrons
pass, while scattering the low-energy electrons. This selective
scattering procedure can increase the value of S, and therefore
requires the appropriate materials to be used as second phases
so as to ensure a beneficial band bending. However, research
in the literature corroborating this energy filtering effect (e.g.,
carrier concentration, mobility/homogeneity of second phase)
remains scarce.’8 Consequently, the energy filtering mecha-
nism responsible for the PF boosting will be further investigated.

In this review, the most prominent interfacial modification
techniques currently used for inorganic materials were catego-
rized into two main parts according to the interface morpholog-
ical features: i) discontinuous interfacial modifications and ii) con-
tinuous interfacial modifications. The discontinuous interfacial
modifications contain different sections, namely, metals, oxides,
semiconductors, carbonic materials, and MXenes. To form the
core—shell structure, the continuous interfacial modification tech-
nique can be accomplished through gas-phase deposition or a wet
chemical route. Methods for modifying interfaces in organic TE

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A1IE1D) 3|qeot|dde auy Aq peusenob afe afole YO ‘88N JO SaINI 10§ A%eiqiT8UIIUQ AB|IM UO (SUONIPUCD-PUR-SLLIBI WO A8 | 1M A1 1pUI|UO//STIY) SUORIPUOD Pue SWe 1 8y} 89S *[£202/70/7T] Uo ARIqI]auliuO AB]IM “SeUI01|qIgsUO TewLIoju | 8yasiuyae | A £/8TOTZ0Z WUSR/Z00T OT/I0p/L00" A3 1M AReiq iUl uoy/:Sdny wouy papeojumod ‘L€ ‘1202 ‘0v89yTIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

materials have been discussed elsewhere.[>>%0 Here, we summa-
rize the advancements regarding the interfacial modification of
inorganic TE materials for the purpose of enhancing the electrical
properties or reducing the thermal conductivity. Finally, the cur-
rent challenges and outlook for future developments in thermo-
electric nanocomposites are discussed. We hope for our work to
serve as a systematic overview of the state-of-the-art in the field
and help determine the opportunities and challenges for boosting
the thermoelectric performance of TE materials.

2. Discontinuous Interface Modification

The dispersion of the second phase into the TE material
matrix is an essential approach for improving the thermo-
electric properties. It should be noted that the dispersion of
the second phase differs from the precipitation which occurs
mostly during the cooling stage of the synthetic process. In
the process of thermal transport, owing to the middle-length
phonon scattering and thermal resistance between the disper-
sion and matrix interfaces, a high decrease in lattice thermal
conductivity that is unaffected by carrier transportation, can
be expected. Meanwhile, in terms of electrical transport, the
energy filtering can be considered when nanoinclusions are
embedded into the matrix-forming heterostructures. There are
mainly two key factors underlying the influence of the carriers
on the electrical properties: i) the interface density and ii) the
band alignment between the TE matrix materials and nanoin-
clusions. The interface density might be altered by the size
and volume/weight fraction of the matrix and the dispersion.
Additionally, the rate of nucleation and growth can be regu-
lated through the appropriate selection of precursors and syn-
thetic methods applied on both the matrix and the dispersion,
especially when using solution-processed chemical synthetic
methods. Band alignment can be adjusted by selecting disper-
sion materials matching the electronic band structure (e.g.,
bandgap, work function, or electron affinity) that can form
suitable charge carrier traps or barriers.’!l A controlled poten-
tial barrier for energy filtering is expected to be optimized
in the PF enhancement as reported by previous theoretical
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studies. Faleevl®” et al. proposed that in a semiconductor
matrix with randomly dispersed metallic particles, only a cer-
tain fraction of the charge carriers is captured by the potential
barrier. Within the framework of the Born approximation, the
scattering relaxation timel®3 with scattering centers of disper-
sion-matrix interfaces, can be expressed by Equation (6):

3 142E/E, x3E(E,R)
7, (E)=E ? 35 -
(1+E/E ) K H2m

(©)

2kR

Here, £(E,R)= fo |Jlmsin(yt)V(yR)y dy[*tdt. x, R, and E, are
the volume fraction, average radii of the potential barrier E,,
and direct energy gap, respectively. &(E, R) is a variable func-
tion that depends on E. The potential barrier Ey is determined
by the work functions and band alignment of matrix and second
phase. Here, we only considered the ideal case where the essen-
tial electronic properties are described by the band structure and
the position of the Fermi levels, and we limited the discussion
to n-type semiconductors. When the two materials are brought
into contact, the alignment of the Fermi levels causes the flow
of charge from one material to the other. The direction of the
charge flow depends on the relative difference between the work
function of the metal (¢y) and the electron affinity (ysc) of the
semiconductor. If the ¢y, is larger than ysc, the metal is theo-
rized as possessing a high work function. Contrarily, a low work
function metal implies that @y is smaller than ygc.

We consider the first case where the metal has a high work
function forming Schottky barriers (Figure 2a); thus, electrons
flow from the semiconductor to the metal, inducing a nega-
tively charged surface on the latter and a positively charged
surface on the former. The surface charge will be screened by
electrons in the vicinity to keep the band diagram unperturbed
deep inside the body. For the metal, the screening length is in
the several-Angstroms range, due to their high carrier density
of =10%> cm™.>°! For the semiconductor, the screening length
is much longer, with the lower carrier densities ranging from
=107 to 102 cm3.5% Therefore, the overall charge on the
boundary is negative. Obviously, the accumulation of nega-
tive charge (electrons) is energetically unfavorable, thus the
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Figure 2. The band diagram of an n-type semiconductor and a metal with a) high and b) low work function before contact (left) and after contact (right).

Adv. Energy Mater. 2021, 11, 2101877 2101877 (3 0f34)

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A1IE1D) 3|qeot|dde auy Aq peusenob afe afole YO ‘88N JO SaINI 10§ A%eiqiT8UIIUQ AB|IM UO (SUONIPUCD-PUR-SLLIBI WO A8 | 1M A1 1pUI|UO//STIY) SUORIPUOD Pue SWe 1 8y} 89S *[£202/70/7T] Uo ARIqI]auliuO AB]IM “SeUI01|qIgsUO TewLIoju | 8yasiuyae | A £/8TOTZ0Z WUSR/Z00T OT/I0p/L00" A3 1M AReiq iUl uoy/:Sdny wouy papeojumod ‘L€ ‘1202 ‘0v89yTIT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

bands of the semiconductor tend to bend upward to decrease
the boundary charge density. In this case, an interface potential
barrier is generated and the electronic band bending will occur
at the side of the semiconductor closer to the dispersion/matrix
interface, which preferentially scatters the low energy carriers.
Due to the charge carrier relaxation time (which depends on the
electron energy), the carrier energy filtering effect will occur,
allowing for the values of oand S to be further modified.

On the other hand, when a metal with a low work function is
combined with an n-type semiconductor (Figure 2b), an ohmic
contact is established and the boundary is positively charged
due to the electron flow from the metal to the semiconductor,
in conjunction with the screening-length difference on both
sides. Thus, the semiconductor band tends to bend downward
and enhance the accumulation of electrons, to compensate for
the positive charges on the boundary. It is even possible for the
bended conduction band to cross the Fermi level, leading to the
degeneration of the semiconductor surface, which possesses
higher electrical conductivity compared with the bulk. In con-
trast, no potential barrier exists for the ohmic contact, allowing
all carriers to freely pass through the interface; however, they
can still serve as a scattering center, due to the potential energy
variations at the interface.

The dimensionality of the second phase also plays a critical
role in the manipulation of the carrier and phonon scattering,
as well as attaining a factorial improvement in the zT values.
In the following sections, the inclusion of different material
types (i.e., metals, oxides, semiconductors, carbonic materials,
and MXenes) in TE matrices, as well as the effects of their
dimensions, are discussed. The aim of this section is to provide
insight into the challenges and opportunities for maximizing
the potential utilization through the thorough analysis of an
ample and diverse reference source.

2.1. Metallic Dispersions

Through electronic structure modifications, metal nanoinclu-
sions can increase the zT of TE materials. This is accomplished
by incorporating metal nanoinclusions into the semiconducting
TE matrix, resulting in improved thermal (reduced xj) and elec-
tronic (enhanced PF) transport properties. Furthermore, the
instinct magnetic moments of metals have an impact on the
matrix carrier transport, which can also improve TE efficiency.
In this chapter, we divide metals into two groups based on
their magnetic states, namely those with and without magnetic
moments, and demonstrate how they affect the performance of
TE matrices.

2.1.1. Metallic Dispersions without Magnetic Moments

After the junction of the metal and the TE matrix is formed,
the metal will transfer electrons to the TE matrix depending on
its work function. Different metals have dissimilar work func-
tions, as they depend on their unique crystal orientations and
surface impurities.®! If the work function of dispersion differs
substantially from the work function (or electron affinity) of
the matrix, the charge carriers could be easily trapped easily in
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potential wells.® The action of the metal work function can be
further understood by dispersing different metals in Bi,Te;. Con-
sidering the work function of =5.4 eV for Au, the ¢ of =0.1 eV
can be obtained. Therefore, the occurrence of carrier scattering
is expected by introducing the energy well.® In addition, there
is an optimal work function range value for each semiconductor
matrix which results in the highest TE performance. For instance,
Pt has a work function of =5.65 eV, forming a potential barrier
of E, = 0.2 eV for the Pt-Bi,Te; interface, which is significantly
larger than the one formed in the Au—Bi,Te; system. According
to the theoretical calculations for the enhancement of PF, the
optimal potential barrier is approximately 0.1 eV, suggesting
that Au is a better candidate than Pt. In the case of a metal with
a smaller work function than that of Bi,Te; (e.g., Cu and Bi), the
formation of a potential barrier is conditional. Incorporating Cu
into the Bi,Te; matrix might not necessarily generate energy fil-
tering, which is attributed to the absence of E;, stemming from
the lower work function of Cu (4.5-5.1 eV) than that of Bi,Te;.[°"
When Bi is embedded in Bi,Te;, due to the lower work function
of Bi (=0.425 eV) than Bi,Te;, the obtained Ej, value of =0.2 eV can
effectively improve the S value, as reported by Chu et al.l] Thus,
a suitable metal dispersion level should be opted for according
to the work functions of both the matrix and the metal. Table 1
presents the main parameters of metals which should be consid-
ered for the effective charge carrier energy filtering in metal-sem-
iconductor systems. These experimental results indicate that the
inclusion of metals is a promising strategy for achieving inter-
face/surface modifications in various TE materials.

The simultaneous improvement of the electrical conductivity
and the notable reduction of the lattice thermal conductivity
were reported by dispersing Ag nanoparticles with a diameter

Table 1. Main parameters for the effective energy filtering of charge
carriers in metal-semiconductor systems.[>6.68]

Metal Effective electron Work function Atomic chemical
density [eV] potential [V]

Sb 5 4.55 13.13

Sn 4 43 11.58

Al 3 4.28 10.24

Fe 2.69 4.5 9.84

Co 3.03 4.92 1.64

Ni 3.37 5.15 1.39

Ti 3.34 3.96 9.61

\ 3.69 43 9.61

Cr 4.03 4.5 10.12
Mn 2.34 4.1 9.06

Zr 4 4.05 8.74

Nb 4.69 4.3 9.62
Mo 5.03 4.6 10.54
Ag 1.39 426 8.32

Au 2 5.1 10.10

Cu 1.58 4.65 9.18

Bi 5 4.22 12.64

Te 6 4.95 14.82
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of 60 nm in a Bi,Te; system, by employing a fabrication pro-
cedure combining a hydrothermal method with magnetic
stirring.[®”) The interfaces of the dispersed Ag nanoparticles
at the Bi,Te; grain boundaries could be clearly observed, real-
izing a unique combination of phonon scattering and car-
rier concentration enhancement, resulting in the remarkable
improvement of zT to 0.77 at 475 K. The PF of a Bi,Te; system
modified with 1.5 vol% Ag nanoparticles was augmented by
more than two times, namely from 0.49 to 1.14 mW m™ K2,
Similarly, such significantly improved electrical properties
were observed in a FeSb,~Cu NPs system.’® The remark-
able obtained enhancement of approximately 90% (over pure
FeSb,) was comparable with the results achieved by other
approaches, such as band engineering’"’? and modulation
doping.”>”! This phenomenon can be theoretically attributed
to the band alignment between FeSb, and Cu, along with the
microstructure of the FeSb,—Cu nanocomposite. Despite the
existence of an energy barrier in the range of 0.15-0.2 eV at
their interfaces, the closed work function (the work function of
FeSb, for the (001) plane and Cu are 4.723 and 4.7 eV, respec-
tively) may have positive influence on the electron transfer
performance. Additionally, the dispersion of Cu nanoparticles
could also provide charge carriers from its conduction band
to FeSb,. Although the increase of the carrier concentration
in the FeSb, matrix can be reasonably expected, there are no
detailed results concerning Hall mobility and carrier concentra-
tion for the FeSb,~Cu system. In order to investigate the effect

www.advenergymat.de

of metal nanoparticle inclusion on the electrical properties of
TE matrices, various typical systems have been summarized in
Figure 3. With the exception of Hall mobility, almost all sys-
tems exhibited an increase in carrier concentration after adding
and increasing the content of metal nanoparticles, resulting in
an enhanced electrical conductivity. For example, the electrical
conductivity of the Biy 5Sby sTe; system!”® increased by 6 times
after 0.2 wt% Cu dispersion. The S only decreased by approxi-
mately two times, which was assigned to the increased carrier
concentration.

Besides the chemical composition of the dispersion, the size
of the metal nanoparticles also has a significant influence on
the TE properties. When the size of the second-phase particles
is below 10 nm, they can be categorized as quantum dots (QDs)
with zero dimensionality. QDs have emerged in lots of con-
temporary applications, such as biosensing probes,”*8) solar
cells, B33 and light-emitting diodes.®+%% QDs, which have a
typical diameter of 2-10 nm,®”! can significantly contribute to
the energy filtering performance of TE materials, as reported
by a series of theoretical studies.[0263668889 [n the work of
Zhou and Yang,® QDs with diameter (a) and interdot dis-
tance (D) were periodically embedded in the matrix, as shown
in Figure 4a. Here, we define V; as the height of the confine-
ment potential, and V,,, as the band offset between the second
phase in the QDs and the host materials. Due to the overlap of
the electron wave function tails that extend from the QDs into
the matrix, the carriers will not be confined by the interface
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Figure 3. Dispersion content dependence of n/ny, i/, 0/0, and S/Sy at 300 K (Subscripts with zero stand for pristine materials).
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Figure 4. a) lllustration of the QDs structure in the matrix; b) Schematic diagram of the quantum confinement of the electron wave functions;
c) Scanning electron microscopy (SEM) image of pure Sb,Te; and Au QDs-Sb,Te; composites with an Au mole ratio of 1, 2, 4 mol; d) Comparison of
experimental and theoretical zT value of an Au QDs-Sb,Te; system using the percolation theory at 300 K.l Reproduced with permission.’l Copyright

2019, American Chemical Society.

and travel through the QDs by hopping across the periodical
arrays of quantum-confined electrons. Figure 4b demonstrates
the effect of energy filtering between the QDs and the matrix,
where high bulk-like energy carriers can easily move across
the confinement potential, whereas the movement of the low-
energy carriers is restricted. This energy filtering effect can lead
to an enhancement in S but a decrease in o. Figure 4c illus-
trates that the application of a solution with low Au concen-
tration (1 mol%) can result in the uniform distribution of Au
QDs (with a mean size of =10 nm) on the edges and surfaces of
Sb,Te; nanoplates. Increasing the Au concentration (4 mol%)
will cause an increase in the size of the distributed particles
(=40 nm) and, in turn, an agglomeration of Au QDs.’!l By
applying the classical percolation power law, while controlling
the content/size/distribution of QDs, the zT value can reach a
maximum of 0.8 if a 1.08 mol% Au solution is used (Figure 4d).

Besides the positive effect of metals on the TE performance
of the matrix, the thermal instability and rapid agglomeration
of metal nanoparticles should also be considered during the
material selection process. In the Au-Bi,Te; system, Au nano-
particles with a mean size below =10 nm can melt and diffuse
into the Bi,Te; matrix if the nanoparticle content increases.
The formation of Aug;?>~ defects can alter the carrier concentra-
tion, resulting in the suppression of the energy filtering effect.
Figure 5 illustrates the combined effects of Ag doping and Ag/
Pt QDs embedding on the T-dependent carrier concentration
(p) of MnSi,.’2! Interestingly, the p of the sample with 1 at%
Ag QDs was almost comparable with that of Mngg9Ag 01Siys,
whereas the carrier concentration of the sample with 1 at%
Pt QDs was much lower than that of Mnjg9Sijg (MS). The
subtle difference between Ag-doping and dispersing Ag QDs
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indicates that Ag QDs may diffuse into the matrix, weak-
ening the thermal stability of the Ag QDs compared to their
Pt equivalents. In addition, by comparing the MS-1 at% Ag
QDs and MS-1 at% Ag/Pt QDs (Ag to Pt molar ratio 2:1), it can
be observed that p decreases with the appearance of Pt QDs
appeared in the Mnjg¢ySijg matrix, further confirming that
some Ag QDs from the Ag/Pt QDs diffused into matrix, as
opposed to the dispersion of pure Pt QDs (Figure 5a). All these
phenomena are illustrated in the schematic diagram shown in
Figure 5. In the p-type MS, the dominant carriers in the Pt QDs
are electrons which are restricted within the nano-inclusion/
matrix interface. When the temperature increases, the local-
ized electrons will escape from the Pt QDs and inject into the
MS matrix. Therefore, the free electrons and holes are neutral-
ized, causing the p to decrease. However, Ag QDs occupy the
Mn vacancies as impurity acceptors and generate hole carriers,
which is commensurate with the direct doping of Ag in MS.
This demonstrates that an adequate amount of QDs can diffuse
into the defect positions in the parent material.

2.1.2. Metallic Dispersions with Magnetic Moments

Apart from non-magnetic and noble metals (such as Pt
Ag”®l and Aul”’)), the introduction of magnetic metallic nano-
particles (Co/Ni/Fe) with different magnetic states than that of
the TE matrix can significantly improve its thermoelectric per-
formance.” It should be noted that the process of magnetic
second-phase dispersion in TE matrices must be separated from
the one of doping effect, since due to the extremely low solu-
bility of most magnetic ions in TE materials, the improvement
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Figure 5. a) The carrier variation mechanism derived from the Ag-doping effect in conjunction with the embedding of Ag/Pt and Pt QDs; b) Hall car-
rier concentrations of MnSi, containing Ag, Ag/Pt, and Pt QDs and Mng4Ag,:Siig as a function of temperature.l® Reproduced with permission.?

Copyright 2021, Elsevier.

in terms of thermoelectric performance after doping is insig-
nificant. However, many studies which focused on doping mag-
netic ions into non-magnetic TE materials have demonstrated
that the thermoelectric properties can be improved by the
magnetic-drag effect and spin entropy in a variety of systems,
such as Li-MnTe,” Fe/Co-doped Big4gSbys,Tes, "% Ni-doped
BiCuSeO,”l and Ni/Co-doped Cu,ZnSnS,.[”! When the doping
content exceeds the solid solubility, pure metal particles may
precipitate on the grain boundary, making the distribution and
content of magnetic metals on the interfaces difficult to con-
trol. Thus, by introducing magnetic nanoparticles or nanoclus-
ters into a non-magnetic TE matrix, the interaction between
the magnetic moment and the charge carriers can optimize the
thermoelectric properties.

Notably, the charge carrier concentration can be altered by
introducing magnetic particles, similarly with non-magnetic
metal particles. By exploiting the phenomenon of magnetic
phase transition, the electrical properties deterioration, which
derives from the interfacial scattering, can be suppressed within
a desired certain temperature range due to magnetic phase tran-
sition of magnetic metals. Du et al. investigated the dispersion
of Ni nanoparticles into a Bi,Te,;Se;3 matrix and discovered
that the carrier concentrations were significantly improved after
the dispersion.’® In the magnetization versus magnetic field
(M—H) curves, the Ni nanoparticles exhibited a very low
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coercivity at 350 K, confirming their superparamagnetic states
and ferromagnetic properties. When in the paramagnetic phase,
the nanoparticles can release their electrons through intrinsic
excitations and thereby increase the carrier concentration. By
exploiting the interactions between the embedded magnetic
nanoinclusions and itinerant carriers, Lu et al.”” achieved sig-
nificant enhancements in terms of both carrier mobility and the
Seebeck coefficient in a p-type Tij ;5210 ,5H, sNiS1g 975Sbg 025
TE system. Improved carrier concentrations were also displayed
in the Ni-Yby,Co,Sby,'° and Fe/Co-MnSij 75,Alj ;'Y systems.
Obviously, magnetic metals can provide a good platform for uti-
lizing such magnetic phenomena and optimize the thermoelec-
tric performance of materials.

It should be noted that some unique magnetic phenomena
can only manifest when the size of the particles is reduced to
a certain value.l%?l A ferromagnetic nanoparticle can be mag-
netized into a paramagnet under an external magnetic field if
its size is small enough to contain one magnetic domain,[1%% a
phenomenon dubbed as “super-paramagnetism.” Under
such size-dependent magnetic phenomena, super-paramag-
netism can be achieved in Co/Ni/Fe nanoparticles embedded
in Big3Ing3Co4Sby,. The scanning electron microscopy (SEM)
image of Co nanoparticles with a diameter of 5-10 nm decorating
the surface of Bijslng;Co,Sby, grains® is shown in
Figure 6a. The ohmic contact is established after the dispersion
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Figure 6. a) Field emission scanning electron microscopy (FESEM) images of as-prepared powders (left panel) and bulk material (right panel);
b) Single scattering of electrons via s—d spin coupling and multiple scattering of electrons caused by the turning of the magnetic domains within the
superparamagnetic Co nanoparticles.l* Reproduced with permission.l Copyright 2017, Springer Nature.

of the metals, where magnetic Co species provide extra free
electrons under a paramagnetic temperature state, resulting
in the reduction of the electrical conductivity degradation rate.
More specifically, the transition of the nanoparticles from ferro-
magnetism to super-paramagnetism induces magnetic fluctua-
tions, causing the multiple scattering of electrons (Figure 6b).
High zT values of 1.5-1.8 were obtained by further suppressing
thermal conductivity,® confirming that the dispersion of mag-
netic metals is an excellent technique for improving the ther-
moelectric performance of certain TE materials. It should be
noted, however, that certain metal nanoparticles may react with
the matrix or generate additional charge carriers, resulting in
the increase of the electrical thermal conductivity due to elec-
trical contribution, a phenomenon which has been observed in
several systems.[775:93,104
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2.2. Oxide Dispersion

Oxide compounds are typically characterized by low thermal
conductivity and reasonably good chemical and thermal sta-
bility, indicating that they seldomly react with other compounds
or can even decompose under high temperatures and certain
atmospheres.1%! Thus, oxide nanoparticles attract significant
attention for application in TE materials. The ultralow thermal
conductivity of 0.6 W m™ K™ was achieved by dispersing Al,0;
nanopowder into the W matrix,[1%! providing with an effective
approach for suppressing the lattice thermal conductivity of
the system through the establishment of a high-density inter-
face between dissimilar constituents.

To get insight into the influence of nanoparticle size
on thermal conductivity, a theoretical model was applied
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onto the ZnO-CoSb; system (ZnO dispersed into CoSbs
matrix).'22l Assuming a homogeneous dispersion of ZnO par-
ticles, the dielectric peak value of the xj decreased from 50 to
18 W m™ K% furthermore, a 25% reduction in xj was observed
after the uniform dispersion of ZnO particles with an average
size of 12 nm at 300 K. The same experimental results also
proved that the incorporation of oxide nanoparticles resulted in
a strong phonon scattering, which contributed to the suppres-
sion of thermal conductivity. Various oxide particles were intro-
duced as second phases into traditional thermoelectric mate-
rials, as summarized in Figure 7. Since the second phase can
considerably influence the thermal and/or electrical properties
of the material, the PF,/PF versus kp/x graph was plotted and
divided into three sections (PF,, PF, k;, and «x are the power
factors and total thermal conductivities of the parent and mod-
ified materials at maximum zT, respectively). The majority of
the results are presented in section III, where it can be seen
that the xy/x and PF,/PF ratios both exceeded 1 for the cases
of WO5-Co,Sby;5Teg 5,1 Si0,-PbSe, %8 and Al,05-Nij sMosS
bs.4Te, .18 These results verified the great decreasing of the
thermal conductivities, as well as the deterioration of the elec-
trical properties of the abovementioned materials. The systems
included in section I demonstrated improvements in both
their thermal and electrical properties: for example, the incor-
poration of ZnO nanoparticles in the SnTe matrix with the
Ko/ k and PF/PF ratios of 1.85 and 0.94, respectively, yielded
remarkable results.'l Apart from the clearly discernible
homogenous distribution of ZnO particles in the SnTe matrix,
the phase boundaries between ZnO and SnTe (Figure 8a)
exhibited large mismatch, thereby accumulating lattice defects,
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[105,107-121]

such as dislocations and vacancies, which further contributed
to phonon scattering.

In addition, the decorated and mismatched interfaces may
also alter the electronic structure of the boundaries between
the nanoinclusions and the matrix. As shown in the right panel
of Figure 8D, the phase boundaries generated a potential well
capable of trapping charge carriers. As recently reported,2*! the
SnTe with typical Dirac band structure can effectively scatter the
long-mean-free-path electrons in electron-phonon scattering
process when the size of grains is below 10 nm. These subtle
features are conducive to the enhancement of S, it is possible
to maintain the electrical properties even under large inter-
face density conditions in SnTe-based materials. On a related
note, metastable Y,03/ZrO, particles embedded in BiSbTe alloy
(Bi,Tes+75% Sb,Te;) also impacted the overall electronic struc-
ture, even though the Seebeck coefficient of both significantly
deviated from the Pisarenko plot (Figure 9).024125] With the dis-
persion of 2-6 wt% Y,0; into the matrix of the BiSbTe alloy,
although there was relatively negligible change in the charge
carrier concentration, the S increased by 1.5 times. However,
in ZrO,-BiSbTe, there was a little yet noticeable change in S
with increasing the ZrO, content, implying the alteration of
the band structure with the incorporation of nanoinclusions.
In addition to the aforementioned oxides, the introduction of
magnetic oxides to TE matrices can alter the carrier concentra-
tion under a specific temperature range. BaFe;;0,9 nanoparti-
cles with sizes ranging from 20 to 150 nm were distributed in a
Bay 3In, 3Co,Sby, matrix as permanent magnets.?%! To prevent
the performance degradation of the TE material in its intrinsic
excitation region, the Curie temperature (T.) of the added
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Figure 8. a) High resolution transmission electron microscopy (HRTEM) images of the ZnO-SnTe interface; b) Schematic diagram of the carrier energy
barrier in the ZnO-SnTe interface."” Reproduced with permission."®] Copyright 2017, The American Ceramic Society.

nanoparticles should be adjusted close to the intrinsic excita-
tion temperature of the matrix material by adjusting the nano-
particle size.l2l The strong interactions between the local mag-
netic moments and the carriers below T. enable the BaFe;,019
nanoparticles with ferromagnetic states to trap electrons. Above
the T, the nanoparticles with a paramagnetic state will release
the trapped electrons, consequently increasing the carrier con-
centration in the matrix’s intrinsic excitation region. In view
of the above, the addition of magnetic oxides was verified to
significantly increase the carrier concentration in the intrinsic
excitation region, while also regulating the thermal conduc-
tivity, which conjointly result in an improved TE performance.
Since the stability of the oxide phases can be affected by their
particle size and synthetic process, the unwanted reactions

between certain oxides and TE matrices, for example, the
decomposing or reaction of the oxide with the matrix during
the high-temperature pressing process, should be addressed
and discussed. For instance, ZnO dispersed into a Bi,S,/!?
matrix was reported to react with sulfur elements and pro-
duce ZnS phases during the spark plasma sintering process
(the system is located in section II of Figure 7). During the hot
pressing of the TiO,-Bi,Se; system,["'%l the dispersed TiO, was
observed to transition into an anoxic non-stoichiometric TiO,.,
state under vacuum conditions, hence generating electrons
which may influence the carrier concentration of the matrix.
In the case of ZrO, addition into Fey4gC0y o;Si,,"?! the decom-
position of ZrO, was accompanied with the formation of ZrSi
phases.

T 2 T i3 T i T T L T 32 T e B i
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BiSbTe % BiSbTe
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Figure 9. Seebeck coefficient versus carrier concentration of ZrO,/Y,0;-BiSbTe alloy at 300 K.?#12°] The inset is illustrating the band alignment between

the BiSbTe alloy and the Y,03/ZrO, dispersions.
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Figure 10. a) Schematic illustration of the energy bands of PbSe and Big4Sby 5,Tes with an interfacial potential well for hole carriers; b) Schematic
drawing of the formed spatial potential barrier (red cylinder) for electrons and potential well (blue (short) cylinder) for holes due to the incorporation
of the PbSe; c) Dispersion content dependence of n/ny and u/u, at 300 K (Subscripts with zero stand for pristine materials).'””] Reproduced with

permission.'?l Copyright 2020, American Chemical Society.

2.3. Semiconductor Dispersion

Oxide compounds and metals may lead to the degradation of
the electrical properties and increase the electrical thermal
conductivity of a TE material, respectively. In this aspect, semi-
conductors may play a moderate and compensatory role in
improving the thermoelectric performance. The moderate band
structure difference between the semiconductor (as the second
phase) and the TE matrix will benefit the formation of potential
energy wells and enhance the energy filtering effect, which may
facilitate the manipulation of the electrical transports.

Besides the common method of directly ball-milling the dis-
persion materials and the matrix, synthesizing and mixing two
semiconductor compounds in the inorganic or/and organic
solution could be beneficial for obtaining fine and homogenous
dispersions. Jiang et al.'?”] prepared Bi,Te; and PbSe nano-
flakes using a bottom-up synthesis method. The occurrence of
band bending at the created interfaces in the Schottky junction,
which allowed for carrier scattering, resulted in a 30% improve-
ment of the zT. However, the interrelation between the poten-
tial barrier height and the carrier scattering intensity should be
engineered. By embedding PbSe compounds into a Bij 4Sby ¢Te;
system, the S was notably enhanced, while inducing an
insignificant bipolar effect. Considering the band gaps of
Big4Sby¢Te; and PbSe, the potential barrier (Eg,) of the holes
was only 0.15-0.21 eV, whereas that for the electrons was —37
to =32 meV (Figure 10a). Stemming from the strong electron
scattering induced by the large barrier, compared to the weak
hole scattering by the small barrier (Figure 10b), the hole car-
rier concentration increased and the Hall mobility decreased,
thereby benefitting the suppression of both the minority car-
rier transport and the bipolar effect (Figure 10c). In another
study, Shi et al. dispersed Sb,Te; into a Bij 4Sb; 5,Te; matrix.[128]
The phase boundaries between the nanoinclusions and the
matrix created an effective barrier which improved the PF and
increased the effective mass m*. The interface potential bar-
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riers can obstruct low-energy carriers, potentially suppressing
the bipolar effect and leading to an obvious increase in carrier
mobility, along with a slight decrease in carrier concentration.
Due to the different n- and p-type nature of semiconductor
materials, PN junctions at the interfaces can be formed when
different matrix types are dispersed in a semiconductor mate-
rial. According to the schematicl?! of a PN junction illustrated
in Figure 11a and 11b, two kinds of majority carriers exist in
different n- and p-type materials, and the built-in electric field
will be established after voltage is applied. The band align-
ment in the interface will yield an ultrahigh interface potential,
allowing the carrier transport to occur only along the homo-
geneous junctions. In principle, the reduced n in composites
with PN junctions is mainly attributed to the combination
of holes and electrons during the formation of the carrier-
depletion layers.'?l The decreased p originates from the for-
bidden transport of electrons and holes by the built-in electric
field. This decrease in carrier concentration and Hall mobility
will improve the electrical properties as a result. The powders
of Bi,Te; and Sb,Te; were separately synthesized and mixed
according to the stoichiometry of (Bi,Te;),(Sb,Tes)i_,.2"! The
energy-dispersive X-ray spectroscopy (EDS) line-scanning anal-
ysis of the Sb/Bi elemental distribution at the grain boundaries
revealed that both constituents remained chemically intact and
no solid solution was formed during the sintering process. Fur-
thermore, compared with the Sb,Te; pristine powder, the car-
rier concentration and Hall mobility significantly decreased
(Figure 11c). As a consequence, the electrical conductivity was
reduced from 2209.5 to 824.1 S cm™ and the Seebeck coeffi-
cient escalated from 100.6 to 1778 uV K as the x varied from 0
to 0.15, while PF exhibited a slight increase. The 50%-reduced
thermal conductivity induced a 129% increase in zT, which pre-
sented an average value of 0.89 over the temperature range of
300-550 K. Similarly, the PN junction interfaces between the
Pb/I co-doped SnSe (Sngg;Pbg35€0.80l0.06) and WSe, 3% com-
pounds created an effective boundary which decreased the
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Copyright 2018, American Chemical Society.

carrier concentration from 22 x 10® to 2 x 10"® ¢cm™ when
1 wt% WSe, was dispersed. The increased effective mass was in
agreement with the strong blocking effect, since the relatively low
energy carriers were considerably obstructed. The final zT value
can be optimized from 0.9 to 1.35 after WSe, dispersion, indi-
cating that forming the appropriate PN junction interface consti-
tutes another crucial method for attaining high TE performance.
Parallel to the fundamental requirement for a high zT, fea-
sible thermoelectric applications demand TE materials with
high thermal stability and mechanical strength, conjointly
known as good service stability. The majority of TE materials
with promising zT values usually lack in terms of thermal
stability, while also exhibiting phase transitions and abruptly
changing coefficients of thermal expansion (CTE), thus
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limiting their integration into practical applications. To over-
come the abovementioned obstacles, the incorporation of
appropriate micro/nano second phases into the TE matrix has
been verified to improve the thermoelectric performance and
service stability of TE materials; however, discovering new
composite materials optimized for synergetic thermal and elec-
trical applications while also exhibiting high service stability,
remains a generally challenging task. Among the several types
of second phases that have been incorporated into TE materials
to enhance their zT value, silicon carbide nanoparticles have
attracted significant interest. Many semiconductors, such as
SIiC1B-142 MgB, 4314 TiN,[145:146] B [(47-199] and others, 150152
have been confirmed to improve both the mechanical and ther-
moelectric performance of TE materials.
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SiC is a wide-bandgap semiconductor with high thermal sta-
bility, elastic modulus, and hardness characteristics, rendering
it favorable candidate for improving both the mechanical and
thermoelectric performance of TE materials. It has been used
as a second phase in a wide variety of TE materials, such as
SnSe,133 ZnSb,> Cu,Se, 13815 SiGe,M PbTe, >0 Mg,Si, 134
etc. Along with the well-documented effects of SiC on the ther-
moelectric performance of TE materials,*"* its influence on
their mechanical stability has also been investigated. In the
work of Liu et al.,'¥”! the incorporation of 1 wt% SiC particles
in Bij 5Sby sTe; samples effectively increased their Vickers hard-
ness (H,), Young's modulus (E), fracture toughness (Kj¢), and
bending strength, compared with their SiC-free equivalents.
The same behavior was also observed by Zhou et al., where the
addition of 0.2-1 vol% of SiC nanoparticles to a Yb,3Co4Sby,
skutterudite matrix considerably increased its hardness and
fracture toughness.l*! According to the Hall-Petch equation,
the presence of harder second phases has been well known
to reduce the grain size of the matrix and increase the hard-
ness of the composite.'”18] Also, nanoparticle dispersion
aids in the dislocation of pile-up stresses and hinders the gen-
eration of cracks, as well as their further propagation, thereby
strengthening the fracture toughness.[13213413615 The presence
of second phases can trigger the generation of porosities, how-
ever, impacting in the process the relative density and, by exten-
sion, material hardness.>¥

The incorporation of other second phases, such as MgB,,
nano boron, TiN, etc., can improve the mechanical properties
of the TE matrix via similar mechanisms as those discusses for
SiC inclusion.¢149155] Wang et al. theorize that the improved
mechanical properties of Ge,o¢Sby;Te by MgB, addition may
be attributed to the synergetic action of Mg dopants and seg-
regated B elements. The Mg dopants contribute to the solid-
solution strengthening effect, while the segregated B atoms
contribute to the grain-boundary strengthening effect. Paral-
lelly, subtle changes in the CTE near the phase transition tem-
perature of GeTe (680 K) have been observed for MgB,-doped
GeyoSby Te samples, a phenomenon which can be attributed
to the simultaneous action of Sb and Mg alloys on tuning the
chemical bonding and lattice structures, as well as the local dis-
tortions generated around the Mg sites.*4

From the thermoelectric performance aspect, the above-
mentioned nanoparticles are primarily characterized by large S
values, stemming from their wide band gaps. Even the homo-
geneous distribution of extremely low volume fractions of these
compounds and the formation of a coherent interface with the
matrix, can aggravate the collisions of the charge carriers with
the nanoparticles. The particles located in planes perpendicular
to the temperature gradient can filter out many low-energy car-
riers, while allowing the high-energy carriers to pass through
the nanoparticles eventually enhancing the material’s Seebeck
coefficient.!31138] As another possible mechanism for increasing
the Seebeck coefficient, enhancing the density of states in the
composites has been proposed. J. Li et al.'3! reported that the
addition of nano-SiC to the Bij;Sb;;Te; composite can produce
an almost 50% increment in its m*. In addition, the matrices
with mismatched interfaces with SiC nanoparticles, where the
energy filtering effect was not possible, exhibited evidently
improved thermoelectric performances. This behavior was
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attributed to the enhanced phonon scattering and reduced
mean free path of the phonons, caused by the dispersion
of SiC nanoparticles at the phase boundaries of the TE matr
ices.[133135.142160] Therefore, the feasibility of improving the zT
value of TE materials by dispersing SiC nanoparticles, has been
confirmed.

2.4. Carbonic Dispersion
2.4.1. 1D Carbon Nanotubes Dispersion

The inclusion of 1D particles in TE matrices demonstrates the
concept of employing low-dimensionality components to sup-
press the total thermal conductivity and thus increase the zT
value of TE materials. As a first attempt, Ag nanowires have
been introduced in a Bi,Te; matrix to increase the zT value by
constructing a 1D/3D structure.l') Carbon nanotubes (CNTs),
as a 1D material, exhibit intriguing physical, chemical, and
mechanical properties, including extremely high charge-
carrier mobility,"®? large aspect ratios,'® super hydrophilic
properties,'® high thermal conduction,'® high strength,[1%¢]
etc. CNTs can exhibit metallic or semiconductive electrical
activity depending on their chiral indices (n, m), with metallic
tubes accounting for approximately one-third of the poten-
tial armchair-type CNT structures and semiconducting tubes
accounting for the other two-thirds.'®’] In general, multi-walled
CNTs are characterized by metallic behavior, whereas single-
walled CNTs (SWCNTs) are determined by their chirality.1%8]
Many studies have concentrated on integrating CNTs into
various thermoelectric matrices, driven by the benefits dis-
cussed above.['>774 Figure 12 illustrates some of these systems
results. Since CNTs are 1D materials, scattered phonons with
various length scales interact with each other, resulting in a
substantially decreased total thermal conductivity. As shown
in Figure 12, the addition of CNTs substantially reduced the
thermal conductivities of the matrices (20-67%), as a result
of carrier scattering induced by interface modification. How-
ever, because of the different preparation methods and CNT
contents, a singular mechanism cannot be used to explain the
variations in the electrical properties of different 1D/3D CNT-
containing systems. The typical examples of incorporating
CNTs into the matrix are seen in Figure 13a. It has been stated
that the energy barrier should be adjusted to 0.2 eV in order to
obtain optimal energy filtering effect.'’”>) Some research found
that increasing the CNT concentration increased electrical con-
ductivity, 72741761771 whereas others found the reverse.l78-181
The changing CNT content might explain this discrepancy.
Furthermore, it is difficult to demonstrate the general changes
caused in terms of thermoelectric performance based on the
volume or mass of the CNTs used for TE material modifica-
tion, because there is insufficient information concerning
their nature (diameter, length, chirality, and conductivity). The
resistance generated by poor electrical contacts between indi-
vidual carbon nanotubes in nanocomposites with low CNT con-
centration induces a lower effective electrical conductivity.l”®!
By increasing the dispersion of the second phases, additional
electrical conducting paths throughout the CNTs channels
will be formed, implying that controlling the CNT content is
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Figure 12. Comparison of total thermal conductivities before and after
dispersing CNTs into different TE materials at 300 K.[171172,174178-180,187-199]

critical for modifying the carrier transportation at the interfaces.
According to the percolation theory, an ideal model can be
proposed to summarize the effects of CNT incorporation on
the electrical properties of the TE matrix, as schematically illus-
trated in Figure 13b. The percolation threshold is determined
by the aspect ratio of the CNTs and their uniform dispersion
in the composites. Materials modified by CNTs with an aspect
ratio of 1000 require, on average, approximately 0.1 vol% to
form an interconnected network across the composites. 178183184
Furthermore, the most widely observed percolation threshold
in carbon nanotube-based materials ranges between 0.1 and
1.0 vol%.[178185186] According to Bark et al.,%l in the CNTs-Bi,Te;
system, o first increased and then decreased with increasing
CNTs content (<20 vol%), which may corroborate our hypoth-
esis but requires further investigation by other researchers.
However, the excessive agglomeration of CNTs seems inevi-
table due to their high surface energy and flexible nature. The
most challenging obstacle to overcome before employing CNTs
as nanoinclusions in TE materials is developing a technique to
uniformly distribute them in the material matrix. Generally, two
methods are being discussed in the literature to achieve the uni-
form dispersion of CNTs in TE matrices:[171-173,188,191,193,199-202]
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one is incorporating the CNTs via a ball-milling process into the
conventionally produced TE matrix powder, as demonstrated by
the typical SEM image of a CNTs-Bi,Te; system in Figure 14a.
The ball-milling process, however, may shorten the length of
the CNTs or compromise their inherent 1D nature.?®’! The
other strategy includes the use of techniques such as hydro-
thermal/solvothermal synthesis, in which the matrix is synthe-
tized within a liquid and then the CNTs are added and stirred.
Such wet-chemical processes can preserve the desired length of
the CNTs, but they present a major drawback in the potential
introduction of unexpected residual impurities, which may sig-
nificantly deteriorate the thermoelectric properties of the matrix
(especially for oxygen/water sensitive materials).!?]

Nunna et al. for the first time introduced the in-situ growth
of Cu,Se on the CNTs surface, achieving a high degree of uni-
formity in their dispersion along the Cu,Se matrix boundaries
(the fabrication process is shown in Figure 14b).'3l The delo-
calized 7 electrons enhance the chemical reactivity of CNTs,
allowing them to interact with various oxides and metals.
According to theoretical calculations, the interactions between
Cu atoms and molecular CNTs are substantially strong,
allowing for a bonding energy of 0.24 eV to be achieved, as
the distance between Cu atoms and CNTs is 1.83 A. The high
interaction energy achieved through this in-situ method can be
exploited to separate the agglomerated CNTs and incorporate
the nanoinclusions into the host materials. When a Cu,Se/
CNTs system was experimentally evaluated, a ball-milling pro-
cess was applied to blend the CNTs, Cu powder, and Se powder
together. During the ball-milling process, the Cu powder acted
as a control agent and prevented the agglomeration of CNT5,
in accordance with the theory discussed above, and simultane-
ously reacted with the Se powder to form Cu,Se compounds.
This in-situ synthetic process assures the formation of dense
and nano-grained Cu,Se species around each separated CNT,
resulting in the homogeneous distribution of CNTs while
preventing re-agglomeration. Figure 14c demonstrates the
uniform dispersion of a high CNTs content (0.75 wt%) in the
Cu,Se matrix. Further investigations revealed that there was no
obvious crack formation or amorphous phases presence in the
interfaces of the CNTs/Cu,Se system, and also that the CNT
walls were parallel with the (111) lattice planes of the Cu,Se
species in the Cu,Se/0.75 wt% CNT sample (Figure 14c). Due
to the modified interfaces, the total thermal conductivity was
only 0.4 W m~ K! for the entire temperature measuring range.
Compared with pristine Cu,Se, there was a 65% reduction of
thermal conductivity at 1000 K for the 0.75 wt% CNTs sample,
despite the deterioration of the PF as a result of CNTs insertion.

The extraordinary mechanical properties of CNTs have
been well established in the field.[20020L204  Single-walled
carbon nanotubes possess a Young's modulus of =1 TPal?%!
and their tensile strength can reach to =50-200 GPa;2%! thus,
they are considered as a good alternative for strengthening
the mechanical properties of TE materials. Briefly, after being
dispersed among the adjacent grains of the TE material, they
strengthen the adhesive forces between them and act as rein-
forcing “binders.” As shown in Figure 15a, the Vickers hard-
ness and flexural strength of CNT-reinforced polycrystalline
Nag 91551 0g5Se increased along with the increasing CNT con-
tent."” Particularly, after introducing 1.0 vol% CNTs, compared
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Figure 13. a) Comparison of electrical conductivity and Seebeck coefficient before and after dispersing CNTs into different TE materials at
300 K.[171172,174178-180,187-199] by Schematic diagram of electrically conductive paths under low (left) and high (right) CNTs content.

with pristine Na-doped SnSe, the Vickers hardness and flexural
strength improved by 59.8% and 479%, respectively. These
mechanical enhancements can be further elucidated with the
load-displacement graph (Figure 15b). The CNT-free polycrys-
talline SnSe sample exhibited brittle fracturing and was unable
to impede crack propagation even at the low bending force of
5 N. However, after the CNTs addition increased to 1.0 vol%,
the effective load carrying capability of the sample increased
by approximately 50%, as confirmed by the load—displacement
curve. Figure 15c¢ shows a SEM image of the CNTs distribution
at the grain boundaries of a Biy,Sb;¢Te; composite, achieved
by ball-milling Bij,Sby¢Te; powder with multiwall CNTs, fol-
lowed by sintering.'®! The high bending strength of 90 MPa
was achieved, which was almost three times higher than the
maximum bending strength of the parent material (32 MPa).
The strengthening mechanism was attributed to the transfer of
the load from the matrix to the mechanically superior CNTs.
Furthermore, the CNTs acted as bridges between the cracks
and were exposed during the process of crack propagation
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(Figure 15c¢). Such a strengthening mechanism is quite similar
to steel-reinforced concrete.

2.4.2. 2D Graphene Dispersion

Interfaces, grain boundaries, and heterophane boundaries are
low-dimensional structures that behave differently from 3D
bulk phases.'l They can be collectively generalized as grain
boundary complexions, which may include different amounts
of impurity atoms at their interfaces. Owing to their extraordi-
narily high surface area and grain-boundary-like morphology,
2D nanoparticles are prospected to exhibit a rather prominent
effect on improving thermoelectric performance, compared
with their 1D equivalents. Theoretically, materials with quasi-
layered crystal structures, such as graphene,?-2% are consid-
ered good dispersion candidates for TE materials.

Graphene dispersion can be viewed as the prospect of
utilizing 2D components to modify the interface of TE
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SPS sintered Cu,Se/CNTs
hybrid materials

Figure 14. a) SEM image of Bi,Te; with 1 vol% CNTs;'®8 Reproduced with permission.[8 Copyright 2017, IOP Publishing Ltd. b) Fabrication process
and formation mechanism of the in-situ growth of Cu,Se on CNTs surface; c) Spherical aberration-corrected scanning transmission electron micros-
copy (STEM) images for the Cu,Se sample with 0.75 wt% CNTs.[%*l Reproduced with permission.[”3l Copyright 2017, The Royal Society of Chemistry.

materials. Graphene is acclaimed as a revolutionary 2D mate-
rial, given its excellent electrical conductivity,*"” large spe-
cific surface area,*® high mechanical strength,?'% and versa-
tile functionalization.??”! Numerous successful examples of
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graphene-incorporated thermoelectric composites have been
demonstrated.?9213215221222] Increasing the electrical conduc-
tivity of compounds via graphene addition is a facile process,
but it may also increase the electrical thermal conductivity.

0.00 0.04 0.08 0.12 0.16
Displacement (mm)

Figure 15. a) The Vickers hardness and flexural strength of a Nag g15Sng.3sSe composite with different CNT contents;™ b) Load-displacement graph
of the Nag g15Sng.sgsSel’ and Big 4Sby ¢Te;®l composites with and without CNT addition; c) The distribution of CNTs at the grain boundaries on the
fracture surface of Biy4Sby ¢Te;.'®”] The inset shows a schematic illustration of the CNTs bridging mechanism. Reproduced with permission.'®l Copy-

right 2013, AIP Publishing.
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Therefore, there is a tradeoff between increasing the electronic
conductivity and decreasing the lattice thermal conductivity in
the process of determining the effect of graphene on the total
thermal conductivity. It should be noted that the graphene used
to prepare most composites is a chemically derived material
(i-e., graphene oxide (GO)), with a slightly lower electrical con-
ductivity than graphene with a perfect 2D structure, rendering
the thermoelectric performance adjustment easier.?23-228 For
the first time, Feng et al.*?? introduced a new approach for
embedding GO into p-type CoSb; semiconductor thermoelec-
tric systems via an in-situ solvothermal route, followed by hot
pressing. For comparison, they also mixed CoSb; and GO pow-
ders and measured the thermoelectric performances of both
systems. The in situ method for GO addition increased o from
10.5 to 510 S cm™, while moderately decreasing S from 65 to
30 uv K1 at 300 K (Figure 16a,b). Additionally, the charge car-
rier mobility of the sample prepared by mixing the constituents
rose from 25 to 52 cm? V! s7! and exhibited higher carrier
concentration and Hall mobility compared to those of pristine
CoSb;. This was theoretically attributed to the inherent p-type
thermoelectric properties of GO, which provided additional
charge carriers,??2?8] thereby raising the total thermal con-
ductivity (Figure 16¢). However, there are certain reports in the
literature concerning a minor, if not negligible, negative effect
of GO addition on the electrical conductivity of TE materials,
such as the GO-Cejg5Fe;CoSb,??1 and GO-Yby 5,Co,4Sby,23"]
systems, which could be due to the fabrication process and gra-
phene thickness.

Due to its 2D nature, graphene can behave like a net,
forming a stable 3D network structure that can benefit from
phonon scattering to reduce thermal conductivity, as illustrated

www.advenergymat.de

in Figure 17a.7’l The GO-Yb,;Co,Sby,/*3" system achieved
an ultralow kj of =0.57 W m™ K at 750 K, which increased
the peak zT value to 1.51 (Figure 17b). On the other hand, the
carbon allotrope composition level must be carefully optimized.
Increasing the amount of GO addition after reaching the opti-
mized level (=0.72 vol%) in Yb, ,,Co,Sby, results in increased &
and deteriorated zT values, which should be primarily attrib-
uted to the increased reduced-GO (rGO) layer thickness. Fur-
ther to that, at the optimized level (=1.4 vol%), the p-type GO-
CeggsFe3CoSby, system exhibited a 20% reduced xj value and
its zT was increased to 1.06 at 700 K, without demonstrating a
significantly deteriorated electrical performance.l??’]

Aside from the effect of graphene on TE performance, gra-
phene addition with a 3D network can inhibit grain growth
during the sintering process due to graphene segregation at
grain/particle boundaries, which may improve the mechan-
ical properties of the TE matrix according to the Hall-Petch
theory and pile-up of dislocations, preventing them from freely
moving throughout the matrix. This extension in the disloca-
tion paths (loops) results in higher ductility of the nanocompos-
ites. These loops can also generate back stresses and prevent
dislocation motions.[®!l

2.5. MXenes Dispersion

Transition metal carbides, carbonitrides, and nitrides (MXenes)
are some of the most recent additions to the catalogue of 2D
materials.?3! Their general chemical formula is M,,,;X,T, (n = 1-3),
where M is the transition metal, X represents carbon and/
or nitrogen, and T, corresponds to the surface terminations
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Figure 16. Temperature dependence of a) electrical conductivity, b) Seebeck coefficient, c) total thermal conductivity, and d) zT of bulk CoSbs, CoSbs-

simple mixture, and CoSbs-in situ method samples.??2
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Figure 17. a) 3D network after graphene addition;[??’ b) Temperature dependence of lattice thermal conductivity and zT values of Yb, 5,Co,Sb, systems
with different rGO contents.[?3% Reproduced with permission.[?2°l Copyright 2016, The Royal Society of Chemistry.

(e.g., hydroxyl, oxygen, fluorine, where x is the number of ter-
minating groups).?*? In the MXenes structure, n+1 layers of
M cover n layers of X with the arrangement of [MX],M. Com-
pared with chemically obtained graphene, MXenes possess
both hydrophilicity and metallic transport properties, with high
electrical conductivity.l?**l Their remarkable electrical properties
render them auspicious candidates for improving the electrical
performance of TE materials. An example of the significant
improvements that they can deliver on the electrical properties
can be observed by dispersing Ti;C,T, into a ZnO matrix.>*
The prepared MXenes solution was mixed and sonicated with
the ZnO, followed by flash freezing, and then freeze-drying
to obtain a homogeneous Ti;C,T, dispersion. Subsequently,
acetic acid was added to the ZnO-Ti;C,T, mixture, which was
then homogenized before hot pressing. The high-angle
annular dark-field STEM (HAADF-STEM) and EDS
mapping images confirmed the distribution of the Ti;C,T,
nanosheets around the ZnO grains. Following the disper-
sion of 1 mol% MXenes, the electrical conductivity of the

system increased by two orders of magnitude (compared to
the pristine sample), and the overall PF improved dramati-
cally, reaching 4.5 x 10 W m™ K2 Lu et al.l?**! were the first
to attempt the dispersion of highly-conductive Ti;C,T, MXenes
into a Bij,Sby¢Te; matrix and explained the underlying scat-
tering mechanism. The Ti;C,T, nanosheets were obtained by
etching Ti;AlC, powder in the LiF/hydrochloric acid solution
(Figure 18a). Then, the Ti;C,T, and Bi,4Sby¢Te; powders were
uniformly mixed by following a self-assembly protocol. The car-
rier concentration increased from 1.67 x 10" to 3.7 x 10" cm™3
at 300 K and the scattering mechanism was altered with the
MXenes dispersion, which was theoretically attributed to the
energy barrier scattering. Because of the partial elimination of
the -F groups during the pressing process, the Ti;C,T, exhib-
ited metallic electrical conductivity behavior by forming typical
metal-semiconductor contacts in the MXenes/TE matrix inter-
faces. According to theoretical calculations,**) the work func-
tion will increase with the increasing O content until being
equalized with that of the matrix when x = 1 (Figure 18b). The
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Figure 18. a) Schematic illustration of the Ti;C,T, nanosheets/BST nanoplates system preparation method; b) The work function of Ti;C,T, as a function
of oxygen content.?*] Reproduced with permission.[?*l Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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X-ray photoelectron spectroscopy (XPS) results revealed a stoi-
chiometric ratio of Ti:O = 3:1.5, along with a higher work func-
tion than that of the matrix, indicating that hole carriers may
be injected from the MXenes to Bij 4Sb; ¢Tes (which caused the
carrier concentration to increase). The above, combined with
the strong scattering of phonons with short and medium wave-
lengths, suppressed the thermal conductivity by a great extent,
thereby enhancing the zT value to 1.3 at 400 K. It should also
be considered that by increasing the volume percentage of
Ti;C,T,, the Hall mobility decreased from 240 to 110 cm? V™
s7' at 300 K, which may have resulted from the obstruction of
carrier transport at the heterointerfaces. Because Ti;C,T, pos-
sesses the lowest intrinsic mobility in the MXenes family (0.7
cm? V7' §71),25] its 2D nanosheet conducting network cannot
provide a detour for the carriers to promote mobility. How-
ever, CNTs can provide the conductive path. For instance, the
Ti;C,T,-CNTs system is characterized with electrical properties,
which may impact its difference on Hall mobility.?**! Summa-
rizing, increasing the Ti;C,T, content in the Ti;C,T,-SWCNTs
system significantly inhibits its electrical conductivity, while
moderately increasing the S value. As a result, the inhibiting
effect on Hall mobility discussed above, is the primary distinc-
tion between dispersing MXenes or CNTs in TE materials.

2.6. Opportunities and Challenges in Discontinuous
Interface Modification

As stated in this section, most attempts to directly disperse
second phase in various TE matrices have focused on increasing
the Seebeck coefficient while decreasing thermal conductivity.
The numerous matrix and dispersion options may contribute
to the development of TE materials used from low to high tem-
peratures. Although the benefits of adding a second phase have
been extensively documented, there are certain issues that need
be investigated further through experimentation.

1) Reduced metal particle size may result in a lower metal melt-
ing point, which may cause the diffusion of metal into the
matrix and give an additional carrier. As a result, it is dif-
ficult to differentiate the increase in carrier produced from
metal-semiconductor contact from the diffusion effect, as
observed for Au-Bi,Te;/*>°" and Au-Sb,Te;.”l To confirm the
source of TE property variation, a comparison of the disper-
sion and doping methods on the TE properties is required.
Furthermore, when the TE matrix has extremely poor electri-
cal conductivity, it is difficult to significantly improve overall
electrical conductivity, even with metal particle dispersion, as
seen in the Ag-Ca;C0,04?l and Au-ZnO systems. >3]

2) Because most oxide compounds have low electrical conduc-
tivities, degradation of electrical properties is unavoidable.
To relieve the deterioration of electrical characteristics, high
conductive oxide compounds such as Ru0,,?3% ReO;** and
1rO,* can be used. Among them, RuO, has been success-
fully used to improve the electrical conductivity of the BiSbTe
alloy.[242]

3) The energy filtering effect has been used in many studies
on second phase dispersion in TE materials as an appealing
explanation for the decoupling materials’ Seebeck coefficient
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and conductivity. However, we assess that several of those
studies did not give enough data to back up their claims[243-24]
or show any advantage from energy filtering.2*2*¥l For in-
stance, Lin et al.”® believe that the terms of decoupling and
energy filtering should be used when an experimentally self-
consistent heterogeneous transport model instead of homog-
enous transport assumption is applied in analysis. Therefore,
these concepts should be used carefully and properly.

3. Continuous Interface Modification

The continuous interface modification strategy entails com-
monly used chemical routes, in which atoms or molecules
are assembled into the grain boundary and heterostructures
are created. In general, continuous surface modification can
be divided into two categories, gas phase synthesis and liquid
phase synthesis, all of which are referred to as “bottom-up”
methods. On the other hand, directly mixing the second phase
into the TE matrix decorates the dispersions on the bounda-
ries and creates discontinuous islands, which can be referred
to as the “top-down” process. Top-down approaches typically
generate relatively large amounts of nanoparticles (=g scale)
with wide particle size distributions, while offering easy mate-
rial selectivity and require less complicated instrumentation.
Conversely, bottom-up methods produce fewer nanoparticles
(=mg scale) and have the benefits of offering better control
over the morphology of the core—shell structure and can sig-
nificantly improve TE performance. In either case, the use of
continuous interface adjustment methods is highly encouraged
for improving the zT values.

3.1. Gas Phase Methods

The above interface modification techniques primarily focus
on the inclusion of second phases; however, there exists a sub-
traction route for the elimination of second phase by annealing
in different gas atmospheres. The fine powder can be oxidized
during the synthetic process due to its high specific surface
area. Since certain oxides exhibit high thermal conductivity,
their presence on grain interfaces can dramatically weaken the
TE material’s electrical properties, while increasing its thermal
conductivity. For example, as polycrystalline SnSe is exposed
to air, it readily oxidizes and forms a SnO/SnO, coating layer,
resulting in an increase in total thermal conductivity and
thereby obscuring the intrinsically low xj. Furthermore, the
formation of the SnO/SnO, layer introduces a significant off-
stoichiometric defect in the pristine SnSe. Shimizu et al. investi-
gated the effect of air exposure on the thermoelectric properties
of SnSe thin films.[?*] Before annealing, the SnSe film exhib-
ited a large positive S of 757 pV K. However, its strong ther-
moelectric effect was fully suppressed after just a few minutes
of air annealing, suggesting that oxidation can cause a dramatic
thermopower inversion and that extracting the oxide compound
via a gas removal method is needed for certain TE systems.
Lee et al. employed the gas removal process (removing oxide
layer by gas) and achieved a near-single-crystal thermoelectric
performance on the resulting polycrystalline SnSe system.[2"!
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Figure 19. A schematic illustration of the oxide removal process and its effect on the thermoelectric properties of polycrystalline SnSe.?>% Reproduced

with permission.°% Copyright 2019, Elsevier.

By ball-milling the ingot after following traditional melting
methods, and then annealing in a 4% H,/Ar atmosphere at 613
K for 6 h, yielded the SnSe powder (Figure 19). After removing
the oxide compounds, the overall thermal conductivity of the
modified polycrystalline SnSe was notably lower than that of
the Na-doped single crystal. The positive effect of oxide elimina-
tion is also seen in the enhancement of ¢ and S, leading to a
2.19-fold increase in PF as compared to pristine SnSe powder.
These findings indicate that the application of the gas-phase
annealing process with hydrogen would effectively strip the
majority of oxide compounds from the SnSe grains, while also
improving their electrical and thermal properties.

The central concept underlying the gas phase synthetic pro-
cess, apart from eliminating the second phase via gas removal,
is shaping the core—shell structure by uniformly depositing
the “shell” materials. According to the growth mechanism, the
approach of gas phase synthesis can be mainly classified into
physical vapor deposition (PVD) and chemical vapor deposition
(CVD). PVD methods are deposition processes where coatings
are grown on the substrate, thereby necessitating the atomiza-
tion or vaporization of the material from one or several solid
sources (usually called targets). It should be noted that the
PVD process can change the surface properties and the tran-
sition zone between the substrate and the deposited material.
In addition, the substrate characteristics can also affect the film
properties. The PVD deposition process can be conducted in
a gaseous vacuum, plasma, or electrolytic environment.[2>12>2
The top panel of Figure 20a shows the epitaxial growth of
orthorhombic SnS-SnS,Se,., core—shell structures using a two-
step PVD method.?>3l The SnS flakes that were initially grown
on the mica substrate and the pre-synthesized SnS/mica were
used as the deposition substrate for the next step. Next, the
SnSe powder was heated up to 740 °C and the gas phase was
obtained. Using Ar flow, the SnSe gas phase was transferred
to the pre-synthesized SnS/mica spots and deposited around
the flakes. The bottom panel of Figure 20a displays the optical
image of the core—shell structure and its Raman characteriza-
tion, confirming the SnS and SnS,Se;, compositions of the
inner and the outer regions, respectively. Li et al. fabricated
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Te-TiS, nanocables using a similar PVD method.?*" The core—
shell structure can be clearly observed in Figure 20b, which also
illustrates the shell thickness and core diameter of 20 nm. The
thermoelectric performance of the fabricated nanocables, which
can be directly measured by specially designed devices, can
also be affected by their different diameters. Stemming from
the increased grain boundary scattering, this unique core—shell
structure contributed to carrier scattering and the suppres-
sion of the phonon-drag phenomenon, leading to a significant
enhancement of the zT value to 1.91 at 300 K (with 60 nm
diameter). Since the PVD method is primarily based on the
evaporation of the deposition materials and their subsequent
removal via gas flow, it does not induce chemical bonding and
may cause the formation of multilayers.?>! As illustrated in the
schematic diagram in Figure 21a, the layer-structured Bi,Te;
on the SWCNTs scaffold was synthesized using a magnetron
sputtering technique.?®®l The highly ordered (000l)-textured
Bi,Te; nanocrystals were anchored on high quality SWCNTs
bundles and the crystallites were decorated on their surfaces
(Figure 21b). The low lattice thermal conductivity of 0.26 *
0.03 W m™ K™ was obtained for the Bi,Te;-SWCNTs, which
was close to the minimum lattice thermal conductivity of
0.28 W m™ KL% This ultralow lattice thermal conductivity
was theoretically derived from the high density of multiscale
defects, such as Te vacancies/Teg; antisites, dislocations, phase
interfaces, stacking faults, grain/twin boundaries, and randomly
distributed nanopores, which significantly contributed to the
scattering of a wide wavelength-range of phonons. Combined
with the moderate PF, the zT of the flexible free-standing Bi,Te;-
SWCNTs hybrid was increased to =0.9 at 300 K (Figure 21c).
The CVD method can have similar results in regard to the
interface modification of the core—shell structure. During the
CVD process, the vapor-liquid—solid (VLS) mechanism serves
as the typical growth model and the nanowires/nanoplates can
be epitaxially grown on the substrate with the aid of precursors
along a specific direction, that is controlled by the lowest for-
mation energy. Wingert et al. fabricated p-type Si-deposited Ge
nanowires with different diameter ratios (Rg;/Rio) using the
CVD method,?”! and by tuning the Rg;/ R0 Tatio they achieved
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Figure 20. a) Schematic illustration of PVD growth of layered SnS—SnS,Se;, core-shell heterostructures and the corresponding Raman intensity
maps;2%% Reproduced with permission.253 Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. b) TEM image and temperature depend-
ence of zT values for Te-TiS, nanocables.?>*1 Reproduced with permission.l?>4 Copyright 2016, IOP Publishing Ltd.

different S and o values. When the Rg;/R,o1 reached 0.79, the
maximum PF of 36 = 6 uyW cm™ K™% was obtained, which was
much higher than that of bulk Ge. Similarly, the intrinsic Si
nanowires were coated with B-dope Si using CVD method.[**8l
The diameters of the synthesized coated nanowires ranged
between 20 and 200 nm. Notably, the thermoelectric perfor-
mance changed with the different diameters, indicating that
the core—shell structure characteristics had a huge influence on
the electrical behavior. These results verify that the appropriate
core-shell structure design can be beneficial for achieving high
thermoelectric performances; however, the line-of-sight transfer
processes typically employed in PVD coating techniques can
hinder the full coverage of complex geometries. Also, the non-
conformal step coverage of CVD/PVD methods can be con-
sidered a major drawback when the modification of rugged
surfaces is desired. Moreover, the above methods are mainly
used in the fabrication of low-dimensional material devices,
for example, nanowires or thin films, while the preparation
technologies of applied thermoelectric generators are mainly
dependent on bulk materials sintered from TE material powder.
Thus, applying methods that enable the conformal coating of
particles and complex surface geometries provide with benefi-
cial and interesting alternatives.

As a layer-by-layer deposition technique, atomic layer depo-
sition (ALD) is known for its unique capability of depositing
highly uniform films in a controlled manner.[>>26% Compared

Adv. Energy Mater. 2021, 11, 2101877 2101877 (21 of 34)

with traditional CVD methods, the precursors in ALD are
always kept separated and pulsed alternatively into the
chamber with a purging phase in between.?%l Thanks to the
controlled layer-by-layer growth, ALD can uniformly coat any
structure: from planar substrates, to 3D structures, trenches,
and holes. The thickness control can be down to the atomic
level, enabling the deposition of extremely thin films, even
only a few atoms thick. Using this technique, Mattinen et al.
deposited uniform crystalline SnS, films on nanoscale trench
structures.*® Film conformality was further determined via
TEM-EDS mapping, where the Sn/S elements were confirmed
to homogeneously cover the nonplanar surfaces. This remark-
able feature indicates that the ALD method can be effectively
applied on powder surfaces. As shown in Figure 22a, the con-
cept of powder ALD (PALD) can be divided into two proce-
dures: preparing a thermoelectric powder with an adequately
tiny size and coating the shell materials with a rotation pro-
cess.[?2l The rotation process, combined with the small size of
the powder particles, ensures a uniform coating even with a
few cycles. Briefly, the powder size (d) and the potential energy
barrier must be specifically designed to satisfy the relation-
ship that 7, (phonon momentum relaxation length) < d < 7,
(electron momentum relaxation length); in this manner, S
will be improved without significantly decreasing o, resulting
in a substantial net improvement of PF.[°2 Additionally, a
large reduction in thermal conductivity can be achieved by
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Figure 21. a) Schematic illustration of the magnetron sputtering-based fabrication process and structure of a free-standing highly ordered Bi,Tes-
SWCNT composite; b) TEM image of the Bi,Tes-SWCNT composite; ¢) Comparison of various zT versus PF results in the literature for CNTs-Bi,Te; at

300 K.[2%¢1 Reproduced with permission.[?>¢l Copyright 2018, Springer Nature.

depositing a few layer of specific materials on the interfaces of
the TE material particles.

The idea of modifying the interfaces of TE materials using
PALD was reported for the first time by Li et al. in 2016.126%

By employing a continuous-flow ALD reactor, they achieved
the deposition of an ultrathin ZnO layer on the surfaces of
n-type Bi,Te,;Seq3 TE powder particles using the precur-
sors of diethylzinc (DEZ) and H,O. Intriguingly, there was a
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Figure 22. a) Schematic illustration of the PALD process;?%%l Reproduced with permission.[?63 Copyright 2019, American Chemical Society. b) Depend-
ence of the ALD cycle number on the thermal and electronic transport properties of a ZnO layer at 300 K.[?54 Reproduced with permission.?#4l Copyright

2018, Elsevier.
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proportional relation between the layer thickness and cycle
number. Figure 22b presents the electrical and thermal trans-
port values at 300 K for the samples coated with ZnO layers
of varying thicknesses, indicating that both very thin (<1 nm)
and thick (>6 nm) coating layers led to the vanishing of the car-
rier transports. The sample with the 2 nm-thick ZnO coating
exhibited a high PF of 25.1 uW cm™ K72, derived from its
strongly enhanced Seebeck coefficient of =261 uV K, which
resulted in a high zT value of 0.58 at 390 K. Driven from these
results, ZnO was selected for PALD on the surfaces of p-type
Big4Sby ¢Te; powder particles, using the same precursors.[293! As
shown in Figure 23a, energy dispersive X-ray (EDX) elemental
mapping revealed clear phase boundaries between the matrix
and the ZnO layer of the coated sample after ten cycles. The
excellent control of the PALD process increased the overall
zT from 1.0 to 1.5 for the samples coated with an 8 nm-thick
ZnO film. It is worth mentioning that the characterizations
performed on the samples cut parallel and perpendicular to

www.advenergymat.de

the spark plasma sintering (SPS) direction showed the same
values, indicating that coating with ZnO can eliminate aniso-
tropies in the TE properties. Furthermore, the electrical resis-
tivities of the samples showed a decreasing tendency between 0
and 5 cycles, whereas the opposite trend was observed between
6 and 15 cycles. This behavior induced the continuous reduc-
tion of the Hall mobility, even though the carrier concentration
initially increased and then decreased. The results from the Zn
K-edge extended X-ray absorption fine structure (EXAFS) anal-
ysis explained this phenomenon, by showing that Zn—Te bonds
were formed during the initial growth stage (<10 cycles), which
in turn caused the carrier concentration to increase (due to the
interactions between DEZ and Bi,Te;). This phenomenon ena-
bled the Zn ions to act as acceptors which substituted the Bi/
Sb sites. As the cycle number increased (>10 cycles), however,
the ZnO layer started to form and led to the decrease of the
carrier concentration. This pattern was also confirmed in the
ZnO/Sn0,-Bi,Te,,Sey 5 system after even less cycles (<10),12%]
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Figure 23. a) The TEM and EDS elemental mapping of the ZnO-coated Biy4Sb;¢Te; system and the temperature dependence of the zT values.?%3]

b) ALD cycle number dependence on carrier concentration, Seebeck coefficients, and zT values for the SnO,- and ZnO-coated Bi,Te, ;Seq 3 systems at

300 K.l Reproduced with permission.[?53 Copyright 2019, American Chemical Society.
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Table 2. Summary of typical TE systems coated with various materials using the PALD process.

Matrix Shell Optimum cycle number Pristine maximum zT Maximum zT after PALD Ref.
Big4Sbi¢Tes Zno 10 1.06@360 K 1.52@360 K [263]
Bi,Te,;Seq 3 TiO, 10 0.69@400 K 0.91@430 K [266]
ZrNiSno.56Sbo on AlLO, 140 0.85@875 K 1.14@875 K [267]
Bi,Te, Ses ZnO 5 0.52@300 K 0.73@300 K [265]
Bi,Te,,Seqs S$no, 7 0.52@300 K 0.48@300 K 265]
Bi,Te,;Seq 3 ZnO 20 0.51@400 K 0.86@400 K [269]
Ing.5Ybo 1C04Sbr Zno 5 0.69@687 K 0.64@687 K [268]
Ing.,Ybo1Co,Sbi, Sno, 1 0.69@687 K 0.57@687 K [268]

where the carrier concentration in the ZnO-coated sample
continuously decreased. On the contrary, the carrier concen-
tration in the SnO,-coated sample showed the inverse trend
with the increasing cycle number (Figure 23b). Thus, the S
was improved after doing five ALD cycles of ZnO layer while
that decreased after the same number of ALD cycles of SnO,
layer, which can be attributed to difference of the Zn?" ions and
Sn*" ions. The ALD-based interface engineering strategies were
applied to improve the performance of TE materials which are
summarized in Table 2.

It is worth noting that the coating layer may react with the
core materials and form other phases during the pressing pro-
cess. For instance, Zhang et al. coated a ZrNiSng g9Sbg o, com-
posite with an Al,O; layer and observed the formation of Zr
vacancies and ZrO, nanoparticles during the SPS process.**’]
The combination of Zr and O formed ZrO, phases in the
amorphous Al,O; layer, which in turn caused the generation
of Zr vacancies in the ZrNiSng¢9Sby o matrix. Therefore, the
synergetic influence of the Zr vacancies and the ZrO, phases
optimized the carrier scattering performance, which resulted
in the simultaneous enhancement of the S and o. In a TiO,-
coated Bi,Te,,Sey 3 system,2°l Bi,O, and Te secondary phases
appeared in the form of precipitates, indicating that a small
amount of oxygen had occupied the Te sites. Apart from the
second phases, high-density dislocation clusters were observed
on the interfaces between the TiO, and Bi,Te, ;Se; ; molecules.
The diffusion of Te atoms and ZnO/Te interfaces, which fur-
ther contributed to phonon scattering, can be observed in the
TEM image of the ZnO-coated Bi,Te, ;Se 3 system.[264]

Although there are few studies in the literature discussing
the effects of employing different precursor ligands on the
core TE materials, the precursors should be meticulously
selected to ensure that their reaction energy with the core
materials will remain as low as possible during the coating
process under high temperatures. Garcia et al. analyzed the
chemical composition of core ET materials coated via PALD
process with different precursors.?®”! The experimental results
showed that the core material (yFe,0;) was reduced to Fe;0,
after using tetrakis(dimethylamino)hafnium (TDMAHIf) and
tetrakis(dimethylamido)titanium (TDMATi) as precursors
under a low process temperature (150 °C); however, no reduc-
tion was observed with TiCl, as a core material. Additionally, the
reaction energy of reducing Fe,O; to Fe;0, exhibited different
values when distinct ALD precursors were used. According
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to the density functional theory (DFT) calculation results, the
TDMAH{/TDMATi precursors can easily oxidize the core
materials due to the low reaction energy. Thus, selecting the
appropriate precursors is crucial for preventing the oxidation
of specific core materials. Nevertheless, the discussed results
demonstrated that ALD is a promising approach for modifying
the interfaces of TE materials, with the aim of significantly
improving their zT values.

3.2. Liquid Phase Methods

The high operating costs entailed in gas phase-based approaches
(i-e., complex and expensive devices, use of gases and precur-
sors) for the synthesis of thermoelectric core—shell nanoparticles
can be mitigated by employing a variety of liquid phase-based
synthesis methods (Table 3).27% In these strategies, either solid
precursors are dissolved in suitable solvents or liquid precur-
sors get in controlled contact with the core materials. These
substrates can be nanowires, nano-dots, or nanoparticles in
general. By using a colloidal-based synthesis approach, both the
core and the shell are synthesized together in a single pot.[*”'-73l
The formation of the core is either achieved by reducing larger
particles to the size of colloids (10-°-107 m), or via the con-
densation of smaller molecules. The shell thickness can be
controlled by the precursor concentration?’¥ and the pulsing
time, that is, the duration of having the core material in con-
tact with the liquid precursor.’”l Additionally, in certain strate-
gies, like precipitation- or hydrothermal-based methods, the pH
value and temperature have an important influence on the shell
thickness. Figure 24a illustrates the typical schematic setup
of a solution-based process using a round-bottom flask under
nitrogen flow to synthesize core-shell Cu-Cu,O particles.[*°!

One of the primary advantages of solution-based over gas
phase-based processes is that the precursors possessing very
low vapor pressures can be used.””] Additionally, the func-
tionalization of the core surface (also known as activation), or
its protection or deprotection with organic functional groups,
would be impossible (or very challenging) in gas phase thin
film deposition-based methods, due to the fact that the amount
of large and ionic species required for these processes cannot
be brought into the gas phase.*”’]

Different liquid phase-based synthetic methods have
been developed and improved over time, including
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Table 3. Summary of references with related core—shell material synthesis methods.

Core Shell Method zT K [Wm™ K] o[Scm™ Ref.
C PbTe Hydrothermal 0.54 at 400 K 0.85 at 400 K 95 at 400 K [287]
C BCN Wet-chemistry-assisted pretreatment and 1.3 at 600 K not available 12.4 at 573 K [282]
atmospheric-pressure carbothermal reaction
Te Bi/Bi,Te; Polymerization/precipitation 0.05 at 300 K 0.55 at 300 K not available [286]
TiO, TiC,_,Oy Anodization, sol-gel assisted 0.7 at 973 K 1.45 at 973 K 430 at 973 K [284]
Big.sSby sTes Cu Electroless plating >0.82 (avg over T) 0.25 at 371.5 1300 at 300 K [285]
Ag,Te PANi Precipitation/polymerization 2.09E-4 at 298 K 0.387 at 298 K 4.3 at 298 K [287]
ATT/TiO, PANi In situ polymerization 0.006 at 300 K not available 6.67 at 373 K [288]
Au Cu,Se Formation of functional groups by intermediate layer 0.67at723 K 0.8at723 K not available [286]
PbS PbTe Hydrothermal not available not available 35 at 600 K [283]
Bi Te Colloidal synthesis with surface modification 0.2 at 300 K 0.8 at 200 K not available [272]
PbSe PbSeTe Solvothermal/precipitation (self-assembly) not available not available not available [289]
PbTe,Se;, PbSe Solvothermal/precipitation (bottom-up assembly) 0.94 at 700 K 0.7 at 700 K 120 at 700 K [290]
Te TiS, Solvothermal (core) + Physical vapor 1.91 at 300 K 40 at 300 K 3.0E4 at 100 K [254]
deposition (shell)
Bi,Te; Sb,Tes Solvothermal/ligand auxiliary solution process not available not available 792 at 300 K [297]
Glass fiber PbTe Hot injection reaction/precipitation 0.75 at 400 K 0.226 at 400 K 172.4 at 400 K [292]
PbTe (PbS) One-pot injection method (bottom-up assembly) 1.03 at 710 K 0.53 at 710 K 1253 at 710 K [271]
(x=0.72) (x=0.72) (x=0.72)
Bi,Ses Bi,Tes Solvothermal 0.71 at 450 K 0.38-0.40 at 300 K 220 at 300 K [274]
PbTe PbSe Colloidal synthesis (temperature change, 0.35at 570 K 1.6 at 300 K 800 at 300 K [293]
recrystallization)
PbTe PbSe Precipitation with surface modification (ligands) not available not available =110 at 700 K [294]
Bi,S;3 Bi Hydrothermal method 0.36 at 623 K 0.35at 623 K =1000 at 623 K [295]
PbTe PDA:Ag Hydrothermal/precipitation 1.3at723K not available 300 at 723 K [296]
Cu Cu,0 Ligand-assisted solution phase method 0.61 at 723K 0.85 at 723 K 350 at 723 K [276]

hydrothermal/solvothermal, precipitation-based, colloidal, or reduc-
tion-based synthesis, with all sharing the same core idea: to use the
core TE material as a template for the controlled (and sometimes
epitaxial) growth of the shell.

Hydrothermal synthesis is primarily used as a method to
synthesize single crystals according to the following process:
after removing the core material from an aqueous solution, it is
deposited around a seed crystal and the desired crystal is slowly
growing due to a temperature gradient. Therefore, this method
is regarded as highly suitable for the synthesis of core—shell
particles. Solvothermal synthesis shares the same core concept,
except for the use of organic solvents instead of water. After
being placed in a sealed autoclave (schematically illustrated in
Figure 24a), the precursors, solvents, surfactants, and reduction
agents react under high pressure/temperature conditions, while
being exposed to microwave irradiation to accelerate the pro-
gress of the synthesis. Besides the synthesis of nanoparticles or
core—shell particles, the hydrothermal method is also suitable
for the surface functionalization of existing materials,?74%7%.27]
with a prominent example being the control of the nanoparti-
cles size (i.e., the nanoparticles get smaller as the volume and/
or binding strength of the surface ligand increases).l?’8!

A different approach for controlling the shell size of core—
shell nanoparticles is regulating the precursor concentration in
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the solution. Jin et al. used a hydrothermal route to synthesize
Au-Cu,Se core-shell nanoparticles with adjustable shell thick-
nesses in the range of 13-22 nm (cf. Figure 25a). Increasing
the amount of Cu and Se precursors added to a fixed amount
of Au nanoparticles causes the shell thickness to accordingly
increase, thereby leading to a decreased thermal conductivity
and increased zT value.l280]

Liu et al. hydrothermally synthesized carbon spheres as a
first step, and then let Pb%" cations to adsorb on the surface
by adding Pb(NO3),.1281 After adding NaHTe, Te?~ anions were
adsorbed into the surface, generating a layer of PbTe around the
carbon core in the process. By mixing a small weight percentage
of C@PDbTe particles into the PbSe matrix, they achieved a zT
value of 0.54 at 400 K, which was a 13% improvement over the
performance of the PbSe matrix alone.?®!) These results can
be explained by the enhanced carrier scattering of the crystal
lattice stemming from the increased temperature, which led
to a decrease in electrical conductivity at rising temperatures.
Parallelly, the S was improved due to the reduction of carrier
concentration combined with the energetic sharp resonance
effects of the core-shell particles.?®! Chiang et al. developed
a two-step reaction route to produce C/BCN core—shell nano-
tubes, where they started with the dispersion of pre-synthesized
CNTs, followed by the slow addition of B,0; powder.?8 The
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Figure 24. a) Schematic representation of the solution phase-based synthesis of core—shell Cu/Cu,O nanocomposites; b-d) TEM analysis of core—shell
Cu/Cu,0 nanocomposites with selected area diffraction (SAD) pattern and EDX mapping of the combined Cu and O species; e) Thermal conductivity
(x) and zT measurement curves against the phase fraction ratio of Cu:Cu,O showing the increase in kand decrease in zT with the increasing Cu content
at 300 K.[?6l Reproduced with permission.?’l Copyright 2020, American Chemical Society.

resulting paste was dried and then heated under an Argon and
NH; flow environment (known as a carbothermic reaction).
After removing excess boron/boron oxides by washing with hot
water, followed by another drying step, they obtained C/BCN
core—shell nanotubes with improved thermoelectric properties
via B and N substitutional doping.?®”l The Seebeck coefficient
was discovered to be three times larger than that of the parent
CNTs, while the electrical conductivity was decreased, which
enhanced the PF by 6.4 times. This was attributed to the forma-
tion of semiconducting junctions at the interfaces between the
tubes, which originated from the selective BN-substitution in
the outer shells, since the overall transport properties of CNT
networks are limited by the carrier transmission at the CNT-
CNT junctions.

The process through which a solved chemical substance
reaches the solubility limit of the solution, as a result of the
precipitating agents, pH, changes in temperature, and pres-
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sure or polarity, is called precipitation. The phase changes
from, for example, liquid to solid, renders this process suitable
for layer growth around the core materials, especially when
they act as seeds in the solution. By carefully controlling the
precipitation, (nano)-particles with homogeneous size distribu-
tion or core—shell particles with conformally coated shells can
be achieved. The condensation of small molecules within the
solution causes the formation of colloidal particles, a process
often termed as colloidal synthesis. Ultimately, the nanoparti-
cles or core—shell particles can be obtained by a sedimentation
process, for example, with the help of a centrifuge.

Sahu et al. synthesized several inorganic nanostruc-
tures (such as Te nanowires with and without ligands, CdSe
nanocrystals, Bi,S; nanoplatelets, Bi,Te; nanowires, etc.) via a
precipitation-based colloidal synthetic process which involved
a surface functionalization step with sulfur and PEDOT:PSS
(poly(3,4-ethylenedioxythiophene)polystyrene  sulfonate).l?””!
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Figure 25. a) TEM images of as-prepared Au-Cu,Se core-shell nanoparticles and the elemental mapping images of Au, Cu, Se; b) Au/Cu,Se ratio
dependence on carrier concentration (circular symbols) and mobility (triangle symbols). The filled square symbols indicate the carrier concentration
of the Au/Cu,Se mixture.[?® Reproduced with permission.[?8% Copyright 2020, American Chemical Society.

Sulfur acted as a simple linker between the core surface and the
polymer, that is, PEDOT:PSS, resulting in a robust composite.
The synthesized core-shell structures demonstrated improved
thermoelectric performance due to the different transport prop-
erties of the core and the shell.”””! Interestingly, the enhance-
ment in electrical conductivity was dependent on the Te-content
in the hybrid film with PEDOT:PSS. The authors ascribed this
effect to either a structural change in the polymer morphology,
or a charge transfer between the inorganic nanowire and the
PEDOT:PSS.””l Due to the incorporation of inorganic struc-
tures and the inherent differences between the transport mech-
anisms (i.e., polaronic/bipolaronic transport) in such hybrid
materials, their thermal conductivity is very low, rendering
them highly advantageous candidates for high performance TE
materials.

Scheele et al. developed a novel synthesis method for
near-monodispersed, sub-10 nm Bi,Te; nanoparticles.”’? By
working under an inert atmosphere using standard Schlenck
techniques, they mixed bismuth acetate with 1-dodecanethiol
(which served as a surface functionalizing agent), eventu-
ally obtaining Bi-nanoparticles after several heating steps. By
changing the amount of 1-dodecanethiol relative to the amount
of stabilizing agent oleylamine, they accomplished the con-
trol of the nanoparticles size distribution. In a second step, a
solution of tellurium in tetracyclophosphonic acid (TOP) was
added to the as-prepared Bi-nanoparticles under stirring and
heating, resulting in bismuth-tellurium alloy nanoparticles.
Next, they heated the suspension to 110 °C for 18 h, resulting
in the formation of Bi,Te; nanoparticles. After a final washing
and centrifugation step, which involved solvents like ethanol,
chloroform, and hexane/hydrazine hydrate, they obtained a
fine black powder. Although the electrical conductivity of the
sintered pellets was nearly identical to that of the typical n-type
bulk sample, the total thermal conductivity was as much as one
order of magnitude smaller.

In another publication from Scheele et al. where a similar
colloidal synthesis approach was used, the authors studied
the thermoelectric properties of PbTe-PbSe core-shell nano-
particles.?83 This time, lead acetate trihydrate was allowed to
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slowly react with a solution of tellurium in TOP with the help
of ligands like oleic acid, diphenylether, and oleylamine. The
injection of a second solution containing lead acetate trihy-
drate and selenium in the TOP nanoparticles led to the for-
mation of PbTe-PbSe-nanostars. Due to the thermally-induced
alloying of the two chalcogenide phases, the material exhibited
a p-type to n-type transformation, which resulted in a great
improvement of its electrical transport properties. When the
temperature rises, selenium, which is a good n-type dopant
for PbTe, generates an increasing number of donor states
close to the conduction band edge. Furthermore, the S value
decreased, as a result of the holes and electrons counteracting
each other and canceling their contribution to the overall ther-
mopower. Ultimately, a maximum zT value of 0.35 at 570 K
could be achieved.l?%3]

When possessing electrical conductivity properties, nano-
particle cores can serve as electrodes and allow for a current
to pass through an electrolyte, thereby leading to the trans-
port of different (ionic) species to the surface of the core and,
ultimately, deposition. This method can only be applied on
electrically conductive cores, therefore limiting the possible
core—shell combinations. Another disadvantage of this method
is that the substrate shape influences the electrical resistance
of the bath, which can lead to uneven current densities. Nev-
ertheless, this method can improve several key parameters for
achieving enhanced TE materials, as can be seen in the work by
Ou et al. below.?34

Ou and co-workers pressed and annealed TiC,O, (x < 1)
powders to yield porous pellets (preform). The powders were
priorly prepared by a solid-state synthesis method. The pellets
served as the anode, a silver disk as the cathode, and the elec-
trolyte contained a phosphoric acid solution. After anodization
at a certain voltage, the core-shell structure of TiCy,0,@TiO,
(x <1, 1< y< 2) was obtained, which demonstrated a reduced
electrical conductivity, higher Seebeck coefficient, and a higher
PF.2%4 The created double-barrier effectively blocked the low-
energy carriers, resulting in a decreased electrical conductivity
and increase in the S value. At the same time, a low thermal
conductivity was measured, which the authors ascribed to the
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increased number of scattering centers against phonons due to
the heterostructured interfaces.

Compared to the anodization process described before, this
method offers the possibility to achieve the electroless plating
of non-conductive materials, as well. The process requires a cat-
alyst (which can be the substrate itself) and the reaction must
be autocatalytic. This ensures the continuation of the process
after the substrate is coated. The reaction is based on the chem-
ical reduction of metal cations in a liquid solution and can be
described by the general formula in Equation (7):

ML +Xi > MI+Z (7)

with M representing the metal with charge z, X representing
the reducing agent, and Z is an oxidized byproduct. Huang
et al. utilized the electroless plating method to prepare n-type
Bi,Te;/Cu composites. By adjusting the pH value with sodium
hydrate in a plating solution containing copper sulfate, they
coated Bi,Tes-particles with a thin layer of metallic copper.
The coating accomplished the scattering of the charge car-
riers, thereby improving both the electrical conductivity and
the power factor. Most importantly, they achieved the highest
2T value reported thus far for a copper-coated sample of nearly
1.1 at 372 K.

3.3. Opportunities and Challenges in Continuous
Interface Modification

In this part, we summarize recent advances on synergistic
improvement of TE performance via gas phase and wet chem-
ical approaches, demonstrating that continuous interface modi-
fication is a viable method for improving TE performance. All
of these researches are concerned with the decoupling optimi-
zation of three TE parameters utilizing submicrometric scale
composition or microstructure refinement. However, as an
emerging approach, there is still more work to be done to shed
light on many unanswered topics.

1) The effect of grain boundary composition/microstructure
and grain size on carrier/phonon transportation behavior
should be thoroughly investigated in the continuous inter-
face modification approaches.

2) Furthermore, the effect of the chemical composition of the
precursors used in ALD or CVD processes in terms of re-
sidual impurities such as C, H, O, Cl, and so on in the final
coated phases should be carefully examined since they may
have a detrimental impact on the TE performances.

3) The amount of inorganic/organic impurities in the wet
chemical process is rarely mentioned. During the high-
temperature pressing process, remaining impurities may
vaporize and produce holes in the matrix, which is unfavora-
ble to electrical characteristics. It is still unclear how to totally
eliminate the contaminant.

4. Summary and Outlook

The increasing interest in thermoelectric materials stems
from the global need for renewable resources and the scaling-
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up of manufacturing processes. Recent advancements in the
field have progressed the mass production of conventional TE
materials, such as Bi,Tes, half-Heuslers, skutterudites, PbTe,
silicides, etc. Using advanced computational techniques, a
plethora of promising TE materials with remarkable thermo-
electric efficiency, such as Cu,Se, GeTe, and SnSe, were engi-
neered and synthesized, demonstrating maximum potential
for applications in practical devices. However, several compli-
cations arise in the design and synthesis of new TE materials,
as well as in the modification of existing ones. For example,
the inevitable discrepancy between the nominal and the actual
composition of synthesized materials, caused by the inad-
equate integration or segregation of the constituents, results
in thermoelectric properties loss (as compared to engineered
materials). In addition, for certain small-scale thermoelectric
systems (e.g., Cu,Se, SnSe, and GeTe), vacancy configura-
tion is feasible. Furthermore, the precise monitoring of the
desired dopant quantities and their excessive solubilities,
combined with their homogeneous distribution across the
matrix, results in precipitates that can degrade the thermoe-
lectric efficiency of the core TE material. Aside from the above
hindrances, other well-known difficulties in the synthesis of
nanostructured TE materials with exceptional features is the
anisotropy of thin films and certain bulk materials in terms
of thermoelectric performance, as well as their severely poor
mechanical properties. By employing discontinuous and con-
tinuous modification techniques on the nanostructure of cer-
tain TE material systems, we can attain beneficial changes
in their electronic properties while maintaining a low x (via
broad-interface phonon scattering), ultimately achieving sig-
nificantly improved PF and zT values. The interface modi-
fication approach is simple, cost-effective, and suitable for
scale-up manufacturing. Furthermore, interfacial adjustment
methods are scalable and adaptable in terms of fine-tuning
a TE material’'s composition, microstructure, and final effi-
ciency. In theory, surface modification through ball-milling,
gas-phase synthesis, and (wet) chemical routes can be applied
to a wide range of TE materials. As a result, several options
and variations are offered for choosing the appropriate second
phase and TE matrix. In this review, we summarized the cur-
rent state-of-the-art pertaining to the interface/surface modifi-
cation of TE materials, including all reported enhancements
of their thermoelectric behavior, as well as the fundamental
mechanisms underlying these phenomena. The following are
the major insights and perspectives derived from our work
concerning the progress of interface/surface modification
techniques for TE materials:

1) To avoid the solubility of one phase into the other, the constitu-
ent phases (TE matrix and second phase) should be chemically,
environmentally, and thermally stable, so that the microstruc-
ture does not alter during the synthesis and operation processes.

2) For interface modification, the homogeneous dispersion or
coating of the second phase is required. To ensure a repro-
ducible stoichiometry, it is critical to avoid agglomeration
during the fabrication process for low-dimensionality ma-
terials or materials with diameters in the nano range.

3) Itis crucial to maintain a consistent grain size. Grain growth
may result from high-temperature annealing or holding for
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an extended period of time. Faster annealing techniques,
such as (pulsed) SPS and rapid thermal annealing, are re-
quired to effectively control the grain size and/or inhibit
grain growth.

4) To enable the scattering of the low-energy charge carriers, an
appropriate interfacial barrier or band bending technique is
required, indicating that an appropriate second phase should
be selected. Furthermore, the barrier height should be prop-
erly tuned to maintain or improve mobility, and the work
function of the incorporated phase should be close to that of
the base material.

Regarding the thermal properties, the thermal conductivity

of the second phase should be less than that of the matrix;

otherwise, more thermal conductive paths will be formed,
potentially increasing the total thermal conductivity.

6) The majority of interface modifications techniques reported
thus far are based on single components or structures de-
rived from the second phase. A hierarchical heterostructure
has rarely been investigated in terms of thermoelectric be-
havior, leaving plenty of room for further optimizing the
overall performance of TE materials.

U1
~

We hope that this review will aid researchers in the field
to design better and novel TE inorganic materials with
enhanced performance via interface/surface modification
techniques.
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