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Preface

Thermoelectric materials, which could directly convert a temperature gradient into electrical
energy, provide a promising solution for sustainable energy harvesting. The development of
thermoelectric materials has recently gained tremendous attention in the fields of solid-state
physics, chemistry, materials science, and engineering. Many strategies have been implemented
to achieve high-efficiency thermoelectric conversion efficiency, e.g., doping, defect, intercalation,
band engineering, strain, nanostructures, and molecule junctions, which greatly promote further
applications of thermoelectrics.

This Special Issue on “Materials Physics in Thermoelectric Materials” aims to provide a
unique international forum for researchers working in thermoelectric materials to report their latest
endeavors in advancing this field, including new pristine thermoelectric materials, strategies used to
improve thermoelectric performance, theoretical understanding of thermoelectrics, physical insights
into engineering high-performance thermoelectrics, computational discovery of new thermoelectric

materials, and so on.

Bao-Tian Wang and Peng-Fei Liu
Editors
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Abstract: Since the implementation of the Materials Genome Project by the Obama administration in
the United States, the development of various computational materials” databases has fundamentally
expanded the choice of industries such as materials and energy. In the field of thermoelectric materials,
the thermoelectric figure of merit (ZT) quantifies the performance of the material. From the viewpoint
of calculations for vast materials, the ZT values are not easily obtained due to their computational
complexity. Here, we show how to build a database of thermoelectric materials based on first-
principle calculations for the electronic and heat transport of materials. Firstly, the initial structures
are classified according to the values of bandgap and other basic properties using the clustering
algorithm K-means in machine learning, and high-throughput first principle calculations are carried
out for narrow-bandgap semiconductors which exhibit a potential thermoelectric application. The
present framework of calculations mainly includes a deformation potential module, an electrical
transport performance module, a mechanical and a thermodynamic properties module. We have also
set up a search webpage for the calculated database of thermoelectric materials, providing search
facilities and the ability to view the related physical properties of materials. Our work may inspire
the construction of more computational databases of first-principle thermoelectric materials and
accelerate research progress in the field of thermoelectrics.

Keywords: thermoelectric materials; material databases; high-throughput computing

1. Introduction

In 2011, the Obama administration of the United States officially proposed the “Ma-
terial Genome Project”, which utilized high-throughput computing and experiments to
obtain massive quantities of material data, combined with data analysis technology by
artificial intelligence for new material development. The goal was to shorten the cycle
of new material development and applications, as well as reduce the costs for material
research and development, so that the United States could continue to maintain its leading
position in manufacturing technology. In 2016, the US government released the “First
Five Years of the Materials Genome Initiative: Accommodations and Technical Highlights”
report, which pointed out that during the five years of the implementation of the Materials
Genome Engineering program, federal research institutions such as the Department of
Energy, the Department of Defense, the Natural Science Foundation, the National Bureau
of Standards and Technology, and the National Aeronautics and Space Administration had
invested over USD 500 million, establishing computational material research and devel-
opment centers including the National Network for Virtual High throughput Preparation
(NIST&NREL) and the Center for Cross Scale Material Design and Multi Scale Materials
Research (NIST, ANL, ARL), forming three major computational material databases: the
Materials Project (MP) [1], AFLOW [2], and OQMD [34]; several auxiliary databases such
as the Materials Data Repository (MDR), the Materials Resource Registry, and the Energy
Materials Network, as well as database-related analytical tools.

Shortly after the proposal of the Materials Genome Project by the United States, the
European Science Foundation launched the Accelerated Metallurgy (ACCMET) program,
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which cost over EUR 2 billion, with the aim of keeping up with the pace of the United
States. The European Commission funded the Horizon 2020 project NoMaD, led by the Max
Planck Institute in Germany, for a period of three years in 2015. The project aimed to use
the “centralized data warehouse” method to involve various research groups and provide
data related to computational materials science, with the aim of building a “Encyclopedia
of Materials” and a tool for analyzing big data on materials. In the UK, the government
has also implemented an e-science program, with funding to carry out high-throughput
material computing simulations and the construction of material computing basic databases,
such as eMinerals and the “Material Grid” project. The Swiss EPFL University has led the
development of the European materials database, AiiDA [5].

Nowadays, with the vigorous development of big data and artificial intelligence
technology, the material genome project research characterized by high-throughput ex-
periments, high-throughput computing, and artificial intelligence big data analysis is in
full swing, and has shown astonishing advantages in many materials’ fields. The paper
“Machine-learning-assisted materials discovery using failed experiments”, published in
Nature in May 2016 [6], showed that based on years of accumulated experimental data,
various catalytic new materials could be discovered using artificial intelligence (AI) tech-
nology. This work indicated that Al will profoundly transform the research methods in
the field of materials. The centuries long history of human scientific development has
formed three research paradigms: experimental, theoretical, and computational. However,
in the fields of complex systems such as biology, astronomy, and materials, there are very
complex interactions involved, coupled with a large number of variables, which greatly
limits the effectiveness of theoretical and computational research models and requires the
combination of big data and Al as the “fourth paradigm”. In 2017, AlphaGo defeated the
human Go master of the boardgame, but Google disbanded the DeepMind team responsi-
ble for developing the program, and then formed an Al research and development team
engaged in material genome engineering. At present, American high-tech companies in-
cluding Apple, Google, IBM, Tesla, etc., are all laying out the use of Al for the research and
development of new materials based on material genomic methods. The fourth paradigm
of materials science requires the ability to generate and process massive amounts of data,
thus obtaining massive amounts of material data has become a key aspect of the Materials
Genome Project. With the improvement of computing power, the accumulation of material
data based on high-throughput computing is receiving more and more attention, and its
application in the research and development of new thermoelectric materials is expected to
greatly accelerate its application process.

The performance of thermoelectric materials is described by the figure of merit (ZT),
which can be expressed as follows:

2
7T ScoT
Ke + K]

)

where S is the Seebeck coefficient; ¢ is the conductivity; T is the temperature, «,.; and
x; is the thermal conductivity contributed by carriers and phonons, respectively. These
parameters of S, 0, and x are coupled with each other, and it is difficult to independently
regulate them. For example, for semiconductor materials, increasing doping concentration
can increase conductivity, while at the same time reducing the Seebeck coefficient and
increasing the carrier thermal conductivity. At present, the three major material databases,
Materials Project, AFLOW, and OQMD, have data on several common physical quantities,
including atomic and band structure, and other physical properties are also being added.
However, the thermoelectric performance of materials, due to their particularity and the
complexity in calculating electrical and thermal transport properties, generally require a
large amount of computation.

Here, we have selected the Materials Project as the structural source for constructing
a thermoelectric material database. Specifically, we employed the atomic structure files
POSCAR and CIF (currently 19952 materials) in MP materials with an id number below
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100,000 through the Materials Project API as the initial materials for building the present
thermoelectric material database—Wenzhou TE. We built deformation potential modules,
mechanical properties (elastic properties) modules, and electronic transport using BoltzTraP
modules. And then, we collected data via Python scripts and displayed them on a web site,
https:/ /hezhu2024.github.io (accessed on 3 April 2024), for others to use.

2. Methodology
2.1. Clustering (K-Means)

At present, the excellent thermoelectric materials obtained in experiments are mainly
semiconductors with narrow bandgaps; then, we chose the bandgap as a major feature for
material screening. At the same time, we selected free energy, volume, density, and average
atomic energy as the other features from the descriptors obtained from the MP database.
They form the five featured variables for the K-means clustering algorithm.

Here is a brief introduction to the K-means principle [7]. K-means clustering is a
non-hierarchical supervised pattern recognition method where a pre-defined numbers of
clusters are formed. It divides the data into K classes. Firstly, K class random points are
randomly generated, denoted as O1,0;, - - - Oy, - - - Og. Assuming that the j-th feature of
the i-th data is represented as x;;, the distance from the i-th data sample to the [-th class
random point is:

)

among them, | represents a total of | features in the data. The random class point with the
smallest distance represents the same class. After the first iteration, each data sample will
be classified into a certain class. Then, we calculated the average value of each class of data
as the new random class point. The new random class point can be represented as:

1 i=N
05 = ;) Xij (©)
i=

among them, j € [1,2,...,]],1 € [1,2,...,K].

Then, we re-calculated these distances, and reclassified them, and this process was
repeated until convergence was achieved. And finally, the data were classified into K
classes. In the present work, we also standardized the data before classification. In order to
illustrate how many categories were most reasonable, we could assume that the formula
for the total loss was as follows: 4

1=n
Loss =) dj 4)
i=0
where 7 represents the number of samples. This formula represented the sum of distances
from all sample points to their random class points. When there was a significant inflection
point on the line of loss with respect to class K, the value of K at the inflection point should
be considered as a reasonable classification. Through the K-means method, we divided the
initial materials from MP into five categories. Their quantities were 6602, 5425, 3770, 2800,
and 1355, respectively.

2.2. Deformation Potential Theory (DPT)

The deformation potential theory was proposed by Bardeen and Shockley [8] in the
1950s to describe the charge transfer in non-polar semiconductors. The charge mobility can
be expressed as iy = eTy/m*, where the relaxation time for bulk materials could be written

as follows [8,9]:
2V27h*Cy
Tx = 3 ®)
3(kpTm*)2E2
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where C, = 0%E/ (B(Aax/ax)zVo) is the elastic constant; Eppy = AV;/(Aay/ay), AV; is the
deformation potential energy, which is the difference between the energy level of the i-th
energy band and the energy level of the deep nuclear state; and m* = h?/ (82E / akz) is the

effective mass.

2.3. Elastic and Thermal Properties

We can obtain the elastic properties, group velocity, Poisson’s ratio, Debye tempera-
ture, Griineisen coefficients, and lattice thermal conductivity, after calculating the elastic
constants of materials [10], which could be easily achieved during the high-throughput
calculations.

In the case of uniform deformation for a crystal, the generalized form of Hooke’s law
of stress—strain [11] is:

fij = Cijki€ni (6)

where f;; and € is a homogeneous second-order stress tensor and a strain tensor, re-
spectively [12]. C;j represents the fourth order elastic stiffness tensor. Using matrix
representation, we can abbreviate the stiffness tensor C;j; of four suffixes to the stiffness
tensor Cl-j of two suffixes, which can be represented as follows:

Cii Ci2 Ciz Ciu Ci5 Cys

Cij = )

The elastic flexibility tensor (si]- = Ci71> can be written as:

511 S12 S13 S14 S15 S16
521 S22 523 S24 S25 526
531 532 533 534 S35 S36 8)
541 S42 S43 S44  S45 S46
S51 S52 S53 854 S55  S56
561 S62 S63 Se4 S65 S66

Sij =

The Voigt [13] bulk modules can be calculated by:

By, = [(C]] + Cyo + C33) + Z(Clz + Co3 + C31)} 9)

O =

The shear modulus can be obtained by:

1
Gy = E[(Cn + C 4+ Cs33) — (C12 + Coz3 + C31) + 3(Cay + Cs5 + Cop) | (10)

The Reuss [14] bulk and shear modulus can be calculated by,

1
B = (511 + 522 +533) + 2(s12 + 523 + 531) (11)
)
and 15
ok 4(s11 + 520 +533) — 4(512 + 523 + 531) + 3(544 + 555 + S66) (12)
}
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In the present work, we took the arithmetic mean of the boundaries between Voigt
and Reuss, Voigt-Reuss-Hill (VRH) [14]:

_ B, +B,

1
By, 5 (13)
G, =& ; Co (14)

The longitudinal (v;), transverse (v;), and average (v,) elastic wave velocities can be

calculated by:
/3By + 4G
v = %/ (15)

Ut = -, (16)

1 5 1 —-1/3
=2 =+ = 17
: [3(@’%%)] )

The Debye temperature (6p) was obtained by:
Op = @ [42(]\;} Ua (18)

And the Griineisen coefficient was calculated by:
31+ Upoi
==l 1
Y 2(2—3vp0i> (19)

2 2
where v, = (1 — 2(%) )/ (2— 2(%) ) is the Poisson’s ratio.
According to the Slack formula [15,16], the lattice thermal conductivity can be ex-
pressed as:
a3
5
k= A Moy,

= A (20)

where M is the average atomic mass; 0 is the Debye temperature; § is the volume of each
atom; 7 is the number of atoms in the original cell; y is the Griineisen coefficient; A is a
constant of 3.1 x 107%; and T is the temperature.

2.4. Methods for the First-Principles Calculations and Transport Properties

In the process of building a thermoelectric material database, first-principles calcula-
tions were performed using the Vienna Ab initio Simulation Package (VASP) 5.4.1 [17,18].
The generalized gradient approximation (GGA) with Perdew, Burke, and Ernzerhof func-
tional (PBE) was employed [19]. The calculation of electronic transport required the use of
the BoltzTraP2 program package [20]. In order to minimize computational costs while en-
suring data reliability, during optimizing calculations, we set the plane-wave energy cutoff
to be 1.4 times the maximum ENMAX of POTCAR of the composed elements, the electronic
energy convergence to be 10~* eV, the force convergence for ions to be 10~2 eV /A, and the
density k-mesh to be 0.04 x 2t A~1,

All the processes were controlled through shell scripts. Data collection and calculation
were implemented using Python 3 scripts. These codes were all home-made.
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3. Capabilities and Workflow
3.1. The Application of K-Means on Datasets from MP

From Figure 1a, it can be seen that the number of points with an obvious inflection is
six, which means that the initial structures can be divided into six categories. Considering
the reasonable distribution of the average-bandgap values, we ultimately divided it into
five categories. The featured distribution map and various information of K-means are
shown in Figure 1c—g. The average value of bandgap for the first class is merely 0.025 eV,
so this class of material contains many metals. The second class with an average bandgap
value of 0.14 eV was mainly composed of semiconductors with narrow bandgaps. The
third, fourth, and fifth categories were mainly composed of semiconductors and insulators
with wide bandgaps. As a starting point, we focused on calculating the physical properties
of candidate material sets for the first and second categories.

(®)

©
® 6 e o0 o

Bandgap Volume
549V 504.54°

Energy/At d ) Density
7.4%\,01\\0 7.98 glem®

1T 1576 24

\

[l Relax Screen [|
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2345678910 1 1656 31% 204
K

(e ® (®

Volume Bandgap Volume Bandgap Volume Bandgap Volume,
S04.54° 549V 504.5A 5.49 6V 504.54° 549V 504547

Energy/Atom \) Density Energy/Atom g Density - Energy /AlonL Density Energy: Awn[l @ Density |
2749 eV \/ 798glem®  ~149eV 798 glem’  —7.49 eV 7.98 glom? ~7.49 eV : 7.98 glem
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2304 ¢ 23.04g 2304 g 2304 g

Figure 1. The application of K-means on MP databases: (a) the line chart of loss for K-class; (b) the
classification data and relaxation screening results of the initial structures under K-means; (c—g) the
average distribution of 5 features for each K-means class.

The material data collected from the MP database are finally divided into five cat-
egories using the K-means method. We identified the elements which are contained in
the compounds of every class, and selected those larger than 5% of the total materials in
number. For instance, in the first class, there are 6602 materials, if some element contained
more than 330 (6602 x 5%) materials, we picked it out. As shown in Figure 2a, the first class
of materials are mainly contributed by O, Si, P, Mn, Fe, Co, Ni, Ge, Rh, U, B, C, etc. In the
second class, the materials are mainly composed of the III, IV, V, and VI main groups, with
the alkali and alkaline-earth metals. In the sets of elements in the first and especially second
class, the main group elements of III, IV, V, and VI are the habitats of many known semicon-
ductors, suggesting the possible existence of excellent thermoelectric materials. Compared
with the first and second class, many compounds in the third one are contributed by the
halogen elements (such as F, Cl), and many of them take perovskite structures (such as
CsPbCls, CsGeCls, etc.). The appearance of the H element in the fourth category indicates
the presence of many hydrides and even organic compounds. And the fifth category has
added Cs and Mg elements, most of which have larger bandgaps. By using the K-means
method to classify the raw data for the first time, we can select the material dataset that
needs to be calculated, which could help to reduce the calculation time.
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Figure 2. Element statistics for 5 classes of materials: (a) pie charts of elements for the first class;
(b) pie charts of elements for the second class; (c) distribution charts of elements for 5 classes, and
* represents for the rare-earth metal.

3.2. Computational Framework and Relaxation Process

After obtaining the structural file, we firstly performed structural relaxation and static
calculation. Structural relaxation refers to the optimization process of atomic positions and
lattice constants. We have employed VASP 5.4.1 for the first-principle calculations. Actually,
several mainstream databases such as AFLOW, MP, OQMD, etc., were also calculated using
VASP software.

For the first and second classes of materials obtained through K-means initial screening,
there were more than 12,000 materials, many of which contained too many element classes
and numbers of atoms in the primitive cell. In the present work, we firstly calculated the
material system with a relatively simple structure. Therefore, a computational control
process was employed during the structural relaxation to further screen them, resulting
in a total of more than 3000 materials with relatively simple structures in the first and
second classes. Nevertheless, conducting structural relaxation for so many materials was a
computationally demanding task. In order to accelerate the calculation, we wrote several
shell scripts to control the process of structural relaxation. The flowchart is shown in
Figure 3.

After performing relaxation calculations on the data of the first and second classes
of materials, we screened 1915 and 1656 materials, respectively, for further calculations,
as shown in Figure 1b. In the first class, there are 3111 materials remaining with atomic
numbers greater than 10 or element classes greater than 4, and the other 1576 materials are
unrelaxed structures which are hard to obtain convergent relaxation for in our present setup
calculations. In the second category, there are also 2451 materials with atomic numbers
greater than 10 or element classes greater than 4, and 1318 materials that are difficult to be
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relaxed. After the relaxation calculation process, the convergent structures are saved for
further calculations.

Then, we performed the calculations of the parameters of deformation potential theory.
Firstly, we performed an anisotropic property judgment on the material, and then we
performed static calculations with a density of 0.04 x 27t A~1 k-mesh set on the deformed
structures in various directions.

[ Initial structures ]

}

No. of atoms < 10
No. of elements < 4

calculations

Elastic — »
Thermodynamic ectronic Transpo

Module Module

Figure 3. Process flowchart for constructing thermoelectric material database.

3.3. Analysis of Results of Deformation Potential Theory (Using Si as an Example)

The deformation potential method considered acoustic phonons as the main scattering
sources for electrons. The relaxation time obtained by ignoring the contributions of optical
phonon branches and other scattering mechanisms could be larger than the real one, but
the calculation of deformation potential is relatively simple, easily employed in high-
throughput calculations. The coefficients for applying deformation to the lattice vector
are {0.98, 0.99, 1.00, 1.01, 1.02} of relaxed volumes, respectively. Such calculations could
ensure the reliability of fitting with the second-order function for the elastic constant and
the first-order function for the elastic potential energy. We took Si as an example, as shown
in Figure 4.
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Figure 4. Schematic diagram of second-order fitting elastic constant Cy and first-order fitting of
elastic potential energy Epp for Si.
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After calculating the deformation potential parameters, we could obtain the relaxation
time of carriers by combing the effective masses.

3.4. Energy Band and Effective Mass Calculation

There are many methods to obtain the band structure of a material. Here, we compare
three feasible schemes. The first scheme is calculating the energy band along the high
symmetry point by VASP, the second one is using BoltzTraP2 [20] to fit the band structure
by VASP, and the third one is using maximally localized Wannier function to interpolate the
VASP results [21]. Considering the accuracy and efficiency, the second scheme was chosen
in the present high-throughput calculations. The bandgap of Si in the MP database is 0.61 eV,
which is consistent with VASP calculation. The relative error of the bandgap (0.59 eV)
calculated by BoltzTraP is within 5%. The effective mass of Si calculated by BoltzTraP is
similar to that of VASP calculation, and the relaxation time of electrons is around 1113 fs, as
listed in the Table 1. The energy band of Si by three schemes is shown in Figure 5. Although
set relatively coarse for the k-mesh set, the electronic properties’ calculations could also
converge to some reliable results, which will be discussed in followed text, due to the
good fitting for the energy at the high symmetry point. We note here that the BoltzTraP

calculation for the band structure is the fastest one; then, it is suitable for accelerating the
high-throughput calculation.

Table 1. Calculated deformation potential parameters, effective mases, relaxation time of carriers,
elastic coefficients C;; (in GPa), bulk modulus B (in GPa), and shear modulus G (in GPa) for Si.

Carrier Type Eppy (eV) C, (10" Jm—3) m*/mg Ty (fs)
Electron (Hole) 2.39 (7.91) 1.5 (1.5) 0.89 (2.61) 1113 (20)
Cn Ci2 Cyq B G
153.7 (165.8 %) 57.2 (64.0 %) 74.8 (79.6 *) 89.4 (97.9%) 62.8 (66.5 %)
* is the experimental results [22].
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Figure 5. The band structure of Si by three schemes: VASP, BoltzTraP, and Wannier.

To facilitate the high-throughput calculation, we used the formula m* = %/ (aZE / akz)

to calculate the effective mass. The effective masses of Si by the BoltzTraP scheme are shown
in Figure 6. A series of effective masses of conduction and valence bands were obtained
near the high symmetry points of I' and X. We selected the maximum values of 0.89 mg
and 2.61 my as the effective masses for the conduction band and valence band, respectively.
In addition, our program was designed to automatically determine whether the band is
degenerate and calculate the effective mass for each degenerate band. We note here that
the reason for selecting the maximum effective mass is that the deformation potential
method could overestimate the relaxation time. By selecting the maximum effective mass,
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the relaxation time can be effectively reduced to compensate for the shortcomings of the
deformation potential theory. In high-throughput calculations, the program also selected
representative effective masses for other materials such as Si.

e—e¢r [eV]

—4 ! ! ! .
G X UK G L W X

Figure 6. The effective mass of Si by the BoltzTraP scheme.

3.5. High-Throughput Electrical Transport Properties (BoltzTraP)

BoltzTraP is a program package calculating the semi-classic transport coefficients,
based on a smoothed Fourier interpolation of the bands. The electronic transport properties
such as Seebeck coefficient, electronic conductivity, and electronic thermal conductivity can
be obtained at different temperatures and different doping concentrations. The BoltzTraP
program has an input interface for VASP files, which could meet the needs of presenting
high-throughput processes. After completing static calculations, the BoltzTraP module
can be performed. Meanwhile, BoltzTraP based on Python can be properly embedded
into our high-throughput Python data processing scripts, which are written for quickly
obtaining the calculated quantities such as Seebeck coefficient, electronic conductivity, and
electronic thermal conductivity. Combined with the lattice thermal conductivities estimated
from the elastic property calculations, we could obtain the ZT values for the materials.
For semiconductors, doping concentration is set within the range from 1.0 x 108 cm 3
to 1.0 x 10*! cm~3. During the statistic process, we left materials with a large relaxation
time (>10'2 fs) for further testifying, and it remained for renewal in the next version of
the database. For some materials, it is hard to obtain a reliable value for the deformation
potential energy with the current calculation set, and then obtain a large relaxation time.
When such relaxation times were fed into BoltzTraP, it would lead to unreliable conductivity
and electronic thermal conductivity. The choice of n-type or p-type depends on where the
maximum ZT value occurs. We list the top five semiconductor materials with ZT values
in Table 2.

Table 2. Top 5 semiconductor materials sorted by ZT value at 300 K.

Id Formula N (cm—3) (WKfllm—l) S (uV/K) o (kS/m) (WKfim*) ZT Type
mp-23231 AgBr 1.11 x 10" 0.76 433.58 187.71 1.14 5.56 P
mp-22919 Agl 5.81 x 1018 1.31 421.47 279.56 1.76 4.85 P
mp-27484 T1,0, 2.69 x 10% 0.67 361.13 196.98 0.92 4.83 P
mp-22922 AgCl 7.05 x 101 0.51 383.05 100.90 0.51 434 P
mp-32791 AgySy 1.78 x 101 0.39 31031 144.72 0.80 3.52 N

To further discuss the effectiveness of the present calculations, we took Si as an example
to discuss the performance of electronic transport properties under different k-mesh sets
during static calculations. For Si, a density of 0.04 x 27t A~ k-mesh set corresponds to
a k-point grid of 8 x 8 x 8, and that of 0.01 x 27t A~ is for a 32 x 32 x 32 k-mesh set. In
BoltzTraP, the more k-mesh points provided, the more accuracy reached for the calculated
electronic transport performance. As shown in Figure 7, a k-mesh density of 0.04 x 27t A~

10
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could guarantee moderately accurate results and greatly reduces the calculation time.
We also gave the HSE [23] results for comparison. The computational cost of HSE was
demanding; we will provide the results using the HSE method in the next version of
the database.

(a) (b) ()
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Figure 7. The performance of electronic transport under different k-mesh density set of PBE or HSE
(0.04) at 300 K for Si: (a) Seebeck coefficient S; (b) conductivity ¢; and (c) the electronic thermal
conductivity x, with respect to different chemical potentials y.

3.6. ZT Value and BE Value

As an example for the application of our database, we associated the thermoelectric
ZT values with the electronic quality factor of BET/x;. By S and o, the electronic quality
factor Br can be defined by [24]:

SZexp(2 —Sy) S, /3

1+4exp[5—5S;] 14 exp[5(S, —1)] @)

BE = SZO'

where S, = |S|e/kp. As shown in Figure 8, the ZT values of most materials are positively
correlated to the electronic quality factor of BET/xp, so the BT /x values could also serve
as another criterion for judging the performance of a thermoelectric material.

> ¢

5- A p—1type
10 ¢ n-—type

10 0+ - -
02 10° 10 10

Z Tmax

0

Figure 8. Thermal power quality factor BT/« and maximum Z T,y at 300 K. The grey line is a lin-
ear fitting for all the ZT and BT/« values, which used to show a trend of linear positive correlation.
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3.7. Validation and Future Development of the Database

We built a database of thermoelectric materials. We note here that the errors in our
data come from the following aspects: (1) the PBE method was employed to calculate
the band structures, which generally results into the underestimation for the band gap;
(2) the rigid band model was used in BoltzTraP, which may fail to give the change for the
band structures during doping; (3) the deformation potential model was used to obtain the
electron lifetimes, which could be much higher than the experimental results, for such a
model generally underestimates the effect of electron-phonon scattering; and (4) the lattice
thermal conductivities were estimated from the calculated elastic coefficients, which hardly
described the phonon—phonon scattering in materials.

In the next versions of the Wenzhou TE database, we will gradually improve the
reliability of the data, starting with a high-throughput calculation of the thermal conduc-
tivity by accounting the three-phonon scattering. Secondly, we will use HSE method to
perform high-throughput band structure calculations. We will also use some other models
to improve the prediction of electronic lifetimes. And lastly in the calculation, we will add
the convergence judgment.

4. Conclusions

In this work, we built a thermoelectric material database—Wenzhou TE. We designed
several modules to obtain the electronic and heat transport parameters for materials,
including structural screening, deformation potential, elastic constant, and BoltzTraP
electronic transport performance calculations module. In addition, we wrote several
Python scripts to collect data and process results. Furthermore, we also built a webpage for
Wenzhou TE: a first-principle-calculated thermoelectric materials database (https://hezhu2
024.github.io (accessed on 3 April 2024)), which could be used for searching and viewing
the physical properties of materials. Subsequently, we will continue the development of
the database by employing more accurate methods for electronic and phonon transport
properties, and also calculating more materials. Based on the present work, one could
easily use these data for data mining and thermoelectric material development.
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Abstract: Isovalent doping offers a method to enhance the thermoelectric properties of semiconduc-
tors, yet its influence on the phonon structure and propagation is often overlooked. Here, we take
CdX (X = Te, Se) compounds as an example to study the role of isovalent doping in thermoelectrics by
first-principles calculations in combination with the Boltzmann transport theory. The electronic and
phononic properties of CdgSes, CdgSeyTe, CdgTeg, and CdgTe;Se are compared. The results suggest
that isovalent doping with CdX significantly improves the thermoelectric performance. Due to the
similar properties of Se and Te atoms, the electronic properties remain unaffected. Moreover, doping
enhances anharmonic phonon scattering, leading to a reduction in lattice thermal conductivity. Our
results show that optimized p-type(n-type) ZT values can reach 3.13 (1.33) and 2.51 (1.21) for CdgTe;Se
and CdgSe; Te at 900 K, respectively. This research illuminates the potential benefits of strategically
employing isovalent doping to enhance the thermoelectric properties of CdX compounds.

Keywords: thermoelectric; doped CdX compounds; first-principles calculations; isovalent doping

1. Introduction

One of the primary sbyproducts of using various energy forms is heat. The process
of converting this excess heat into electrical energy, known as thermoelectricity, is seen
as a promising technology for practical energy harvesting applications [1]. The efficiency
of thermoelectric conversion is assessed using the dimensionless thermoelectric figure of
merit ZT [2]. ZT is defined as ,

7T — 5%cT
Ke + K]

)

where 0, S, T, x. and x; represent electrical conductivity, Seebeck coefficient, temperature,
electronic thermal conductivity, and lattice thermal conductivity, respectively. However, the
coupling effects in thermoelectric performance make it challenging to directly enhance the
thermoelectric properties [3]. This is due to the intricate interplay between electrical con-
ductivity, thermal conductivity, and Seebeck coefficient, which are often coupled together.
Improving one of these properties can inadvertently affect the others, making it difficult to
achieve substantial enhancements in overall thermoelectric performance without carefully
considering and addressing these interdependent factors. Consequently, targeted strategies
that can effectively decouple these properties or optimize their collective interaction are cru-
cial for achieving significant advancements in thermoelectric materials. Various strategies,
including doping [4], band engineering [5], phonon engineering [6], nanostructuring [7],
and alloying [8], have been proposed to enhance thermoelectric performance.

Doping in thermoelectric materials enables precise tuning of electronic properties,
providing flexibility, versatility, and compatibility with other enhancement techniques.
There are many types of doping in thermoelectric materials, including cationic doping [9],
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co-doping [10], ion doping [11] and single-atom doping [12]. Here, we primarily focus
on single-atom doping. Based on the doping atoms, doping in thermoelectric materials
can be classified into aliovalent doping, which involves introducing impurities of different
valences, and isovalent doping, which involves introducing impurities of the same valence.
Aliovalent doping is commonly utilized to regulate carrier concentration for optimizing
ZT. Research on the effects of Nb doping on the thermoelectric properties of n-type half-
Heusler compounds revealed an enhanced power factor and a 20% increase attributed to
aliovalent doping-induced decoupling between thermoelectric parameters [13]. Han et al. [14]
emphasized the critical impact of aliovalent dopants on controlling the phonon structure
and inhibiting the phonon propagation in a heavy-band NbFeSb system. Baranets et al. [15]
demonstrated that aliovalent substitutions can alter the dimensionality of the polyanionic
sublattice in the resulting quaternary phases, leading to reduced electrical resistivity and a
notably enhanced Seebeck coefficient.

Compared to aliovalent doping, isovalent doping ideally decouples and regulates
thermoelectric performance by reducing thermal conductivity through phonon scattering
while maintaining unchanged electronic properties. Musah et al. [16] summarized a review
of isovalent substitution as a method to independently enhance thermoelectric performance
and device applications. The substitution of isovalent ions in the anion Te-site of Bi-Sb—Te
led to a significant enhancement of the ZT over a wide temperature range, with the ZT
being increased by 10% for all measured temperatures and averaging beyond 1.0 between
300 and 520 K, demonstrating the synergetic control of band structure and deformation
potential via isovalent substitution [17]. He et al. [18] also demonstrated that isovalent Te
substitution effectively reduces x; and increases ¢ in hole carrier concentration.

To thoroughly explore the impact of equiatomic doping on regulating thermoelectric
performance, we chose CdX (X = Se, Te) as the focus of our research and utilized a
first-principles approach. Recent research [19,20] indicated that CdX is commonly used
as a dopant in thermoelectric applications. The simple cubic phase structure of CdX
provides advantages for first-principles studies due to its well-defined symmetry and
straightforward electronic and phononic property calculations. Additionally, Te and Se
share similarities in their doping characteristics, owing to their comparable chemical
properties and the analogous effects they induce when integrated into host materials. In
this paper, we systematically investigated the electronic, phononic, mechanical, bonding,
and thermoelectric properties of CdX using first-principles combined with Boltzmann
transport theory.

2. Computational Methods

Theoretical computations were conducted using density functional theory (DFT)
within the Quantum ESPRESSO v6.2 (QE) code [21,22]. The exchange—-correlation func-
tional used is the Generalized Gradient Approximation (GGA) as given by Perdew—Burke-
Ernzerhof (PBE) [23], and the corresponding pseudopotential files are sourced from the
standard solid-state pseudopotentials (SSSP PBE Efficency v1.3.0) library [24]. A kinetic
energy cut-off of 80 Ry was utilized, and all relaxations were carried out until the forces
and energy on each atom were reduced to less than 10~* Ry/Bohr and 1071° Ry. The
Heyd-Scuseria—Ernzerhof (HSE06) hybrid functional [25,26] was used to obtain a more
accurate band structure for the primitive cell of CdX. We constructed the doping structure
using a 2 x 2 x 2 supercell of the primitive cell for both CdTe and CdSe. The Brillouin
zone was sampled over a uniform I'-centered k-mesh of 4 x 4 x 4. The projected crystal
orbital Hamilton population (COHP) was calculated using the LOBSTER [27,28] package.
The mechanical properties were carried out using Voigt-Reuss-Hill approximation [29], as
implemented in the ElATools v1.7.0 [30] package. The crystal structure was plotted using
VESTA v3.5.7 software [31].
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Boltzmann's transport theory was employed to analyze the transport properties of
systems using the BoltzTraP code [32]. Under Boltzmann's transport theory, these electronic
transport coefficients can be expressed as

1 i k(i k) e — o) [~ ae

Sup(T1) = 7 vali, k) (i k) [—W}df (2)
w _ %/ezya(i,k)vﬁ(i/k) {_W} de (3)

K,i (T, ) i j ° =
b = L [l te— - e ’

where «,  are Cartesian components, y is the chemical potential of electrons (the Fermi
level), V is volume of the unit cell, e is electronic charge, ¢ is the band eigenvalue, v, (i, k) is
the electron group velocity, and f, (T, ¢) is is the Fermi-Dirac distribution.

The carrier relaxation time (7,) under the electron—-phonon averaged (EPA) approxi-
mation was evaluated using the following equation [33]:

7, e, n, T) = 2;0 Z{g%(s,s +wvn(wv,T)+ f(e+wv,u, T)] x p(e + wv)
sh v

+¢2(e,e —wv)[n(wv, T) +1— f(e —wv, u, T)|p(e — @ * 1/)} ®)

Here, ¢ is the energy of the carriers, u is the chemical potential, () is the volume of the
primitive unit cell, 7 is the reduced Planck’s constant, gs is the spin degeneracy, v is
the phonon mode index, g2 is the averaged electron-phonon matrix, wv is the averaged
phonon mode energy, n(wv, T) is the Bose-Einstein distribution function, f(e + @y, i, T) is
the Fermi-Dirac distribution function, and p is the density of states per unit energy and
unit volume.

The lattice thermal conductivity, x;, is computed using the Boltzmann transport equa-

tion integrated within the ShengBTE code [34], incorporating second- and third-order inter-
p

atomic force constants (IFCs). The lattice thermal conductivity component K;X
three Cartesian axes) is given by

(«, B represents

1
K;Xﬁ = L T2ON ;fo(fo + 1)(hw;\)2v}“\v)ﬁlrg (6)
where (), N, fo, wy, vy , and T/(\) are volume, number of phonon vectors, Bose-Einstein
distribution function, frequency, group velocity, and lifetime of phonon mode A, respec-
tively. The second-order and third-order IFCS were calculated by a 2 x 2 x 2 supercell,
including 128 atoms. The third-order IFCS took the 5th nearest neighbor into considera-
tion. The grid mesh for the phonon was set to 20 x 20 x 20 to obtain convergent lattice
thermal conductivity.

3. Results and Discussion
3.1. Electronic Properties

CdX adopts a zincblende, sphalerite structure and crystallizes in the cubic F43m space
group, as depicted in Figure 1a,d. Each X2~ ion is bonded to four equivalent Cd** atoms
to form corner-sharing XCd, tetrahedra. To facilitate our study, we constructed a2 x 2 x 2
supercell of CdX, denoted as Cdg Xy as shown in Figure 1b,e, and replaced one X atom. The
resulting doped structures are illustrated in Figure 1c,f. The relaxed latice constants are
also given in Figure 1. The lattice constant and bond length of CdgTeg are longer than those
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of CdgSeg, indicating a stronger bond strength in Cd-Se. Upon doping, the lattice constant
of CdgSeyTe increases, while that of CdgTe;Se decreases.

CdsTes 9.361A CdaTe7Se 9.289 A

Figure 1. The unit cell of (a) CdSe and (d) CdTe. The 2 x 2 x 2 supercell of (b) CdgSeg and (e) CdgTes.
The doped structures of (c) CdgSeyTe and (f) CdgTe;Se.

The band structures depicted in Figure 2a—f all display a similar band shape, with
the only distinguishing factor being the band gap. It is evident that the band structures
obtained from the HSE06 method exhibit a similar shape to those obtained from the PBE
method, with notable differences observed in the band gaps. Specifically, the band gaps
for CdSe and CdTe computed using the PBE method are reported as 0.47 eV and 0.58 eV,
respectively, whereas those computed using the HSE06 method are reported as 1.42 eV
and 1.34 eV, respectively. These findings closely align with the results reported in Ref. [35].
Following doping, there is a reduction in the band gaps. In the case of CdgSe;Te, the
band gap reduced to 0.372 eV, and for CdgTe;Se, it reduced to 0.441 eV. Notably, both the
valence band maximum (VBM) and conduction band minimum (CBM) are situated at the
I' point. Furthermore, the valence band demonstrates multiple valleys. Similar trends in
band structure changes have been observed in other isovalent doped systems [36]. The
relationship between band gaps and composition in these systems can be characterized by
the quadratic Vegard’s law as [36]

E?HB’C (x) = (1— x)Eé“ + ng —bx(1—x) ()

where E; and E g are the band gaps of the host materials, A and B, respectively, x is the
composition, and b is a bowing parameter. In our case, A and B represent CdSe and CdTe,
respectively, with x equal to 1/8. By fitting bowing parameter b, we found it to be 1.037 eV
for CdgSe;Te. b through CdgSe;Te is 1.037 eV. Subsequently, we applied this model and
fitted b to CdgTeySe and obtained a band gap of 0.453 eV, which closely aligns with the
calculated value. This suggests that the band gap of doped CdX can be predicted using
Vegard’'s law.

To gain a comprehensive understanding of the band structure, we present the projected
band structures of CdgSe;Te and CdgTe;Se in Figure 3. The dot size in the projected band
structure represents the contribution of corresponding orbitals. The conduction band is
primarily composed of the 5 s orbitals of Cd. For CdX or doped CdX, their conduction
band is the same, while the valence band is dominated by the p and d orbitals of all atoms.
Notably, both Se and Te atoms demonstrate similar contributions, with the s orbitals of
Se being a little stronger than those of Te, and the p orbitals of Se being a little weaker
than those of Te. Although isovalent atoms contribute to the band structure, their effect is
relatively subtle.
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Figure 2. The band structures of (a) CdSe, (b) CdgSeg, (c) CdgSeyTe, (d) CdSe, (e) CdgSes, and
(f) Cd8567T€.
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Figure 3. The projected band structure of (a) Cd 5s, (b) Cd 5p, (c) Cd 4d, (d) Se 4s, (e) Se 4p, (f) Te 5s,
and (g) Te 5p of CdgSeyTe. The projected band structure of (h) Cd 5s, (i) Cd 5p, (j) Cd 4d, (k) Te 5s,
(I) Te 5p, (m) Se 4s, and (n) Se 4p of CdgTeySe.
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Figure 4 illustrates the calculated values of S, o, and S2¢ at 300 K for different carrier
concentrations. Generally, S can be expressed as [37]

_ 87‘[2](% *T( T )2/3

3en2 3y ®)

in which kg, e, m*, and h are the Boltzmann constant, electron charge, effective mass, and
Planck constant, respectively. Analysis of Figure 4a,d reveals that the absolute values of S
all decrease as the carrier concentration increases. Due to their similar band curvatures (m*),
CdX exhibits comparable S values. Notably, the S for hole doping (p-type) is significantly
higher than that for electron doping (n-type). For instance, p-type S can reach 400 pV /K,
while n-type S is only 100 pV /K at 10! cm~3. This difference can be attributed to the
valence band having a much sharper curvature and a larger m* compared to the conduction
band. The behavior of ¢ as a function of carrier concentration is depicted in Figure 4b,e.
In contrast to S, all o values increase as the carrier concentration rises. N-type ¢ is higher
than p-type o, especially at low carrier concentrations. When the carrier concentration
reaches to 102°-10?! cm 3, both n-type and p-type ¢ reach the 10° S/m level. Due to the
Wiedemann—Franz relation [38], k., exhibits a linear correlation with ¢; hence, there is no
need to separately display %,. In Ref. [39], the electrical parameters of various thin film
CdSe samples were investigated. The carrier concentration of thin film CdSe was found
to be approximately (102 cm~—2) with a Seebeck coefficient of around (—50 uV/K). Our
obtained value of (—25 uV/K) aligns closely with this result. It is worth noting that our
calculated electrical conductivity (10° S/m) significantly exceeds the experimental value
(102 S/m). This discrepancy can be attributed to the DFT simulation assuming a perfect
crystal structure, while experimental samples typically exhibit boundaries, grain effects,
and scattering mechanisms that substantially reduce the electrical conductivity.
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Figure 4. The electronic transport properties of (a,d) S, and (b,e) o, and (c,f) S20.

When considering S and ¢, it is evident that the n-type S2c is significantly lower than
p-type S?c, as depicted in Figure 4e,f. The optimized carrier concentrations for n-type
and p-type are determined to be 10* and 5 x 10?0 cm 3, respectively. All CdX materials
exhibit similar n-type S?c values around 4-5 uW/cmK?2. The maximum n-type S%c for
CdTe (20 uW/cmK?) is twice as much as that of CdSe (10 uW/cmK?). The p-type S?c
value of CdX is comparable to well-known thermoelectric materials such as CuySe [40] and
SnSe [41], indicating their superior p-type thermoelectric properties. This analysis implies
that doping can effectively maintain the electronic transport properties of CdX.

3.2. Phononic Properties

Next, we shift our focus to the phonon dispersion in Figure 5. In the low-frequency
range, all structures exhibit similar phonon dispersions, as depicted in Figure 5a,c,e,g. All
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structures show non-negative values in their phonon dispersions, confirming their stability.
Upon doping Te atoms into CdgSeg, phonon modes around 130 cm ! moving to a higher
frequency. However, for CdgTeg, doping Se atoms leads to phonon modes around 175 cm !
moving to lower frequency. This phenomenon can be seen more clearly in the phonon DOS
in Figure 5b,d,f h. In the phonon DOS, there are two peaks around 130 cm ! in CdgSes.
After doping Te atoms, the peak around 130 cm~! disappears and new peaks at 150 cm ™!
arise. From the projected phonon DOS, it is evident that the new peaks at 150 cm ! are
contributed by Te atoms. The case for CdgTeg is similar. When doping Se atoms, the peak
around 175 cm~! disappears and new peaks contributed by Se atoms at 150 cm ! arise. An
increase in the strength of interatomic bonds leads to an increase in the vibration frequency
near the atom’s position [42,43].
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Figure 5. The phonon dispersions for (a) CdgSeg, (c) CdgSe;Te, (e) CdgTeg, and (g) CdgTeySe. The total
and projected phononic density of states for (b) CdgSeg, (d) CdgSeyTe, (f) CdgTes, and (h) CdgTeySe.

We further investigate the thermal transport properties of Cd X and their corresponding
doping systems. Figure 6a shows x; at different temperatures. x; decreases with temperature
due to stronger phonon—phonon scattering. CdgSeg exhibit lower x; values than CdgTeg,
as stronger bonds tend to transfer more heat, leading to higher thermal conductivity in
crystal structures with stronger bonds. After doping, «; is reduced. Specifically, the x; of
CdgSeyTe is much lower than that of CdgTe;Se, with the former being 0.5 Wm~ K1 and
the latter being 0.8 Wm~!K~! at 300 K. Furthermore, we illustrate the cumulative x; as a
function of frequency at 300 K in Figure 6b. For undoped CdX, the rate of increase in x;
begins to decrease at 75 cm~!, while the node at which the rate of increase slows down
after doping drops to 50 cm~!. This indicates that doping not only reduces x;, but also
lowers the frequency at which the maximum rate of x; increase occurs, further contributing
to the reduction in x;.

To further elucidate the reasons for the behavior of x;, we calculate the phonon group
velocity (vg), phonon lifetime (Tpn), and Griineisen parameter (7y) as a function of frequency
at 300 K as shown in Figure 7. In thermal transport,  represents the sensitivity of a
material’s phonon frequency to changes in volume or pressure, providing insight into the
strength of anharmonic scattering. A large value of |y| indicates the potential for strong
phonon—phonon anharmonic scattering [44]. From Figure 7a—d, it can be observed that
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the doped vg remain largely unchanged, especially in the low-frequency region, consistent
with the earlier phonon spectral variations. The speed at which energy is propagated
through a material’s lattice vibrations correlates with the distribution of vibrational modes
across different frequencies. After doping, a significant decrease in the low-frequency 7, is
observed in Figure 7e-h. Figure 6b indicates that thermal conductivity is primarily influenced
by low-frequency phonons. Subsequently, we analyze the <y in Figure 7i-1, which describes
the strength of anharmonic scattering. It is found that the < also decreases, indicating an
enhancement in the strength of anharmonic scattering. This phenomenon evidently arises
from the presence of dopant elements.
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Figure 6. (a) The lattice thermal conductivity as a function of temperature. (b) Cumulative lattice
thermal conductivity as a function of frequency at 300 K.
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Figure 7. The (a-d) phonon group velocity, (e-h) phonon lifetime, and (i-1) Griineisen parameter as
a function of frequency at 300 K.

3.3. Mechanical Properties and Bonding Analysis

Figure 8a illustrates the calculated Young’s modulus and shear modulus. It is evident
that both Young’s modulus and shear modulus gradually decrease with an increase in the
ratio of Te content. These mechanical properties are indicative of the averaged bonding
strength within the material. As the Te content increases, the averaged bonding strength
of CdX diminishes. Furthermore, we conduct a comprehensive analysis of the bonding in
CdX using the COHP method, as depicted in Figure 8b,c. In this context, negative COHP
values indicate bonding states, while positive COHP values indicate antibonding states.
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It is noteworthy that all structures exhibit a similar COHP phenomenon. Upon doping,
states for Cd—Se in CdgTe;Se and Cd—Te in CdgSe;Te exhibit slightly enhanced strength
compared to pristine states. Doping introduces new antibonding states. Below the Fermi
level, bonding and antibonding states appear alternately. Notably, bonding states are
stronger than antibonding states, thus ensuring the stability of the structure. Additionally,
antibonding states typically possess higher energy levels than bonding states, contributing
to a reduction in thermal conductivity [45]. This phenomenon arises from the greater
delocalization of electrons in antibonding states, which results in reduced heat-carrying
capacity compared to bonding states. Consequently, this accounts for the relatively low
lattice thermal conductivity observed in CdX.
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Figure 8. (a) Elasctic properties for CdX. COHP for (b) CdgSe;Te and (c) CdgTeySe.

3.4. Thermoelectric Properties

Figure 9 illustrates maximum S?¢ and ZT values at different temperatures. The
S201nax values for doped and pristine CdX are comparable across temperature ranges as
shown in Figure 9a,b. As temperature increases, the n-type S20,ax values exhibit further
enhancement, with S20;,,4x reaching 9.8 pW/ cm 2 at 900 K for CdgSeyTe. In contrast, there
is no clear increasing trend observed for p-type S20yax. P-type S?oyuay values are much
higher than n-type ones. Notably, for CdgTeg and CdsTe;Se, p-type S*ax is approximately
25 uW/cm 2, while for CdgSeg and CdgSe; Te, it is around 15 pW /cm 2. Doping does not
degrade the 5200y for CdX, as indicated by our findings.
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Figure 9. The maximum (a) n-type, (b) p-type S>c and (c) n-type, (d) p-type ZT values as a function
of temperatures.
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When combined with electronic and phononic transport properties, the Z T}, values
listed in Figure 9c,d demonstrate high thermoelectric performance for CdX at high tem-
peratures. Despite the lack of increase in n-tpye S20;,,; with temperature, there is lower
lattice thermal conductivity with temperatures resulting in higher Z T, values for doped
systems compared to pristine ones. Furthermore, these values can be further enhanced
with increasing temperature, with p-type Z T}, values reaching up to 3.13 at 900 K. Our
results suggest that doped CdX (X = Te, Se) presents potential for realizing both n-type
and p-type thermoelectric materials for high-temperature applications.

4. Conclusions

In this study, we investigated the electronic, carrier, phonon transport, and thermo-
electric properties of isovalent doped CdX (X = Te, Se) compounds using first-principles
calculations with the Boltzmann transport equation. Due to the similar properties of Te
and Se, the band structures remain nearly unchanged except for the band gaps in doped
CdX. The bandgaps are 0.472 eV, 0.372 eV, 0.58 eV, and 0.441 eV for CdgSeg, CdgSerTe,
CdgTeg, and CdgTeySe, respectively. Electronic transport properties of CdX are comparable
for doped and pristine compounds. However, doping significantly reduces lattice ther-
mal conductivity due to the introduction of impurity scattering. The maximum p-type
(n-type) ZT values at 900 K are 1.5 (0.84), 2.51 (1.21), 2.1 (0.88), and 3.13 (1.33) for CdgSes,
CdgSe;Te, CdgTeg, and CdgTeySe, respectively. Our study focuses on investigating the im-
pact of isovalent doping in enhancing the thermoelectric properties of materials. Isovalent
doping, such as with selenides and tellurides, can maintain electronic transport properties
while effectively scattering phonons and decreasing lattice thermal conductivity. Future
investigations could explore the potential of decoupling thermoelectric properties through
homoelement doping.
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Abstract: Pseudo-ternary half-Heusler thermoelectric materials, which are formed by filling the B sites
of traditional ternary half-Heusler thermoelectric materials of ABX with equal atomic proportions
of various elements, have attracted more and more attention due to their lower intrinsic lattice
thermal conductivity. High-purity and relatively dense Ti;_,Nb,(FeCoNi)Sb (x = 0, 0.01, 0.03, 0.05,
0.07 and 0.1) alloys were prepared via microwave synthesis combined with rapid hot-pressing
sintering, and their thermoelectric properties are investigated in this work. The Seebeck coefficient
was markedly increased via Nb substitution at Ti sites, which resulted in the optimized power factor
of 1.45 uWem~1K~2 for n-type Tig93Nbg g7(FeCoNi)Sb at 750 K. In addition, the lattice thermal
conductivity was largely decreased due to the increase in phonon scattering caused by point defects,
mass fluctuation and strain fluctuation introduced by Nb-doping. At 750 K, the lattice thermal
conductivity of Tip g7Nbyg o3(FeCoNi)Sb is 2.37 Wm 1K1, which is 55% and 23% lower than that of
TiCoSb and Ti(FeCoNi)Sb, respectively. Compared with TiCoSb, the ZT of the Ti;_,Nb,(FeCoNi)Sb
samples were significantly increased. The average ZT values of the Nb-doped pseudo-ternary
half-Heusler samples were dozens of times that of the TiCoSb prepared using the same process.

Keywords: thermoelectric; half-Heusler; pseudo-ternary

1. Introduction

The non-renewable nature of traditional mineral energy and the environmental pol-
lution caused by its consumption pose serious challenges to the energy supply of global
economic development [1,2]. Thermoelectric materials, as a kind of green energy material
that can directly convert heat and electricity into each other, have great potential in waste
heat utilization and thermoelectric refrigeration, which can make great contributions to
solve the energy crisis [3-5]. In the history of materials science, a variety of performance
parameters are used in order to quantify the merits of a material more intuitively. The
quantitative parameter used to measure the performance of thermoelectric materials is the
dimensionless figure of merit ZT as follows:

ZT = S%0T/x 1)

where 520 is the power factor (PF), obtained from the Seebeck coefficient (S) and electrical
conductivity (¢), T is the absolute temperature and « is the thermal conductivity, which is
the sum of the carrier thermal conductivity (xr) and lattice thermal conductivity (x;) [6,7].
It can be seen from Formula (1) that the enhancement of performance usually starts from
the numerator and denominator aspects. The former is to increase the PF by means
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of non-equivalent atom doping [8-10], energy band engineering, etc. [11-13], while the
latter often uses nano engineering [14-16], defect engineering and other means to reduce
the lattice thermal conductivity [17,18]. Due to the coupling relationship between the
parameters, an excessive pursuit of the optimization of a single parameter often cannot
achieve the enhancement of the ZT of thermoelectric materials [19]. For example, an
excessive pursuit of a large carrier concentration to increase the conductivity can inevitably
lead to a deterioration of the Seebeck coefficient. Therefore, how to achieve a greater
optimization of performance remains a crucial part of thermoelectric research.

The half-Heusler (HH) compound crystallizes into the cubic MgAgAs-type structure,
with ABX as the general chemical formula, which should be viewed as the interpenetration
of four face-centered cubic lattices. Elements at the X position are usually elements of
the main group, while elements at the A and B positions are elements of the transition
group [20]. The elements at the A, B and X positions of the HH can be replaced by differ-
ent elements without destroying their crystal structure. Half-Heusler alloys are superior
thermoelectric materials at the middle and high temperature region due to their excellent
electrical conductivity and Seebeck coefficient brought about by their highly symmet-
ric crystal structures [20,21]. In addition, their better thermal stability and mechanical
properties compared with other types of thermoelectric materials are also indispensable
factors [22]. However, the high symmetry of the crystal structure makes HH compounds
not only have excellent electrical properties, but also a high thermal conductivity, which
is unfavorable to ZT according to the formula. The excessive thermal conductivity of
traditional ternary HH thermoelectric materials has become the limit of their commercial
application, and researchers have tried various optimization strategies to reduce their ther-
mal conductivity [23-25]. The lattice thermal conductivity, which is the main contribution
of x, is largely determined by the number of atoms in the primitive unit cell (N) [26]. The
strategy of reducing the thermal conductivity by increasing N to introduce more disorder
and lattice distortion based on the high-entropy core effect has been proven in many ther-
moelectric material systems such as Ge 61 Agp.115Sb.13Pbg.12Big 01 Te [27], AgSnSbSe; [28],
BiSbTe 55€1 5 [29], Sng 25Pbg 25Mng 25Geq 25 Te [30], etc. The high substitutability of atoms at
each position of HH compounds fits well with this strategy. Consequently, pseudo-ternary
half-Heusler thermoelectric materials (N > 3) with a low intrinsic lattice thermal conduc-
tivity caused by disorder scattering and a smaller phonon group velocity have attracted
widespread attention in recent years [31]. And many encouraging pseudo-ternary HH
results have been achieved [32]. Wang et al. [33] prepared the Ti;FeNiSb, double half-
Heusler compound by increasing the number of atoms in the primitive unit cell. On the
basis of replacing Sb with Sn, the small lattice thermal conductivity of 1.95 Wm 1K1 and
the peak ZT value of 0.52 for Tij ¢Hfp 4FeNiSb; 7Sng 3 are obtained at 923 K. Luo et al. [34]
and Wang et al. [35] realized the p-n transformation and the thermoelectric performance
optimization of Ti(Fe; ,3Co4/3Nij /3)Sb by adjusting the ratio of Fe and Ni.

It is commendable that, as verified by previous reports, microwave-synthesized
samples have the advantages of refining grains and improving the uniformity of
composition [17,36-39]. With the development in recent years, the technique of microwave
synthesis has been relatively reliable, and the dense bulk ceramic or metallic samples can
be synthesized in a few minutes with the help of carbon, silicon carbide and other dielectric
materials with a high dielectric constant, which greatly reduces the preparation cycle and
cost [40—42]. Birkel et al. [43] successfully prepared TiNiSn half-Heusler compounds by
using 3.6 g of granular carbon as an absorbing material via microwave heating for 1 min. Its
performance was tested and compared with that of TiNiSn prepared using the arc melting
method. The thermoelectric properties of the two samples are basically the same except
for the presence of a trace impurity phase. Lei et al. [44] also successfully synthesized a
TiNiSn half-Heusler compound by heating it in a microwave device for 5 min. In addition,
excellent thermoelectric material systems such as Mg,5i [45], PbTe [46] and Bi,Tes [47] have
been documented to prove the successful application of a microwave in their preparation.
In this work, high-purity and high-density Ti;_,Nb,(FeCoNi)Sb (x = 0, 0.01, 0.03, 0.05,
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0.07 and 0.1) pseudo-ternary half-Heusler alloys were prepared via microwave synthesis
combined with the ball-milling and rapid hot-pressing sintering processes, and the effects
of Nb substitution at the Ti site on its phase composition, microstructure and thermo-
electric properties were studied. As a comparison, a TiCoSb sample was prepared using
the same technical route. This work is expected to provide a feasible idea for optimizing
the properties of pseudo-ternary HH thermoelectric materials with a more economical
synthesis process.

2. Materials and Methods

The original powders of TiCoSb and Ti; —,Nb,(FeCoNi)Sb (x = 0, 0.01, 0.03, 0.05, 0.07
and 0.1) samples were titanium powder (99.98%, 300 mesh, MACKLIN, Shanghai, China),
niobium powder (99.999%, 300 mesh, MACKLIN, Shanghai, China), iron powder (99.9%,
200 mesh, MACKLIN, Shanghai, China), cobalt powder (99.8%, 200 mesh, MACKLIN,
Shanghai, China), nickel powder (99.99%, 200 mesh, MACKLIN, Shanghai, China) and
antimony powder (99.9%, 800 mesh, MACKLIN, Shanghai, China). The powders, which
were weighed in accordance with stoichiometric ratio, were evenly mixed and then
loaded into a cold-pressed mold, which was pressed under an axial pressure of 10 MPa
for 5 min to obtain cylindrical billet at room temperature. Then, the obtained billet was
put into the prepared clean quartz tube for vacuum sealing (<0.01 Pa) to ensure that the
billet would not oxidize during the synthesis process. The sealed quartz tube was placed
in an alumina crucible that filled with expanded graphite powder (99.9%, 10-30 um,
MACKLIN, Shanghai, China) as an absorbing material. The whole tube was placed in
a self-made microwave apparatus for microwave synthesis for 5 min. The sketch map
of the microwave synthesis device is shown in Figure 1, and its power is 900 W. Then,
the block billet obtained via microwave synthesis was mechanically broken and ground
for 5 h in a planetary ball mill at a rotating speed of 300 rpm. The compact disc samples
were obtained by loading the ball-milled powder in batches into a hot pressing mold
with a diameter of 12 mm, and rapid hot-pressing sintering for 20 min at a temperature
of 1073 K with a pressure of 80 MPa. In the process of rapid hot-pressing sintering, the
heating rate was 100 K/min.

Powders <

Axial pressure
(10MPa)

Expanded
S graphite
Cylindrical Sealed quartz Microwave
billet tube synthesis

Figure 1. The process of microwave synthesis.

Ti;_xNby(FeCoNi)Sb (x = 0, 0.01, 0.03, 0.05, 0.07 and 0.1) alloys were characterized
via X-ray diffraction (XRD) using a Rigaku Ultima IV diffractometer in the 26 range
of 10-90°. The surface morphology and microstructure of samples were analyzed us-
ing a scanning electron microscope (SEM, JEOL, JXA-8100, Tokyo, Japan) and energy
dispersive spectrometer. The Archimedes method was used to measure the density of
Ti;_xNby(FeCoNi)Sb alloys. The electrical conductivity and Seebeck coefficient of alloys
at room temperature to 750 K can be measured simultaneously using the ZEM-3 system
(ULVAC-RIKO, Yokohama, Japan) in a low-pressure (~10? Pa) helium atmosphere. The
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thermal conductivity () of samples can be calculated according to the formula x = CpdA,
where Cj, is the specific heat capacity of material, d is the density and A is the thermal
diffusion coefficient. The thermal diffusivity coefficient of Ti;_,Nb,(FeCoNi)Sb alloys
can be obtained using the laser flash thermal analyzer (LFA-457, Netzsch, Bavaria, Ger-
many). The estimated error of measurement of the above physical parameters (d, o, S
and x) was at most 5%.

3. Results and Discussion
3.1. Phase Analysis

As shown in Table 1, the relative densities of the Ti;_,Nb,(FeCoNi)Sb (x = 0, 0.01,
0.03, 0.05, 0.07 and 0.1) alloys are above 95%, which were measured over more than three
measurements. A relatively high density is usually positively correlated with the electrical
properties of thermoelectric materials [48].

Table 1. Room-temperature density (g/ cm?), relative density (%), carrier concentration n (1020 cm~3)
and carrier mobility y (cm?v~1s™1) of TiCoSb and Ti;_ ,Nb,(FeCoNi)Sb (x = 0, 0.01, 0.03, 0.05, 0.07
and 0.1) alloys.

Carrier Concentration

Composition Density (g/cm?) Relative Density (%) (1020 cm-3) Mobility (cm?v—1s—1)
TiCoSb 7.133 95.70 4.673 2.885
Ti(FeCoNi)Sb 7.104 95.30 1471 5914
Ti0,99Nb0.01 (FeCONi)Sb 7.093 95.16 1.562 5.451
Tip 97 Nby 3(FeCoNi)Sb 7.184 96.38 1.866 4.873
Tig.95Nby o5 (FeCoNi)Sb 7.254 97.32 2.185 4.467
Ti0.93Nb0_07(FeCONi)Sb 7.315 98.13 2.454 4.239
Tip 9oNbyg 10(FeCoNi)Sb 7.331 98.39 2.787 3.966

Figure 2 shows the X-ray diffraction results of the Ti; _,Nb,(FeCoNi)Sb (x =0, 0.01, 0.03,
0.05, 0.07 and 0.1) pseudo-ternary half-Heusler alloys prepared via microwave synthesis
and rapid hot-pressing sintering. The main diffraction peaks of the samples were well
indexed to the cubic half-Heusler TiCoSb (PDF#65-5103), which indicated that the pseudo-
ternary HH thermoelectric materials with a high density can be successfully prepared via
microwave synthesis combined with rapid hot-pressing sintering. As can be seen from
Figure 2a, the XRD spectrum of the powder showed no other impurity phase except for
the half-Heusler phase. However, the XRD results of the sintered samples in Figure 2b
show the presence of trace Fe and FeSb secondary phases. The phase fractions of the
Ti; _xNby(FeCoNi)Sb (x = 0, 0.01, 0.03, 0.05, 0.07 and 0.1) alloys are shown in Table 2. The
existence of these metallic secondary phases inevitably affected the electrical conductivity
and thermal conductivity of the Ti;_,Nb,(FeCoNi)Sb alloys [23,49-53].

Table 2. The phase fractions of Tij_,Nby(FeCoNi)Sb (x = 0, 0.01, 0.03, 0.05, 0.07 and 0.1) alloys.

Composition HH (%) Fe (%) FeSb (%)

Ti(FeCoNi)Sb 95.1 49 ~
Ti().gg Nb()_m (FeCoNi)Sb 94.6 5.4 ~
TiQV97Nb0_03(FeCONi)Sb 92.8 7.2 ~
Tio.95Nb0.05(F€CONi)Sb 90.3 9.7 ~
Ti0.93Nb0_07(FeCONi)Sb 84.5 11.3 42
TiovgoNbo_lo(FeCONi)Sb 79.1 13.6 7.3
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Figure 2. The XRD spectra of powder samples after microwave synthesis (a) and compact disc
samples after rapid hot-pressing sintering (b) of Ti;_,Nb,(FeCoNi)Sb (x = 0, 0.01, 0.03, 0.05, 0.07
and 0.1) alloys.

3.2. Microstructural Characterization

The fractural cross-section secondary electron images of the Tip9Nbg ;(FeCoNi)Sb
sample in Figure 3a—c show the existence of small grains among large grains. In addition,
the back-scattering electron images of the Tip9Nbyg 1 (FeCoNi)Sb sample also show obvious
phase segregation, just as shown in Figure 3d—f. To determine the phase composition, the
energy dispersive X-ray (EDX) compositional point analysis and compositional mapping
analysis were carried out on the Tig9Nbyg 1 (FeCoNi)Sb sample. As shown in Figure 4a, the
atomic ratio of Fe, Co and Ni obtained via the EDX compositional surface analysis was
close to 1:1:1. Moreover, the mapping results of the Tip 9Nbg 1 (FeCoNi)Sb sample show the
constituent element segregation, which verifies the presence of the secondary phases in the
XRD results. Based on the results of the compositional point analysis, it can be speculated
that the gray regions (point 3, blue) were the Tip9Nby 1 (FeCoNi)Sb HH matrix phase, the
dark regions (point 2, yellow) were the Ti-rich phase and Fe-rich phase and the bright
regions (point 1, green) were the Sb-rich phase.

Figure 3. The fractural cross-section secondary electron images (a—c) and back-scattering electron
images (d—f) of the Tig 9Nbg 1 (FeCoNi)Sb sample at different magnifications.
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Figure 4. The EDX compositional surface analysis (a), mapping (b) and point analysis (c) of the
Tip9Nbyg 1 (FeCoNi)Sb sample.

3.3. Thermoelectric Transport Properties

The electrical properties of the Ti;_,Nb,(FeCoNi)Sb (x = 0, 0.01, 0.03, 0.05, 0.07
and 0.1) alloys as a function of temperature are shown in Figure 5. Except for the TiCoSb
and Ti(FeCoNi)Sb samples, the ¢ of all the samples followed a temperature dependence of
T%5, implying that the alloy disorder scattering and ionized impurity scattering caused by
the Ti-Nb heteroatomic substitution dominated the charge transport [54,55]. As shown in
Figure 5a, except for the decrease in the conductivity of Tip99Nbg g1 (FeCoNi)Sb, the elec-
trical conductivity of the other samples increased due to the addition of valence electrons
involved in electrical transport [20,56]. The decrease in Tip 99Nby g1 (FeCoNi)Sb may be due
to the fact that although the incorporation of Nb led to an increase in the carrier concentra-
tion (n), it was not enough to compensate for the decrease in the carrier mobility that arose
from the introduction of point defects. However, when x > 0.01, with the increase in carrier
concentration, the adverse impact of ionized impurity scattering on the carrier mobility was
weakened due to the screening effect [57]. In addition, the presence of metallic secondary
phases constructed the internal high-speed channel of electrons inside the samples, which
improved the electrical conductivity.
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Figure 5. The curves of the electrical properties of TiCoSb and Ti; _,Nb,(FeCoNi)Sb (x = 0, 0.01, 0.03,
0.05, 0.07 and 0.1) alloys. Electrical conductivity (a), Seebeck coefficient (b) and power factor (c).

Figure 5b shows that the Seebeck coefficient was negative in the range of 300 K to
750 K, indicating an n-type conducting behavior of the Ti;_yNb,(FeCoNi)Sb samples. For
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degenerate semiconductors, the Seebeck coefficient S is usually associated with the carrier
concentration that can be represented by the Mott equation [19],

5_ Snzkgzm*T( T )%

OB T ( 2
3eh? 3n @)

where kg, e, h, T, m* and n are the Boltzmann constant, elementary charge, Planck constant,
absolute temperature, density of states (DOSs), effective mass and carrier concentration,
respectively. As shown in Figure 6a, the absolute values of S and the average values
of IS| of all the Nb-doped samples were larger than that of TiCoSb and Ti(FeCoNi)Sb,
indicating that the incorporation of Nb can be beneficial to the improvement of the Seebeck
coefficient, which can be due to the increase in the effective mass [34]. However, it can be
seen from formula (2) and Table 1 that as the Nb content increased, the coupling relationship
between the carrier concentration and the Seebeck coefficient hindered the increase in the
Seebeck coefficient [58]. A large m* of Ti;_,Nby(FeCoNi)Sb is conducive to the high Seebeck
coefficient, but may, in turn, lead to a deterioration in the carrier mobility (y) if the band
effective mass is also high [59]. Furthermore, the intensified alloy scattering of carriers
resulted from the Nb doping was also unfavorable for u. The power factors (PFs) calculated
using the electrical conductivity and Seebeck coefficient of the Ti;_,Nb,(FeCoNi)Sb alloys
are shown in Figure 5c. The PFs of all the pseudo-ternary alloys including the undoped
Ti(FeCoNi)Sb were significantly higher than that of the TiCoSb alloy. The maximum PF
value was obtained for Tig¢3Nbg g7(FeCoNi)Sb at 750 K, which was 1.45 pWem 1K 2,
which is much higher than that of Ti(FeCoNi)Sb. The average power factor of the Nb-
doped Ti;_,Nbx(FeCoNi)Sb samples in Figure 6b also show significant improvement
compared with TiCoSb and Ti(FeCoNi)Sb. It is worth noting that compared with other
traditional tens or even hundreds of uWem 1K ~2 of power factor such as TiCoSb [60],
TiNiSn [61] and NbFeSb [50], the result is not enough to support the development of the
most outstanding HH thermoelectric materials. Consequently, it is still necessary to further
explore the optimization of the electrical properties of the Ti(FeCoNi)Sb pseudo-ternary
half-Heusler alloy.
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Figure 6. The average Seebeck coefficient (300-750 K) (a) and average power factor (300-750 K) (b) of
TiCoSb and Ti;_,Nby(FeCoNi)Sb (x = 0, 0.01, 0.03, 0.05, 0.07 and 0.1) alloys.

The curves of the total thermal conductivity (x), electronic thermal conductivity (k)
and lattice thermal conductivity (x;) of the Ti;_,Nby(FeCoNi)Sb (x = 0, 0.01, 0.03, 0.05, 0.07
and 0.1) alloys with temperature are shown in Figure 7. The thermal conductivity was
significantly reduced with the equal proportional substitution of Fe, Co and Ni at the Co
sites over the measured temperature. The electronic thermal conductivity was calculated
using the Wiedemann-Franz law as follows:

kg = LoT 3)
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where L is the Lorenz number. It can be seen from Figure 7b that the variation trend of
the electronic thermal conductivity turned out to be consistent with that of the electrical
conductivity, and there was no obvious gap between the samples. In contrast to the less
noticeable drop in the electronic thermal conductivity, the decreasing trend of k¥ mainly
resulted from the decrease in x;. The lattice thermal conductivity x; was obtained by
subtracting the electronic contribution xg from the total thermal conductivity . The lattice
thermal conductivity of the Ti;_,Nby(FeCoNi)Sb samples decreased with the increasing
temperature, but this trend was partially slowed down at a high temperature due to the
bipolar effect [62]. It can be observed from Figure 7c that the lattice thermal conductivity
followed the T~%° dependence, implying that the alloy disorder scattering of phonons
should be dominant [54]. In addition, the contribution of the ionized impurity scattering
of phonons cannot be ignored [55,63]. For most HH materials, the simple crystal struc-
ture tends to result in a relatively high lattice thermal conductivity (=10 Wm~!K~! at
300 K) [64], which is more pronounced if a metallic phase is also present in the matrix [65].
Benefiting from the smaller group velocity phonons and disorder scattering caused by
a more complex crystal chemistry [31], Ti(FeCoNi)Sb (5.05 Wm 1K1 at 300 K) had the
obviously lower x; compared with that of TiCoSb (8.07 Wm~'K~! at 300 K). The enhanced
phonon scattering mechanism was attributed to several factors, such as point defects in-
troduced by the substitution of Nb at the Ti sites, the mass and strain fluctuation and the
lattice distortion generated by the increase in the configuration entropy with the equal
proportional substitution of Fe, Co and Ni at the Co sites. Thus, the lattice thermal conduc-
tivity of the Nb-doped Ti;_,Nby(FeCoNi)Sb alloys was lower than that of Ti(FeCoNi)Sb.
However, when Nb > 0.05, this trend was inhibited under the influence of more metallic
secondary phases. In the measured temperature range, the lattice thermal conductivity
of Tip97Nbg 3MSb was decreased by 55% and 23% compared with that of TiCoSb and
Ti(FeCoNi)Sb at the same temperature, respectively.
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Figure 7. The curves of the thermal properties of TiCoSb and Ti;_,Nb,(FeCoNi)Sb (x = 0, 0.01, 0.03,
0.05, 0.07 and 0.1) alloys. Total thermal conductivity (a), electronic thermal conductivity (b) and
lattice thermal conductivity (c).

Figure 8a,b shows the temperature dependence of the ZT and average ZT values
(300-750 K) of the Tij_,Nby(FeCoNi)Sb (x = 0, 0.01, 0.03, 0.05, 0.07 and 0.1) alloys. With
the increase in temperature, the ZT of each sample increased, but the gap also widened
rapidly. The Nb doping and multi-element substitution at the Co sites resulted in a
large gap in the S and x;, between samples. The maximum ZT value was about 0.03
for the Ti93Nby g7(FeCoNi)Sb sample. However, this is still lower than the ZT5 of the
p-type Ti(Fey/3.015C01/3Nij/3-015)Sb and n-type Ti(Fe; /3_01Co1/3Niy/3.0.1)Sb at 750 K
(above 0.2) reported by Luo et al. [34], which is speculated to be due to excessive differences
in the electrical properties. Compared with the TiCoSb sample prepared using the same
process, the ZT of the Ti;_,Nby(FeCoNi)Sb samples were obviously improved due to the
increase in the Seebeck coefficient and the reduction in the lattice thermal conductivity.
As shown in Figure 8b, the average ZTs in the temperature range of 300-750 K of the
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Ti;_xNby(FeCoNi)Sb pseudo-ternary HH alloys were dozens of times that of TiCoSb, and
this trend is further increased after the incorporation of Nb.
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Figure 8. Temperature dependence of ZT (a) and average ZT (300-750 K) (b) of TiCoSb and
Ti;_xNby(FeCoNi)Sb (x = 0, 0.01, 0.03, 0.05, 0.07 and 0.1) alloys.

4. Conclusions

High-purity and high-density Ti;_,Nb,(FeCoNi)Sb (x = 0, 0.01, 0.03, 0.05, 0.07 and 0.1)
pseudo-ternary half-Heusler alloys were successfully prepared via microwave synthesis
combined with rapid hot-pressing sintering. The multi-element substitution at the Co
sites can effectively reduce the lattice thermal conductivity by introducing more phonon
scattering mechanisms. In addition, the lattice thermal conductivity was greatly reduced
due to the increase in phonon scattering caused by point defects, mass fluctuation and
strain fluctuation introduced by Nb doping. The average ZT values of the Nb-doped
pseudo-ternary half-Heusler samples were dozens of times that of TiCoSb prepared using
the same process. Of course, the factors affecting the electrical properties that are too
different from other HH material systems also need to be further studied.
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Abstract: The research on thermoelectric (TE) materials has a long history. Holding the advantages of
high elemental abundance, lead-free and easily tunable transport properties, copper-based diamond-
like (CBDL) thermoelectric compounds have attracted extensive attention from the thermoelectric
community. The CBDL compounds contain a large number of representative candidates for ther-
moelectric applications, such as CulnGay, CupGeSes, CuzSbSey, CujrSbSeys, etc. In this study, the
structure characteristics and TE performances of typical CBDLs were briefly summarized. Several
common synthesis technologies and effective strategies to improve the thermoelectric performances
of CBDL compounds were introduced. In addition, the latest developments in thermoelectric devices
based on CBDL compounds were discussed. Further developments and prospects for exploring high-
performance copper-based diamond-like thermoelectric materials and devices were also presented at
the end.

Keywords: thermoelectric; copper-based diamond-like compounds; zT; lattice conductivity; device

1. Introduction

The attractive capability of thermoelectric (TE) materials in actualizing the conversion
between temperature gradient and electrical power makes them strong candidates for
waste-heat recovery as well as solid-state refrigeration [1-3]. The practical and widespread
application of TE technology strongly relies on the development of high-performance
TE materials, where the TE performance of materials is evaluated by a dimensionless
figure of merit, zT = «?0T /x. The TE parameters a and ¢ are the Seebeck coefficient and
electrical conductivity which, respectively, constitute the power factor, PF = a?c, used to
evaluate electrical conductivity characteristics. Parameter T is the Kelvin thermodynamic
temperature, while x refers to the total thermal conductivity, which is composed of two
major contributions from the charge carriers (xg) and the lattice (1), respectively. From
a computational perspective, the most ideal high-performance TE material should have
a large &, high ¢ as well as a low x value. What cannot be avoided is the strong coupling
between thermoelectric parameters regarding carrier concentration, such as when a high
o means low « and a high g, limiting the improvement of zT [4-6]. In order to achieve
high zT in traditional or emerging TE materials, various methods and approaches have
been adopted to reduce the correlation between thermal and electrical properties [7-9],
including defect engineering, size effects, alloying effect and high-entropy engineering,
etc. In addition to achieving high performance, the exploration of alternative materials
consists of earth-abundant and eco-friendly components to meet the sake of clean and
environmental protection is also considered as one of the most popular approaches in
TE field [10-13]. In recent years, diverse bulk TE materials have been widely researched,
including liquid-like Cuy(S, Se, Te), silver-based chalcogenides, Sn(Te, S, Se), half-heuslers,
etc. [14-16].

As an environmentally friendly and promising TE material without precious elements,
the performance advantages of copper-based diamond-like TE compounds lie in their
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high Seebeck coefficient and low thermal conductivity [17-21]. Typical compounds in-
clude: Cu3SbSey, with a high zT of 0.89 at 650 K [19]; CuySnSes, with a of ~250 uVv-K-1
in the temperature range of 300-700 K [22]; and CulnTe;, with a x; value as low as
0.3 W-m~1.K~1 [23], etc. Copper-based diamond-like TE compounds are a type of material
that conforms to the concept of “phonon-glass electron-crystal” (PGEC) [17] materials,
and their crystal structures are usually composed of two sublattices [23-25], in which one
sublattice constitutes a conductive network, while the other acts as a thermal barrier and
is sometimes also known as a charge reservoir. In 2011, Skoug et al. [24] summarized the
significance of lone-pair electrons in the Cu-Sb-Se diamond-like system and demonstrated
that the low intrinsic x; in compounds came from the interaction of lone-pair electrons with
neighboring atoms. Moreover, Skoug et al. [25] also confirmed that the dominant Cu-Se
network controlled the electric transport while the Sn orbitals only compensated the system
for electrons. Several diamond-like crystal structures evolved from thecubic zincblende
structure are shown in Figure 1a. Simultaneously, a series of advanced CBDL compounds
have been discovered since 2009, most of which have presented outstanding TE properties.
The timeline of maximum zT5 and the temperature dependence of zT5 for selected CBDL
compounds are shown in Figure 1b,c. Taking the typical diamond-like compounds of Cu(In,
Ga)Tep, CusSbSey, and CuySnSes as examples, long-term efforts have shown that they all
apparently have superior TE transport properties with high zT's that exceed one. For in-
stance, Liu et al. [23] devised a pseudocubic crystal structure in CulnTe, compounds; thus
the highest zT of 1.24 was obtained in Ag-doped CulnTe, compounds. A peak zT of 1.14
was attained in a CuySng gglng 10Se3 compound at 850 K by replacing Sn sites with In. It is
also worth noting that a high average zT (zT4¢) value is desirable for overall TE conversion
efficiency. For instance, a high zT,, of 1.67 at 873 K, and a zT e of 0.73, were realized
in Cug 7Ago3Gag4Ing ¢Tep [26]. In the latest research of Zhou's group [27,28], record-high
zT e values of 0.73 and 0.77 were achieved in Cu3SbSes—based and Cu3SbS,—based ma-
terials, respectively, which were also comparable to other state-of-the-art TE compounds.
Hence one can see that CBDL compounds are expected to become environmentally friendly
candidates for TE applications and to achieve excellent performances.

In this review, the structural origins, and the decoupled transport properties of CBDL
thermoelectric compounds, were summarized. The latest advances in different types of
CBDL compounds were discussed. Then, several common synthetic methods of CBDL
compounds were briefly introduce, typical strategies for optimizing the TE properties of
CBDL compounds were described in detail, as well as recent updates on CBDL-based
TE devices. Finally, the future development of CBDL thermoelectric compounds was
evaluated.

2008 2010 2012 2014 2016 2018 2020 2022
Year

Figure 1. (a) Various crystal structures of CBDL thermoelectric compounds; timeline of zT5 (b) and
the temperature dependence of zT5 (c) for selected copper-based diamond-like thermoelectric com-
pounds, data culled from Cu(In, Ga)Te, [23,26,29-41], Cu3SbSey [27,42-49], Cu3SbS, [28,50,51],
CuFeS; [52-55], CupSnS; [56-58], Cu,GeSes [59-61], CuySnSez [62-67], Cui,SbSeq; [68,69],
CupCdSnSey [70-74], CupyZnGeSey [75], CupyCoSnSey [76], CupMnSnSey [76], CuyFeSnSey [76-78],
CuyMgSnSey [79], CuyZnSnSy [33], CuyZnSnSey [33].
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2. Copper-Based Diamond-like Thermoelectric Compounds

CBDL compounds contain a large number of family members, which include ternary
I-1II-VI, chalcopyrites, I3-V-VIy stannites, I,—-IV-VI; stannites, quaternary I,—II-IV-VIy
compounds, and even large-cell Cuj9B,C4D13 tetrahedrites and CupgP2QgS32 colusites. The
TE properties of selected typical CBDL compounds including zTve, 2T max, a?0, k1, and
carrier concentration (1) at room temperature are displayed in Table 1.

Among CBDL compounds, CuGaTe; and CulnTe; are typical Cu-IlI-VI, (IIl = In,
Ga; VI = Se, S, Te) chalcopyrites structural compounds which have exhibited excellent
thermoelectric properties at higher temperatures. In 2012, Plirdpring et al. [29] achieved a
record zT of 1.4 in CuGaTe; compound at 950 K, which indicated that it was a potential
material in the field of TE applications. Comparatively, it was found that CulnTe, possessed
a high zT of 1.18 at 850 K [20]. A large number of studies were conducted to optimize the
TE transport behaviors of chalcopyrite-based materials in the following years. Through
defect engineering, Pei’s team obtained a maximum zT of 1.0 at 750 K in the Ag-doped
CuGaTe; compound [40] and identified that vacancy scattering was an active approach
to improve TE transport behaviors [80]. Zhang et al. [26] synthesized a quinary alloy
compound Cug7Agy3Gag4lngsTe, with a complex nanosized strain domain structure,
which presented excellent TE properties with a peak zT of 1.64 at 873 K and an average
ZT (zTg0e) of 0.73. Through compositing TiO, nanofibers, Yang et al. [36] achieved a
maximum zT of 1.47 at 823 K in a CulnTey-based TE compound. Moreover, Chen et al. [23]
obtained a maximum zT of 1.24 in the Cug75Agp2InTe; compound. The above shows
that Cu(In, Ga)Te; diamond-like TE materials have a higher zT5, comparable to other
advanced thermoelectric materials such as PbTe [81-84] and SnTe [85-87]. In addition, a
natural chalcopyrite mineral, CuFeS, [52-55], was also recognized as an advanced CBDL
thermoelectric material. It is noteworthy that the CuFeS, compound is a rare typical n-type
TE compound among CBDL thermoelectric materials [88,89].

Cuz-V-VI4 (V =5b, P, As; VI = Se, S, Te) compounds with a tetragonal diamond-like
crystal structure can be approximately regarded as the superposition of four equivalent
zincblendes, wherein CuzSbSey is considered as a promising TE candidate owing to its
narrow band gap of ~0.3 eV [19,27,47,90]. For improving the TE performance of CuzSbSes—
based materials, Li et al. [45] coordinately regulated electrical and thermal transport be-
haviors through the incorporation of Sn-doping and AgSbg 9sGeg g2Se; inclusion, and the
highest zT of 1.23 was eventually achieved at 675 K. Bo et al. [90] successfully applied
the concept of configuration entropy to optimize the TE performance of Cu3SbSe,, and
the zT increased by about four times, compared to the initial phase, with the increase of
entropy. In their latest report, Zhou's group [27] attained a superior average power factor
(PF0¢) of 19 uW-cm 1. K2 in 300-723 K by using a small amount of foreign Al atoms as
“stabilizers” to supply the high hole concentration, with almost no effect on carrier mobility.
Consequently, combined with the reduced «, a record-high zT of 1.4 and a zT. of 0.72
were obtained within the CuzSbSes—based compounds. A new unconventional doping
process that can coordinate the TE properties of materials was also presented. Apart from
CuzSbSey, CuzSbSy is also a promising Cuz—V-VI —type of TE material [28,50,51], and it
has been demonstrated that its PF e can reach up to 16.1 uW-cm~1-K~2 and the 2T, up to
0.77 between 400 and 773 K via its optimization [28].

Different from Cu-III-VI, and Cu3z—V-VI; compounds, ternary Cup,—IV-VI; (IV = Sn,
Ge, Pb; VI = Se, Te, S) compounds crystallize in more distorted structures that are far from
tetragonal, as shown in Figure 1a. CuySnSe; is a kind of CBDL compound with diverse
structural phases, which has been found and synthesized successfully, including in cubic,
tetragonal, orthogonal, and monoclinic phases involving three variants [22]. Hu et al. [62]
improved the TE transport behaviors of CupySnSe; by enhancing the crystal symmetry
of it via Mg-doping and intensifying the phonon scattering through the introduction of
dislocations and nanoprecipitates. Similarly, Ming et al. [65] obtained a peak zT of 1.51 at
858 K in the CuySng g2Ing 185€2.750 3 compound through regulating the band structure and
introducing multi-scale defects. In addition, a record-high zT of 1.61 was obtained at 848 K
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by Qin et al. [66] by constructing the intrinsic point defects, including high-dense stacking
faults and endo-grown nanoneedles, to obstruct mid- as well as low-frequency phonons in
CuySnSes compounds. Except for CupSnSes, CusA;By (A =Si, Ge, Sn; B =S, Se, Te), with
a centrosymmetric space group C2/m, is also a kind of distorted CBDL compound which
has been considered to possess a non-centrosymmetric cubic structure, with the phase
crystallized as C-centered, as shown in Figure 2a [91-93]. An undesirable characteristic
of CusA;By; compounds is that they represent metal-like behaviors, such as the carrier
concentration and « of CuzSn,Te; at 300 K are 1.39 x 10*! em~3 and 15.1 W-m~1.K~1,
respectively [92]. Simultaneously, zinc atoms have been proven to be effective dopants for
strengthening the semiconductor properties of CusSn;Te; compounds; Sturm et al. [93]
introduced a zinc dopant into CusSn;Sey and CusSnyTe; compounds, which also supports
this conclusion. Especially noteworthy is that the effect of zinc doping is not optimal, and
the TE performance of the compound still needs further improvement.

Quaternary Cuy-II-1V-VI; (Il = Co, Mn, Hg, Mg, Zn, Cd, Fe; IV = 5n, Ge; VI = Se,
S, Te) compounds with more complex tetragonal structures have also been widely stud-
ied. The distinguishing features of quaternary CBDL compounds are they possess a
wider bandgap and a relatively lower carrier mobility compared with the ternary CBDL
compounds [68,70,76,94-99]. Taking the orthorhombic enargite-type CupMnGeSy as an
example [95], the bandgap of it is ~1.0 eV in the initial phase while it only converts to
0.9 eV in the Cuy 5Mng 5GeSy by adjusting the ratio of Mn and Cu atoms. The large-cell
Cuy9B,C4Dy3 [100-103] (B = Ag, Cu; C = Co, Ni, Zn, Cu, Mn, Fe, Hg, Cd; Q = Sb, Bi, As;
Q = Se, S) tetrahedrites have even more complex crystal structures, as shown in Figure 2b,c,
respectively. The featured “PGEC” framework is also displayed in the Cuy,Sb4S13 tetra-
hedrite, where the electric transmission is controlled by a CuS, network and the thermal
transmission is governed by a cavity polyhedral consisting of CuSz and SbS; groups [100].
In 2013, Lu et al. [102] achieved an enhanced zT of 0.95 at 720 K in Cuj,Sb4Sq3 utiliz-
ing Zn-doping. Moreover, Li et al. [103] attained a high zT of 1.15 at 723 K in a porous
Cu25b4S13-based material; a segmented single-leg device based on the material was suc-
cessfully fabricated which realized a high conversion efficiency of 6% when the AT reached
up to 419 K. CupeP2Q4S32 [104-108] (P =V, Ta, Nb, W, Mo; Q = Ge, Sn, As, Sb) colusites are
other large-cell examples, which possess 66 atoms in a crystal cell while the tetrahedrites
possess 58 atoms. Therefore, the common characteristic of both is their inherent low « de-
rived from high structural inhomogeneity [108,109]. For instance, Guilmeau'’s group [105]
obtained the lowest x of 0.4 W-m 1K~ at 300 K in the CuyV,Sn4Ss3, colusite, which was
attributed to the structural complexity of colusite and mass fluctuations among the Cu,
V and Sn atoms. In 2018, they further elucidated the potential mechanism related to the
fountainhead of intrinsically low x for a colusite along with the influence of antisite defects
and S-vacancies on carrier concentration [105,106].

2 y
Ocul ®cu2 @b @s1 @2 US @Cu @Q U

Figure 2. Crystal structure of: (a) CusSnySey (reprinted with permission from ref. [91], Copyright
2014 American Chemical Society); (b) Cu,SbS;3 (reprinted with permission from ref. [110], copyright
2015 American Chemical Society); and (c) CupgP2QgS32 (reprinted with permission from ref. [106],
copyright 2018 American Chemical Society).
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Table 1. Thermoelectric transport properties of selected CBDL compounds.

o, w’o KL n@RT Synthesis

Composition 2T ax 2T gve (UW-em-1.K-2)  (W-m-1.K-1) (10¥cm-3) Method * Ref.
Cug75Ag02InTe, 1.24@850K 047 7.26 0.3 1.11 M + HP [23]
Polycrystalline CuGaTe; 1.40@950 K 0.43 8.9 0.45 0.11 M [29]
Cug7Agg3Gag4Ing ¢ Tey 1.64@873K  0.73 5.22 0.24 0.007 M + HP [26]
(CulnTez)og9(2ZnTe)o 01-0-1 147@823K  0.50 12.93 0.45 6.01 M [36]

wt% TiO,

Cug goAgpalngg; Te, 1.60@850 K 0.49 8.81 0.36 0.07 M+SPS  [38]
CuygIng 1Gag3Tere 1.22@850K 051 11.92 0.55 7.03 M+SPS  [39]
Cug7Ago3GaTe, 1.00@750 K 0.57 12.26 0.68 48 M + HP [40]
CuggAgg2Ing,Gag gTey 1.50@ 850K  0.78 14 0.49 0.043 M+SPS  [41]
CusSbSes+15 vol% p—ZnsSbs 1.23@648 K 0.43 12.7 0.14 5.5 ST [45]

Cu3Sbg 96Sng 4Se4—5 wt%

1.23@675 K 0.50 13.8 0.54 8.72 M + SPS 47

AgSby 9sGeg.025€e2 [47]

MAH +

Cuz_gAgg,zSb0_95Sn0,05Se4 1.18@623 K 0.36 9.54 0.27 12.0 SPS [48]
Cuy.g5Ag)155bSey 0.90@623K 052 10.98 0.66 0.57 M+SPS  [49]
Cu;3SbSes—4 wt% CuAlSe, 140@723K  0.72 16 0.35 10 M + HP [27]
Cug 92 Zng 0sFeSy 026@623K  0.14 5.4 2.24 39.6 M [52]
Cug.gIng ggFeSy 035@723K  0.19 47 0.79 412 M+SPS  [53]

Cug ggAgo12FeSy 045@723 K  0.22 7.6 1.15 3.6 M +PAS  [54]
CuFeq 94Gep 0652 0.40@723K  0.17 6 1.04 47 M + HP [55]
CupSngolng1Ss 0.60@773K  0.32 6.23 1.01 126 MA +SPS  [56]
CuZSn0485Mn0415S3 0.68@723 K 0.28 9.2 0.4 462 M + SPS [57]
CUZSHO.74Sb0.06COO.283 0.88@773 K 0.43 10.4 0.41 237 M + SPS [58]
Cu1,g5AgO.15 (Sno‘ggGao‘lNa0.0z)se::, 1.60@823 K 0.50 12.75 0.28 91.8 M [62]
Cu1_85AgO,15Sn 0.911’10_1 Se3 1.42@823 K 0.38 9.70 - 734 SHS [63]
Cu1485Ago.15513:;.9511%-095%/ 4% 158@800K 059 12.6 0.12 133.4 SHS + PAS  [64]

2
Cu25n0,821n0.18562.750.3 1.51@858 K 0.33 9.3 0.35 151 M [65]
CugSnogsFeooelnooeSesdwth 4 1agie k040 7.6 0.2 163 M+MA+ o6
AgySe HP

Cu149Agg,lGe04997Gao,003Se3 1.03@768 K 0.58 7.3 0.46 35 M + SPS [60]
Cul.gAgo_zGe0.95InO_05Se3 0.97@723 K 0.44 6.4 0.38 4.6 M + HP [61]
Cuy17Gdg35b4S13 0.94@749K 046 16 - 60.3 M + HP [68]
Cuy1.25Cdg 755b4S13 090@623K  0.72 12.1 0.33 42 M + HP [98]

Cuy1 5Nig 55b4513+0.7 vol% AP 1.15@723 K 0.66 12.8 0.17 - MA: SPS [103]

Cu3SbS4—9 wt% CuAlS,-1.5

wit% AgAIS, 1.30@773 K 0.77 16.1 0.72 422 M + HP [28]

CuzSby 955100554 0.72@623K 037 11.3 0.85 414 MA +SPS  [50]
Cu38b0489810,065n040554 0.76@623 K 0.38 13.98 0.78 74 MA + SPS [51]
Cuy.10Cdg 99SnSey 0.65@700K  0.27 5.1 0.23 - M+SPS  [70]
CuyCoSnSey 0.70@850 K 0.31 6.83 0.45 19 M + SPS [76]
CuyMgSng 92519 g755e4 042@700K  0.17 5.8 - 14 M+SPS  [79]
Cuz.l (Fe0_5Mn0.5)0_9SnSe4 0.60@800 K 0.22 6.1 - 30 M + SPS [77]
Cuy 1 FepoSnSey 0.52@800K  0.23 5.9 0.60 23 M+SPS  [78]
CupCdSnSey 0.50@760K  0.17 3.1 0.42 115 Css;g/[ B v4Y
Cuy1Cdg gSnSes 4 0.65@723K  0.27 6.96 0.42 - ST + HP [72]

Cu; 7Agp3CdSnSey 0.80@688 K 0.43 6.5 0.37 - MSAPI; " [73]
CupCdSnSey—CdSe 0.65@725 K 0.34 5.1 0.56 60 M + HP [74]

Cuzészce&ong 1.00@670 K 0.50 8 0.51 - M + HP [104]

Cugg V2SneSsn 0.93@75K  0.55 7.73 0.4 380 MA +SPS  [106]

CuyCraGegSap 1.00@700K  0.48 19.4 0.48 - MA +SPS  [108]

* Herein, melting abbreviated to M, hot-pressing abbreviated to HP, spark plasma sintering abbreviated to SPS,
microwave-assisted hydrothermal abbreviated to MAH, mechanical alloying abbreviated to MA, plasma-activated
sintering abbreviated to PAS, solvothermal abbreviated to ST, self-propagating high-temperature synthesis
abbreviated to SHS and colloidal synthesis abbreviated to CS.
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3. Material Synthesis Recipes

The synthesis process accompanied by the research and development of the material
is a crucial link in obtaining superior TE materials. Therefore, while the performance of TE
materials have been improved by leaps and bounds, diverse techniques for synthesizing
various TE compounds are also developing vigorously. As shown in Table 1, traditional
technologies such as melting, the so-called solid-state reaction, are still widely used in the
preparation of high-performance TE materials. Letting nature take its course, the successful
application of non-equilibrium formulations, including high-energy ball milling (BM), melt
spinning (MS), self-propagating high-temperature synthesis (SHS) and solvothermal (ST)
technologies in the TE field provide more options for developing the new generation of
TE materials with fine multi-scale microstructures. Simple schematic diagrams of several
common synthesis and preparation technologies are shown in Figure 3.
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Figure 3. Schematically illustration of BM, MS, SHS, HP&SPS and ST.

High-energy ball milling, also known as mechanical alloying, has been widely adopted
to assist in, or directly, synthesize TE compounds with multi-dimensional structures [111-118].
For instance, Nautiyal et al. [117] synthesized a series of polycrystalline CuySnSs, CupZnSey
and CupyZnSnS, TE compounds through MA, which proved that the introduction of nanos-
tructures into the material stabilized the disordered phase structure at low temperatures
was conducive to optimizing the TE transport performance of the material. The mechanism
of high-energy reaction is achieved by using the inertia between the grinding balls to
cause a high-energy impact on the material particles, resulting in cold welding, fracture
and re-welding between the particles, leading to further crushing [114]. In addition, most
of the BM process involves dry grinding in protective gas to ensure that the collision
energy among balls can be effectively applied to the ground powders, and sometimes
ethanol and other solvents are used as grinding media. After BM, the fine structure and
even nano-powders existing in the material can effectively enhance the phonon scattering
and significantly reduce the x. BM has the advantages of high synthesis efficiency, easy
operation, high cost-efficiency and the ability to synthesize thermoelectric materials in
large quantities. It is usually used to produce multi-dimensional structure [115], synthetic
compound [111,116,117] and mix composites [118] in the TE industry.

Melt-spinning technology is an effective approach to achieve rapid solidification by
injecting a molten alloy flow into a rotating and internally cooled roller [119], as shown
in Figure 3. When the melt contacts the roller, the melt will undergo rapid solidification
or even amorphous transformation accompanying the rapid transfer of heat and will be
produced in the form of thin strips or ribbons [119-121]. The microstructure, that depends
on local temperature and cooling rate, can be easily controlled by adjusting the machining
parameters in the process of MS [119,122]. Previous studies have shown that a large number
of refined microstructures and nano-grains can be introduced in TE compounds by MS,
such as SnTe, BiSbTe, PbTe and skutterudite, etc., [120,123-125]. In 2019, Zhao's group [121]
successfully prepared Cu-Te alloy ribbons with nanocrystalline structures using MS, and
achieved the lowest x of 0.22 W-m~!1-K~! in the Cu,SnSes-based composite.

The self-propagating high-temperature synthesis starts with the heating of a small
part of the sample at a point, and then the combustion wave spreads along the material to
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gradually realize the synthesis of the material in an extremely short amount of time [64,126],
as shown in Figure 3. In 2014, Su et al. [126] successfully applied SHS to the preparation
of various TE compounds for the first time, including Cu,;SnSes, CoSbs, Biy(Te, Se)s,
SnTe, Mg,(Sn, Si), etc. As the combustion wave spreads across the whole sample, it
plays a role in purifying the material and maintaining its stoichiometry [126,127]. The
most attractive aspect of SHS is its rapid one-step process, which can be expanded and
completed with minimal energy. This feature makes it popular in the synthesis of a variety
of CBDL compounds [63,64,127,128]. The main shortcoming of the self-propagating high-
temperature synthesis process is that the reaction is so rapid that the sintering size of the
sample is difficult to control, requiring secondary processing to ensure the quality of the
materials [64,126]. For subsequent measurements and characterizations, dense block TE
materials are generally manufactured using sintering technology, including HP and SPS
(also known as plasma-activated sintering (PAS)). In most cases, the procedure of sintering
is the last step of fabrication, as shown in Table 1, which can strengthen the densification of
products and further purify the phases.

In addition, hydrothermal as well as solvothermal reactions are very efficient ap-
proaches to preparing refined materials with controllable dimensions and morphologies
through the chemical synthesis process [42,45,48,129-133]. In the process of ST, the stoi-
chiometric precursor material required for the synthetic material is first dissolved in the
aqueous solution, and then the internal reaction conditions, such as the pressure, pH
value and additive concentration, are strictly controlled to make it react in a sealed auto-
clave [130,131,134-136]. Although the operation is more complex compared to the physical
methods mentioned above, controllable thermoelectric compound nanostructures can be
synthesized through a wet process, which has the advantages of a low synthesis temper-
ature and fine grain size. It is also worth noting that some the morphologies and sizes
of the products can be greatly modified by external conditions, such as the ultrasonic
mixture pretreatment time, and the reaction temperature and time [131]. For instance,
Wang et al. [136] synthesized the monodispersed CuySnTez nanocrystals (~25 nm) using
hot-injection synthesis for the first time, in which the Te precursor was selected by dis-
solving TeO; in 1-dodecanethiol and the reaction solvent was a Cu-Sn complex solution.
Moreover, Wei et al. [135] synthesized Cu3SbSe4 hollow microspheres dispersed with TiO,
by a procedure of microwave-assisted hydrothermal synthesis. One advantage of chemical
synthesis is that it can control the doping of foreign ions and optimize the grain orientations
of nanostructures, which has an important impact on adjusting the carrier concentration
and improving phonon scattering [43,129,132,135,136].

In recent years, additive manufacturing [137,138] and machine learning [14,139-144],
as emerging intelligent industries, have gradually entered the thermoelectric field, which
opens a novel and convenient means to exploring multi-phase space. Referring to di-
verse indicators closely related to material properties, a series of high-performance CBDL
compounds have been discovered. For instance, Zhang’s group [139] investigated and
predicted the electronic structures and the TE transport behaviors of ABX; materials using
a high-throughput (HTP) framework, as shown in Figure 4a. Taking the energy position of
the band edge as an indicator, Chen’s team [140] verified the HTP strategy with the bandgap
as an indicator by screening out the potential high-performance n-type TE compounds
from Cu-containing chalcogenides, as shown in Figure 4b. In addition, Shi et al. [145]
proposed a new performance indicator, shown in Figure 4c,d, for guiding the discovery of
TE compounds with low x. The new indicator referred to the number mismatch () between
anions and cations. It should also be noted that since the difference of atomic mass was
not considered, the indicator was applicable to compound families with the same elements
but different compositions. It was well demonstrated in the Cu-5n-S systems shown in
Figure 4d.
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pounds ABX; with diamond-like structures, reprinted with permission from ref. [139], copyright
2019 American Chemical Society; (b) workflow of the HTP screening process in Cu—containing
metal chalcogenides, reprinted with permission from ref. [140], copyright 2022 American Chemical
Society. Room temperature x; varying with number mismatch in (c) ternary Cu— and Ag-based
chalcogenides; and (d) Cu-Sn-S compounds, reprinted with permission from ref. [145], copyright
2020 the Springer Nature.

4. Strategies for Optimizing the TE Performances of CBDL Compounds

There are two main basic principles for achieving high-performance TE materials, one
of which is to maximize the PF while the other is to minimize the x;. One of the typical
characteristics of CBDL compounds is that the highly degenerated valence band results in
the compound possessing a high Seebeck coefficient. The common defect for most CBDL
compounds is that they generally have low carrier concentrations at low temperatures and
high «7, in their initial form. Therefore, trying to promote or maintain PF is the critical issue
in the development of high-performance CBDL compounds while reducing the «r..

4.1. Several Representative Strategies for Enhancing Power Factor
4.1.1. Optimization in Carrier Concentration

As most TE materials have an optimal carrier concentration in the range of 10" to
102! cm ™3, one of the most common approaches to maximizing the PFs of TE materials is
tuning the carrier concentration [4,5]. For optimizing the carrier concentration in CBDL
compounds, a quantity of impurities with different functions has been introduced into
pristine compounds. Successful cases among Cu(In, Ga); -xNxTe; (M = Ag, Zn, Ni, Mn,
Cd, Hg, Gd) [23,34,146-151], Cuy _xFe1.4S; [152], CuzSb; _xNxSey (N = As, Zr, Hf, Al, In,
Sn, Ge, Bi, La) [42,43,113,115,132,153,154] and Cu,Cd; —xIn,SnSe,4 [155] have demonstrated
that doping towards a higher charge-carrier density can effectively improve the electri-
cal performances of the compounds. In addition, introducing vacancies is also another
available approach to optimizing the electrical transport properties as well as minimizing
the k7. On the one hand, as the most common form of p-type doping, Cu vacancy has
been widely created in CBDL compounds owing to the small formation energy of defects,
as seen in Cujp—xNxSbsS13 (N = Cd, Mn, Ge, Fe, Co, Sn, Ni, Bi, Zn) [98,156], Cuj _x(In,
Ga)Te, [40,157,158] and Cusz_xSbSey [159]. On the other hand, it is feasible to use an-
ion vacancies for donor doping, as displayed in CuyZnGeSes xSy [160], CuFeS, _ [161],
Cu12SbsS13_xSex [100] and CuyFeSnS,_« [162].

4.1.2. Modulation Doping

It should be pointed out that the effect of traditional doping by substituting host
atoms by alien ones is fettered by the solubility limit, and worse still, it is easy to cause
intense charge-carrier scattering at room temperature, resulting in a loss of electrical
transport performance [7]. Compared with traditional doping, modulation doping can
effectively avoid the above problems. It is usually designed as a composite composed of
two kinds of nanoparticles, and only one of them contains a doping agent [86]. Recently, an
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unconventional doping (UDOP) strategy was proposed by Zhou et al. [27,28,163] supported
this view, where the increase in the vacancies concentration was obtained from an Sb
vacancy stabilized by Al rather than alien atoms. Combined with an optimized hole
concentration (3.1 x 10?°.cm~3) and a maintained carrier mobility, a considerably high
average PF of 19 uyW-cm~!-K~2 was obtained in the temperature range of 300-723 K [27].
In contrast to the conventional doping method (Figure 5a), the carrier concentration and
carrier mobility decouple by vacancies in the route of UDOP (Figure 5b). In other words, it
can be considered that in the purposeful doping process, the doping additive itself does
not provide carriers, but acts as a “stabilizer” of the cationic vacancy (Figure 5c—e), which
actually offers additional holes for p-type conductive semiconductors. It has been proved
that the modulation-doping strategy can be used to not only improve the PF of CBDL
compounds, but also to maintain the carrier mobility of various compounds requiring a
high carrier concentration.

(a) AB,_,C, Strong scattering (b) AB,_,D, (x>y)Weak scattering (c) AE=0 (d) AE =725 meV (e) AE = - 66 meV
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Figure 5. Schematic diagrams of (a) conventional; and (b)unconventional doping; Cu3SbSes4 with
(c) perfect lattice; (d) Sb vacancy; and (e) Sb vacancy surrounded by Al as a stabilizer. Reprinted with
permission from ref. [27], copyright 2022 Wiley-VCH GmbH.

4.1.3. Pseudocubic Structure

Apart from obtaining an optimal carrier concentration, the regulation of PF is also
linked with the electronic band structure [5,7,8]. The high band convergence (N,) originat-
ing from high symmetric crystal structures is beneficial for obtaining large « and high o.
Similarly, the CBDL compounds derived from the high-symmetry cubic phase, ensures that
they possess highly degenerate valence bands [18,32,33]. In particular, Zhang et al. [31]
proposed a pseudocubic strategy were the PF could be optimized to the greatest extent by
pruning the band split-off, which was also considered as an efficient approach to exploring
and screening high-performance non-cubic TE compounds. As shown in Figure 6a,b, when
the valence band-splitting energy Acr approximates to zero, this means that the distortion
parameter 1 = ¢/2a approaches one; in other words, the bands are in a degenerate state at
this time, which can trigger the maximum PF. The pseudocubic approach, also known as
the unity-# rule (y = ¢/2a), has been successfully applied to screen out high-performance
tetragonal CBDL compounds [23,35,76,97]. For instance, Li et al. [97] found that the AcF of
CuyZnSnSey could be appropriately tuned by applying the proper strain, which provides an
alternative way to improve the thermoelectric properties of the compound. As a systematic
strategy, the unity-# rule is used to qualitatively guide the evaluation and manipulation
of TE diamond-like lattices. For instance, the distortion parameter #, as a function of the
cell parameter 4, for tetragonal diamond-like chalcogenides [32] is shown in Figure 6c. It
should be noted that the pseudocubic approach is limited to low-symmetry material with
an ideal bandgap and a low x [7].
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Figure 6. Band convergence in (a) cubic zincblende structure; and (b) pseudocubic ternary chal-
copyrites, reprinted with permission from ref. [31], copyright 2014 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. The ¢ and a are the lattice constants. Ty, is a nondegenerate band, and I's, is a
doubly degenerate band. Acr is the crystal field-induced energy split at the top of the I'y;, and I's,
bands; (c) distortion parameter # as a function of the lattice parameter g, reprinted with permission
from ref. [32], copyright 2018 Science China Press and Springer-Verlag GmbH Germany, part of
Springer Nature.

4.1.4. Softening p-d Hybridization

It is well known that the p-d hybridization in CBDL compounds is very strongly
attributable to the quite small separation energy among the atomic levels of chalcogen
p-orbitals and Cu-3d states [91,99,164]. For most CBDL compounds, the electric transport
channel (mostly the valence band maxima, VBM) is regarded as being constructed by Cu-X
bonds [18,22]. The chemical bonding and the electronic structure in TE materials are closely
linked to their internal charge carriers and phonon transport behaviors. Therefore, the
regulation of p-d hybrid strength potentially serves as an adjustable critical parameter in
adjusting the properties of CBDL compounds. Taking Cu,SnSe; [25] as an example in
Figure 7a, the VBM is mostly occupied by the p-d hybridization from Cu-Se bonds, which
acts as the charge-conduction pathway as well as a structural retainer. In contrast, the
p-orbitals of Sn atoms contribute little to the occupied states while the conductive band is
primarily dominant. Similarly, the Cu-X conduction channel has also been demonstrated in
some other CBDL compounds, such as CuGa$S, [164], CuzSbSey [24], Cup,CdZnSey [70], etc.
The Cu3SbSe4 diamond-like compound with a small bandgap is also an example influenced
by the strong relativistic orbital-contraction effect [164,165]. Softening p-d hybridization, as
an active strategy, has been adopted to synergistically improve the electronic and thermal
transport performance of CuzSbSe, via Ag-doping [49,166], as shown in Figure 7b. Zhang
et al. [49] discovered that the PF of CuzSbSe; was significantly enhanced by changes in
the bandgap and the density of states caused by the softening of p-d hybridization, which,
accompanied by Ag-doping, induced large strain fluctuations in some local structural
distortions and resulted in greatly reduced x;. In addition, Ge et al. [53] introduced an
abnormally high concentration of indium in CuFeS, compound, as shown in Figure 7c—e;
the indium was not fully ionized to In>* cation when on the Cu sublattice and existed
mainly in the In* oxidation state. The latter, with 5s? lone-pair electrons, could cause strong
local bond distortions, thereby softening the In-S and Cu-S bonds and introducing localized
low-frequency vibrations [89]. Therefore, a low x; value of 0.79 W-m~ 1K1 (Figure 7f) and
a high zT value of 0.36 were recorded at 723 K in Cuj _xIn,FeS; samples.
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Figure 7. (a) Schematic diagrams of the partial charge density of the states close to upper valence-
band in CuySnSe; on (100) crystal face, reprinted with permission from ref. [25], copyright 2010
American Chemical Society; (b) the calculated electron-localization function of Ag-doped Cu3zSbSey
on (101) crystal face, reproduced from ref. [49], copyright 2019 the Royal Society of Chemistry. The
X-ray photoelectron spectra (XPS) of (c) Cu 2p; (d) Fe 2p; and (e) In 34 for the Cu; —,In,FeS, samples;
and (f) the x, of Cu; _xInyFeS, samples, reproduced from ref. [53], copyright 2022 Elsevier Ltd.

4.2. Strategies for Reducing Lattice Thermal Conductivity
4.2.1. Point-Defect Scattering

In the thermoelectric field, defect and nanostructuring engineering have been widely
adopted to optimize the thermoelectric performance enhancement of TE materials, espe-
cially the dislocations and nanostructured interfaces which involve the scattering of low-
and mid-frequency phonons, have received more attention [6]. In the process of improving
the TE performance for CBDL compounds, the existence of point defects plays a more
important and beneficial role in phonon scattering than in affecting the electrical behavior.
There are two main types of influence on «j, originating from point defects in TE materials:
the mass fluctuation (Figure 8a) and strain field fluctuation (Figure 8b) among the host and
guest atoms. Shen et al. [40] testified that substitutional defects of Agc, in CuGaTe; could
reduce the x;, more efficiently than substitutional defects of Zng, or Ing, at the equivalent
concentration, which was attributable to the larger mass fluctuation. When the dominant
point defects are vacancies, the types of scattering inflected by the strain and mass fluctua-
tions can be maximized [5]. Thus, the compounds with an intrinsic high concentration of
cation vacancies, such as InyTe; and Ga,Tes, were introduced in CuGaTe; to depress the xp.
of the matrix phase by constituting solid solutions [80]. Additionally, an elaborate investi-
gation about the room temperature « for cation-substituted Cu,ZnGeSes _xSx compounds
displayed a reduction of 42% for x;, where the reduction caused by mass contrast accounted
for 34% and the remaining 8% was caused by strain fluctuations [160]. In their latest study;,
Xie et al. [151] observed the off-centering effect (Figure 8c) of an Ag atom by investigating
the thermal transmission behaviors in Cu;—yAgyGaTe; as well as in CuGa—yIn, Te,. It is
obvious that the off-centering behavior of the Ag atom means a new phonon scattering
mechanism is brought about by point defects, where the Ag-alloyed solid solutions resulted
in an extremely low k7, which was attributed to crystallographic distortion and extra-strong
acoustic-optical phonon scattering, as shown in Figure 8d. Moreover, it can also be seen
that a modified Klemens model was developed by integrating the off-centering effect and
alloy-scattering with the crystallographic distortion parameter (1), which can be used as an
indicator to predict the x of diamondoid solid solutions.
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4.2.2. Nanostructure Engineering

Controlling the nanostructures of TE materials is also an effective approach to enhanc-
ing phonon scattering through realizing an all-scale hierarchical architecture in TE materials.
Zhang et al. [26] adopted a quinary alloy compound system with a complex nanosized
strain-domain structure in CuGaTe, (Figure 9a), which made the room-temperature x
decline from 6.1 W-m~1.K~! for the initial compound to 1.5 W-m~1.K~! for the Ag and
In co-doped sample. Wang et al. [167] achieved low « values of 0.491 W-m~1.K~! and
0.481 W-m~1.K~1 in Cu3Sbg 9ySco 0sSes and CuszSbo.gp Yo 0sSes at 623 K, respectively, with a
constructed multiscale heterostructure. In 2021, Hu et al. [103] designed pore networks for
tetrahedrite Cuy,Sb4Si3-based TE materials using a Bil; sublimation technique, as shown
in Figure 9b, which led to a hierarchical structure which contained pores, pore interfaces,
point defects, and granular precipitates. The effect of various scattering mechanisms on
phonon-transport behaviors for Cu;,SbsS13-based samples are shown in Figure 9c¢,d. First,
the existence of specially designed pores and pore interfaces reduced the «; of samples with
0.7 vol% annealed pores (AP) by about 36%. Furthermore, Cuy gS precipitates, point defects
involved Ni-alloying and Bi-doping, dislocations, the solid solution of impurity CuzSbSy
phase as well as volume expansion also contributed to the reduction of x; because they
realized full-scale phonon scattering in the TE sample. Consequently, a ~72% reduction in
the x;, was obtained for samples with 0.7 vol% AP with the addition of a small amount of
Bil3. Moreover, previous works demonstrated that high-density stacking faults (SFs) could
be realized in doped CuySnSe; [62,66,168], as shown in Figure 9e—g, which also caused
strong scattering of phonons as a phonon-scattering center. In addition, solvothermal syn-
thesis [43,134,135,153] and ball milling [113,115] are effective and convenient approaches
to constructing nanostructures for TE materials.

4.2.3. Nanocomposite

Compositing with uniformly dispersed nanoinclusions, secondary phases or nanopar-
ticles has been widely considered as a predominant and effective strategy to optimize TE
performance in CBDL compounds [27,47,67,118,128,169-172]. Nanoparticles (NPs) intro-
duced in composites can be effectively used as intermediate frequency phonons scatter
centers and diminish x; [5]. Sun et al. successfully incorporated ZnO [173] and Nb,Os [174]
NPs into the grain boundaries of Cujq5Nig55b4S13 compounds via mechanical alloying
and spark plasma sintering, respectively, and the both composites achieved a reduced x
and high zT5. In our previous work, we also introduced graphene nanosheets or SnTe
NPs into CusSbSey through ball milling and realized the optimization of thermoelectric
properties. Hu et al. [175] obtained a relatively low x of 0.9 W-m~1.K~! at all temperatures
in FepOs—dispersed Cuy2Sb4Sy3 tetrahedrite via the combination of nanostructuring and
defect engineering (Figure 10a—e). As shown in Figure 10a-d, dislocations along with
diverse nanostructures, such as NPs, nanotwins and nanoprecipitates, were introduced into
Cuy1.5Nip55b4S13 by compositing magnetic y-Fe;O3 NPs, which realized all-scale hierar-
chical phonon scattering in the samples, making the zT reached up to ~1.0 (Figure 10f). For
reducing «, Li et al. [39] synthesized CulnTe,—based compounds with in-situ formed InTe
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nanostrips, which wrapped the nanodomains (Figure 10g—j) and resulted in the reduction
of x;, by a factor of ~2 compared to parent compound. It is notably anticipated that the
content, dimensions and especially distribution of nano-additives in composites have an
important impact the effective regulation of TE performances.
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Figure 9. (a) Schematic illustration of the transport behaviors for phonons and holes in CuGaTe,,
reprinted with permission from ref. [26], copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim; (b) schematic illustration showing the formation of a porous network during Bilz sub-
limation; (c) x;, of sample with 0.7 vol% AP, which took Umklapp process (U), porous interfaces
(I), precipitates (P), point defects (PD), dislocation cores (DC), and strains (DS, D = DC + DS) into
account; (d) frequency-dependent accumulative reduction in the lattice thermal conductivity of the
EMT-corrected sample with 0.7 vol% AP due to various scattering mechanisms. Reprinted with
permission from ref. [103], copyright 2021 Wiley-VCH GmbH; (e) calculated generalized stacking
fault energies as a function of normalized Burger’s vector b <010> in CuySnSez—based system, the
insert was the high-dense stacking faults (SFs) in (Fe, Ag, In)-doped Cu;SnSe;. Reprinted with
permission from ref. [66], copyright 2022 Elsevier Ltd. High-dense SFs in (f) (Ag, Ga, Na)-doped
(reprinted with permission from ref. [62], copyright 2021 Wiley-VCH GmbH); and (g) Ni-doped
(reprinted with permission from ref. [168], copyright 2021 American Chemical Society) CuySnSes.

4.2 4. Lattice Softening Effects

The internal strain fluctuation induced by lattice defects, such as nanoprecipitates and
dislocations, can locally shift the phonon frequencies in the TE material, which in principle
can bring about lattice-softening accompanied by phonon scattering owing to changes in
phonon speed, as shown in Figure 11a. In several cases, improvements in TE performance
ascribed to lattice-softening through the introduction of vacancies or alloying have been
presented [176-178], such as SnTe with AgSbTe, alloying, and the lattice-softening effect in
CuySe, as shown in Figure 11b. In 2019, Hanus et al. [179] authenticated that the changes
of thermal transport behavior in the PbTe system were attributable to the lattice-softening
through alloying or lattice defects, and pointed out that the modulation of lattice stiffness
had a significant impact on the phonon transport in some states. In addition, Muchtar
et al. [176] introduced lattice-softening into SnTe by inserting Ti and Zr atoms, which
effectively suppressed the phonon group velocities and reduced the x. Moreover, Snyder
et al. [180] found the lattice-softening effect induced by charge-carrier-mediated in several
high-performing (zT > 1) TE materials (such as SnTe, PbTe, Nb0 5,,CoSb, etc.) contributed
more than 20% to zT. Simultaneously, the results shown in Figure 11c indicate that a strong
dependence of sound velocities vs on Hall charge-carrier concentration ny was observed
in each compound in which the measured v, significantly decreased with increasing np.
Lattice-softening effects also have been successfully used to improve the TE performances
of CBDL compounds. Pohls et al. [181] demonstrated that the Li-induced phonon-softening
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effect was feasible to enhance the TE performance of chalcopyrite CuGaTe,. Xie et al. [38]
obtained an extremely low x; of 0.47 W-m~1.K~! at 850 K in Ag-doped CulnTe, compound
that was attributed to strong interactions among low-frequency optical phonons derived
from the weakened Ag-Te bonds, as shown in Figure 11d.

Cold

——0vol%

] etasian CNAS-xFe,0,
] —A=1.0v0l%

~@—2.0 vol%

1 =#=30vo1%

Dislocations  Nanoprecipitates A/\# Phonon

Figure 10. Microstructure of the Cuy 5Nig 55b4S13-1.0% Fe;O3 sample including: (a)HRTEM image;
(b) dislocation; (c) nanotwins; and (d) HRTEM images of the area D; (f) schematic diagram of phonon
scattering in y-Fe,O3 dispersed Cuy;5Nip5SbsSi3 (CNAS), (e) zT5 for all CNAS-xFe; O3 samples.
Reprinted with permission from ref. [175], copyright 2020 American Chemical Society; (g) high-angle
annular dark field; (h) high-resolution TEM image; (i) magnified TEM image and the fast Fourier
transform of the CulnTe;:23 wt% InTe bulk sample; (j) schematic illustrating of the transport in both
the phonons-p and electrons-e. Reprinted with permission from ref. [39], copyright 2020 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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Figure 11. (a) Schematic illustration of lattice-softening effects and phonon scattering originated from
internal-strain fields. Reprinted with permission from ref. [179], copyright 2019 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim; (b) schematic illustration of lattice-softening in Cu,Se. Reprinted
with permission from ref. [177], copyright 2022, American Chemical Society; (c) sound velocities
plotted against measured Hall charge-carrier concentration for SnTe, PbTe, Nb0 g,,CoSb, CoSbgz,
Laz_xTey, Pr3_xTey, and Mo3Sby. Reprinted with permission from ref. [180], copyright 2021 Elsevier
Inc.; and (d) contribution of distinct scattering mechanism to the x; of CuggAgp,InTep. Here the U,
B, P and R represent Umklapp scattering, grain-boundaries scattering, point-defect scattering, and
phonon-resonance scattering, respectively; the insert shows the calculated phonon relaxation times
T versus phonon frequency w for CupgAgp2InTe, with different scattering mechanisms. Reprinted
with permission from ref. [38], copyright 2020 The Royal Society of Chemistry.

4.3. Synergistic Regulation
4.3.1. Entropy Engineering

In the process of optimizing the electrical and thermal transport properties of TE mate-
rials, it is never just to adjust one of them individually. To some extent, the above optimiza-
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tion process can realize the decoupling of electron and phonon transmission. Entropy engi-
neering provides a new pathway to synergistically optimize the electrical, thermal, and me-
chanical properties for promoting the development of CBDL compounds [15,41,90,182,183].
Through synergistic regulation, Xie et al. [41] achieved a maximum zT of 1.5 at 850 K in
the quinary (CuggAgp2)(Ing2Gagg)Tep compound, in which Ga-substituted In and Ag-
substituted Cu effectively optimized the electrical and thermal transport properties, respec-
tively. In addition, Cai et al. [183] obtained a high zT of 1.02 in CulnTe; compound, which
was attributed to the reduction of x by devising a high-entropy structure as well as by
improving the carrier mobility by one order of magnitude. In many cases long before that,
Liu et al. [15] utilized the entropy attribute as the comprehensive gene-like performance
indicator to screen and devise TE materials with high zT. As can be seen in Figure 12a,b,
a special example can be noted that when multi-component alloy elements are adopted
in compounds, the configurational entropy can especially be changed. For a given multi-
component material, the maximum entropy lies on the solubility parameter J of the whole
material, which is linked to the mismatch of the atomic radius, shear modulus and lattice
constant in the material, as shown in Figure 12c. Instructing with J-criterion (Figure 12d),
representative multi-component (Cu/Ag)(In/Ga)Te,—based CBDL compounds with zTs
approaches to 1.6 were screened out owing to the optimization of entropy.
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Figure 12. (a) Schematic diagram of the lattice framework in multicomponent materials compared to
a simple binary compound; (b) schematic diagram of the entropy engineering with multicomponent
TE materials; (c) the maximum configurational entropy (in units of kg per formula unit) as a function
of a material’s solubility parameter § for given multicomponent TE materials, where 7 is the number
of components; and (d) plots of maximum zT versus the configurational entropy in several selected
TE systems. Reprinted with permission from ref. [15], copyright 2017 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.

4.3.2. Progressive Regulation Strategy

The progressive regulation strategy can be realized via integrating point defects and
microstructure engineering. Luo et al. [30,36] successfully acquired high-performance
CulnTe; compounds by integrating the cation/anion substitution and in-situ oxidation,
as shown in Figure 13a. Taking the in-situ substitution reaction between CulnTe;, and
ZnO additive as a case [36], the priority generation of acceptor defects Zn, significantly
optimized the PF while the In,O3 nanoinclusions incurred by the in-situ reaction led to
a low x of CulnTe;. Through triple doping in CuySnSes, Hu et al. [62] obtained an ex-
cellent zT of 1.6 at 823 K in cubic Cuj g5Agp.15(Sng gsGag.1Nag g2)Sez and a decent zT e
of 0.7 from 475 to 823 K in Cu;j g5Agp.15(Sn9.93Mgp 06 Nao 01)Se3 via synergistic effects. As
shown in Figure 13b, during the management process from the initial phase to (Ag, Ga,
Na)-doped Cu,SnSe3, the gradually improved zT originated from symmetry enhancing,
alloying scattering and dislocation/nanoprecipitate construction, respectively. Similarly,
synergistically optimized CuGaTe; [135] (Figure 13c), CuszSbSey4 nanocrystals with Cuy_xSe
in-situ inclusions [48], Culn; _xGaxTe;:yInTe with in situ formed nanoscale phase InTe [39],
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CuySnSe; with CulnSe; alloying [184], etc, demonstrated that the progressive and collabo-
rative optimization strategies have been widely applied in CBDL materials.
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Figure 13. (a) Synergistic strategies of point defects and microstructure engineering in CulnTe;.
Reprinted with permission from ref. [30,36], copyright 2015 Elsevier Ltd. All rights reserved and 2016
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; (b) quality factor analysis on the relationship
of chemical potential # versus zT in CupSnSes-based compounds. Reprinted with permission from
ref. [62], copyright 2021 Wiley-VCH GmbH; and (c) schematic diagram illustrating various phonon
scattering mechanisms and the electron localized region near carbon particles (CPs) within the
CuGaTe,+x wt% CPs sample. Reprinted with permission from ref. [135], copyright 2020 The Royal
Society of Chemistry.

5. CBDL-Based TE Devices

For practical TE applications, moving from high-performance materials to high-
efficiency devices is of great significance. CBDL compounds conform to the concept
of green environmental protection and have great practical application value while the
absence of n-type conductive compounds greatly hinders the manufacture and application
of CBDL-based TE devices. During the journey of device development, researchers have
made a lot of efforts. In 2017, Qiu et al. [185] manufactured a CBDL-based TE module via
integrating high-performance n-type Agp9Cdp 1InSe; and p-type Cugg9lng ¢Gag 4Te; leg,
respectively, as shown in Figure 14a. The output power of module reached 0.06 W under
a temperature difference of 520 K (Figure 14b), demonstrating that diamond-like com-
pounds are also potential candidates for TE applications. On the foundation of obtaining
high-performance in (Sn, Bi)-codoped nanocrystalline CuszSbSes materials, Liu et al. [153]
fabricated a hot pipe integrated by a series of ring-shaped CuzSby ggSng 10Big 02Ses—based
TE modules (Figure 14c), which can be used for the purpose of retrieving the waste heat
from exhaust gas pipes in vehicles. Moreover, Li et al. [103] synthetized a segmented
Cuy,Sb4S13-based single-leg module, which had a superior conversion efficiency # of 6%
at AT =419 K, as shown in Figure 14d,e. Recently, the Cu3zSbS;—based single-leg module
synthetized by Zhang et al. [28] approached a conversion efficiency # of 2% with AT =375,
which reached to 5.5% predicted by the COMSOL simulation analysis (Figure 14f,g). Apart
from realizing excellent TE efficiency, good thermal stability is also crucial for the manufac-
turing of TE devices. In practice, the volatilization induced softening and decomposition
is the core issue for thermoelectric selenides and sulfides working at elevated tempera-
tures. In the latest research from Zhou'’s group [163] demonstrated that the compositing
of CuAlS; significantly optimized the thermal stability of CuzSbSes—based compounds by
pushing the decomposition temperature to a higher value, while also greatly improving
the mechanical properties of the material. Eventually, a maximum # over 3% was achieved
ata AT = of 367 K and an I = 0.8 A. Based on the above research, it seems that CBDL has
considerable TE performance and has gradually attracted researchers’ attention in the field
of practical TE applications.
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Figure 14. (a) Schematic diagram of the fabricated diamond-like module, and (b) plots of output
voltage and power versus current for TE module based on diamond-like materials. Reprinted
with permission from ref. [185], copyright 2018 The Royal Society of Chemistry. (c) Schematic
diagrams of annular Cu3Sb ggSny 10Big 02Ses—based TE modules, reprinted with permission from
ref. [153], copyright 2017 The Royal Society of Chemistry. (d) The Mini-PEM used to measure the
conversion efficiency of a segmented Cuj,SbsSi3—based single-leg, and (e) experimental power
generation efficiency for the segmented leg. The insets are the fabricated TE single-leg. Reprinted
with permission from ref. [103], copyright 2021 Wiley-VCH GmbH. (f) Experimental TE conversion
efficiency 7 and (g) simulated 7 by COMSOL Multiphysics software for CuzSbSs—based single-leg
module, the inset is a photo of mini-PEM test. Reprinted with permission from ref. [28], copyright
2023 Wiley-VCH GmbH.

6. Conclusions and Perspectives

By reviewing the research on copper-based diamond-like thermoelectric materials, it
has been found that diverse compounds appear to have excellent TE performances as well
as possessing zT higher than unity and an even approach to two. Advanced approaches to
guide the development of new high-performance CBDL materials have been found, such as
machine learning, high-throughput and union-# rules. There are also various approaches
to improving the TE properties of CBDL compounds. It is worth considering that, during
the process of optimizing electrical and thermal transport behaviors of TE materials, the
regulation is never carried out separately, but that coordination and unification of the
two are sought. Based on the efforts of researchers, the CBDL compounds have been
greatly developed. There is no escaping the fact that the softening and decomposition
of Cu-based compounds occurs when the compounds are exposed to high temperatures.
Therefore, compared with practical materials, the CBDL compounds still have great room
for improvement.

Considering practical applications, it is of great significance to shift our focus from
high-performance TE materials to highly efficient devices. The integration for TE equipment
requires both high-performance n-type and p-type legs. Currently, CBDL compounds are
mostly p-type materials, while the further development of n-type CBDL compounds is
beneficial for its TE application. In addition, in the research and development process of
TE devices, it is also necessary to consider the comprehensive properties such as thermal
stability, processability and self-compatibility. Therefore, the feasibility of manufacturing
efficient TE devices based on CBDL materials remains a highly challenging issue.

The exploration of material properties is still ongoing, and the practical application of
devices also needs to be developed. There has been a deep understanding of the transport
mechanism of TE materials with the iteration and update of characterization methods,
accompanied by the assistance of more advanced manufacturing technologies, and that the
development of high-performance TE materials and devices based on CBDL compounds
has a bright future.
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Abstract: Sulfides and selenides of copper and silver have been intensively studied, particularly
as potentially efficient thermoelectrics. AgzCuS, (jalpaite) is a related material. However very
little is known about its physical properties. It has been found that the compound undergoes
several structural phase transitions, having the tetrahedral structural modification I4; /amd at room
temperature. In this work, its band structure, phonon spectrum and thermoelectric properties were
studied theoretically and experimentally. Seebeck coefficient, electrical conductivity and thermal
conductivity were measured in a broad temperature range from room temperature to 600 K. These
are the first experimental data on transport properties of jalpaite. Ab initio calculations of the
band structure and Seebeck coefficient were carried out taking into account energy dependence
of the relaxation time typical for the scattering of charge carriers by phonons. The results of the
calculations qualitatively agree with the experiment and yield large values of the Seebeck coefficient
characteristic for lightly doped semiconductor. The influence of intrinsic defects (vacancies) on
the transport properties was studied. It was shown that the formation of silver vacancies is the
most probable and leads to an increase of hole concentration. Using the temperature dependent
effective potential method, the phonon spectrum and thermal conductivity at room temperature
were calculated. The measurements yield low lattice thermal conductivity value of 0.5 W/(m K) at
300 K, which is associated with the complex crystal structure of the material. The calculated room
temperature values of the lattice thermal conductivity were also small (0.14-0.2 W/ (m K)).

Keywords: jalpaite; thermoelectric properties; Seebeck coefficient; electric conductivity; thermal
conductivity

1. Introduction

In the present work, the band structure, Seebeck coefficient and lattice properties of
copper and silver sulfide—Ag3CuS, (mineral jalpaite) were studied. Sulfides and selenides
of copper and silver were intensively studied, particularly in thermoelectricity. Interest in
the family of these materials arose in connection with the concept of “phonon glass, electron
crystal” (PGEC), put forward by Slack [1]. In copper selenide CuySe rather high values
of thermoelectric figure of merit ZT = S?¢/x of up to 0.4-1.6 in the temperature range
500-1000 K were obtained [2,3] (here, o and « are electrical and thermal conductivities, S
is the Seebeck coefficient and T is the absolute temperature). In this temperature range,
copper selenide is in a superionic cubic B phase with the antifluorite structure (transition
temperature 413 K). The increased copper ion mobility leads to a strong disorder in the
cationic sublattice and to a strong scattering of phonons, resulting in the deacrease of
the thermal conductivity down to 0.5 W/(m K), which is one of the reasons for the high
thermoelectric figure of merit of the material. This led to the extension of the PGEC concept
and the emergence of a new paradigm—"phonon liquid, electron crystal” (PLEC) [2]. In
addition to thermoelectric applications, copper selenide was studied as a material for
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solar cells [4,5]. The study of the electronic spectrum showed that it is a direct band gap
semiconductor with a band gap of 1.1-1.73 eV [5-7].

High mobility of copper ions in the high-temperature phase was also observed in
more complex silver and copper sulfides [8,9]. According to the literature data, AgzCuS,
undergoes several structural phase transitions [10,11]. At room temperature, it has a
tetragonal structure. With increasing temperature the material undergoes a transition to a
body-centered (at 387 K) and then to a face-centered cubic phase (at 549 K). According to
X-ray data, a strong disorder was observed in Cu-sublattice of both cubic phases, which led
authors to the conclusion that the phases are superionic. At room temperature, AgzCuS,
is a direct-gap semiconductor with band extrema at the I' point of the Brillouin zone with
a band gap of 1.05 eV [12], therefore, besides thermoelectric, it was also considered for
photovoltaic applications [13,14].

At room temperature, AgzCuS; exists in a tetragonal modification (space group
14, /amd, No.141). There are 4 formula units (24 atoms) in the unit cell, but often the
structure is represented using a non-elementary body-centered tetragonal cell (8 formula
units, 48 atoms; see the Figure 1, left panel). Ag atoms occupy two non-equivalent po-
sitions [10,11]: 8c positions (0, 0, 0) for Agl and 16g positions (—0.3127, —0.0627, 0.875)
for Ag2. The environment of silver atoms can be represented as a distorted octahedra
(2 + 4) for Agl, in which 2 of the surrounding sulfur atoms are at a distance of 2.530 A,
and the remaining 4 are at a distance of 3.072 A. For silver atoms in the Ag?2 position, the
environment is described as a distorted tetrahedral (2 + 2) with two closer sulfur atoms at
a distance of 2.552 A and two farther apart at a distance of 2.957 A. The Shannon radius
for sulfur is 1.7 A; for silver in the 2-, 4-, and 6-coordination configurations, they are 0.81,
1.14,and 1.29 A, respectively. The smallest of the distances to sulfur atoms in both silver
configurations are in good agreement with the sum of the Shannon radii for sulfur and
silver in the two-coordination configuration —2.51 A. The sum of the Shannon radii for
the 4- and 6-coordination environments of silver and sulfur are 2.84 and 2.99 A, that are
closer to the distances to farther S atoms in these configurations. The copper atoms are in
positions 8e (0, 0.25, 0.5319). Their closest neighbors are 2 sulfur atoms located almost on
the same straight line at a distance of 2.1822 A [11]. For comparison, the sum of the Shannon
radii of sulfur and copper in the 2-coordination configuration (0.6 A) for this case is 2.3 A.
Below the room temperature, at 250 K, Ag3CuS; transforms into another tetragonal phase
141 /a of similar atomic coordination but with reduced symmetry of interatomic distances.

Figure 1. Body-centered tetragonal unit cell of AgzCuS, in jalpaite I4; /amd structure (left panel). Ag,
Cu and S atoms are depicted using gray, brown and yellow spheres, respectively. Redistribution of
electron density (right panel). The yellow contours correspond to an increase, and the cyan contours
correspond to a decrease in the electron density compared to the electron density of atoms placed at
the same positions.
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To our knowledge, there is no information available in literature on electronic and
thermal transport properties of Agz;CuS;.

2. Sample Preparation and Characterisation

Samples of AgzCuS, were prepared by melting of appropriate amounts of the con-
stituting elements. The elemental silver (Ag, 99.999%, metal basis, Alfa Aesar), elemental
copper (Cu, 99.9999%, metal basis, Alfa Aesar), and elemental sulfur (S, 99.999%, Alfa
Aesar) were mixed in appropriate ratios in a quartz tube. The tubes were sealed under high
vacuum (~10~° Torr) and slowly heated to 773 K over 12 h, then heated to 1273 K in 5 h,
soaked for 24 h, and subsequently slow cooled to room temperature. The structure of the
synthesized compounds was characterized by X-ray powder diffraction.

Thermoelectric properties - Seebeck coefficient, S, electrical resistivity, p, and thermal
conductivity, x, - were measured using two home-made setups. The thermal conductivity
was measured by steady-state classic procedure with setup, described in Ref. [15]. The
setup is designed to make simultaneous measurement of thermal conductivity, electrical
resistivity and Seebeck coefficient. However, the resistance of the AgzCuS, samples was too
high for simultaneous resistivity and Seebeck coefficient measurements. Therefore, using
this setup only the thermal conductivity was measured at temperatures from 100 K to 600 K.
The resistivity and Seebeck coefficients were measured with another setup with higher
input impedance and therefore capable to measure samples with higher resistance [16,17].
The standard uncertainty of the thermal conductivity measurements is below +10%. This
uncertainty is mainly related to the uncertainty of determination of the heat energy density
passing through sample crossection. Usually the samples have a regular, high quality shape,
therefore the sample cross-section determination error is small. However in the present
case the cylindrical samples of Ag3CuS, have porous imperfections, that are difficult to
take into account accurately when measuring the sample cross-section. Therefore we rise
the error bar for the thermal conductivity in the present case to about 15%. The electrical
resistivity 4-point DC measurement uncertainty is mainly determined by the shape factor,
i.e., uncertainty of determination of the sample cross-section, and in the present case we
estimate it as 5%. The Seebeck coefficient measurement uncertainty was estimated as
£(5% + 0.5 uV/K) [16]. However, to comply with this uncertainty, the sample resistance
should not exceed the value of order 100 kOhm.

3. Experimental Results

The powder XRD results, shown in Figure 2, confirm the tetragonal crystal structure
without significant amount of impurity phases.

simulated
Ag.Cus,

o
L WL

10 20 30 40 50 60
20

Figure 2. X-ray experimental diffraction pattern of AgzCuS, and simulated X-ray diffraction of

Intensity (a.u.)

14, /amd structure.
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The thermal conductivity was measured from 100 K to 600 K. To cover this temperature
range we use two setups. In both cases the same steady-state method of the measurements
was used, however at lower temperatures, from 100 K to 350 K-380 K, the radiation heat
losses from the sample are comparatively small and are taken into account by introducing
calibrated corrections [17], whereas at higher temperatures special sample holder room
with active thermal guard shielding is used to suppress the radiation heat losses [15]. The
measurements results are presented in Figure 3.

| AgCuS,

0.8

—o0— AP-6
—m— AP-5 - second run
+ AP-5 - third run .

T,K

Figure 3. Thermal conductivity of AgsCuS;. The arrows indicate temperatures of the structural
phase transitions according to Ref. [11].

The thermal conductivity of the compound is very low and shows an unusual temper-
ature dependence. It attains the maximum value of 0.7 WK 1m~1 above 300 K, is almost
independent of temperature up to 500 K, and decreases linearly at 500 K to 600 K. Below
300 K the thermal conductivity is roughly a linear function of temperature. At 100 K it has
value of only 0.3 WK~'m~!. The sample resistivity is typical for undoped semiconductors
and is very high, therefore the electronic contribution to the thermal conductivity is negligi-
ble. As it was mentioned in Introduction, AgzCuS; undergoes a series of structural phase
transitions: P — based <-110 K—> [4; /a <-250 K—> 4, /amd <-387 K-> Im3m <-483 K—>
Im3M + Fm3m <-549 K—>Fm3m [11]. There is a clear correspondence between these phase
transition temperatures and peculiarities on the temperature dependence of the thermal
conductivity at 483 K, and possibly at 110 K and 250 K. However, the sharp increase of the
thermal conductivity at 300 K apparently does not correspond to a phase transition. On the
other hand, the phase transition I4; /amd <—> Im3m at 387 K has no clear signature in the
temperature dependence of the thermal conductivity. According to Ref. [11] this structural
transition is accompanied by appearance of superionic phase with large structural disorder.
Therefore one can expect a decrease of the lattice thermal conductivity at this temperature,
which, however is not observed in our results. More detailed investigations of the thermal
conductivity with thermal cycling across the transition at 387 K are necessary to resolve
this apparent contradiction.

The electrical resistivity of Ag;CuS; is shown in the Figure 4.
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Figure 4. Electrical resistivity of AgzCuS,. The arrows indicate temperatures at which the resistivity
has peculiarities, these temperatures well correlate with the structural phase transitions according to
Ref. [11]. The inset shows the evolution of the peculiarity near to 500 K with thermal cycling. The
upward pointing arrows indicate the on-heating temperature of the transition, while the downward
pointing arrows show the on-cooling transition temperature according to the resistivity data.

The resistivity was measured in dynamical temperature regime, i.e., with controlled
continuous temperature variation during the measurements. The temperature variation
rate in these measurements was about 5 K/min. The resistivity is large and has typical
for undoped semiconductors temperature variation. The Figure 4 presents the resistivity
temperature dependence from 300 K to 600 K, measured in three heating-cooling cycles of
one AgzCuS; sample. On heating above 370 K a sharp drop of the resistivity is observed
with pronounced temperature hysteresis on cooling. This behaviour of the resistivity is
typical for a first-order phase transition, the temperature coincides with the temperature
of the 14 /amd <—> Im3m transformation [11]. The resistivity temperature dependence
around this temperature is well reproducible on thermal cycling. The transition temper-
ature, according to the resistivity data is 390 K + 2 K on heating, and 375 K &+ 10 K on
cooling. There are another, less pronounced, peculiarities on the resistivity temperature
dependence: change of the slope of Inp vs T dependence near to 480 K and 550 K. These
peculiarities are more clearly visible on the temperature dependence of the resistivity tem-
perature derivative dp(T)/dT, Figure 5. The temperatures of these peculiarities roughly
correspond to the temperatures of the phase transitions [m3m <-483 K—> Im3M + Fm3m
and Im3M + Fm3m <-549 K—>Fm3m [11]. However, as it is demonstrated in the inset to
the Figure 4, the temperatures and even the magnitude of the peculiarities are dependent
on the thermal history of the samples.
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Figure 5. Temperature derivative of the resistivity of AgzCuS; on the second heating-cooling cycle.
The large arrows indicate temperatures of the structural phase transitions according to Ref. [11]. The
small downward pointing arrows indicate the on-heating temperature of the transition, while the
upward pointing arrows show the on-cooling transition temperature according to the resistivity data.

The Seebeck coefficient was the most difficult to measure because of the high resistivity
of the samples. Therefore sufficiently reliable data on the Seebeck coefficient were obtained
only at temperatures above [4;/amd <—> Im3m transition. The results, together with
simultaneously measured resistivity, are presented in Figure 6.
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Figure 6. Temperature dependencies of the Seebeck coefficient and of the resistivity of AgzCuS,
sample on the fourth heating-cooling cycle. The inset shows the thermoelectric power factor S?/p.

The Seebeck coefficient at high temperatures is large in magnitude and has negative
sign, the magnitude and the temperature variation are consistent with n-type semiconductor
in intrinsic conductivity regime. Immediately below 4, /amd <—> Im3m transition the
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Seebeck coefficient is negative. However we can not reliably measure its temperature
variation and even the sign with further decrease of temperature.

In spite of the large Seebeck coefficient, the thermoelectric power factor S?/p of the
compound, shown in the inset of the Figure 6, is very small with maximum value of
about 0.6 tW/cm K2 at 600 K. This is due to the large electrical resistivity of the undoped
compound. Further studies of the compouns are neccesary to find suitable ways for charge
carrier optimisation.

Using the resistivity temperature dependence we estimate the band gap of the com-
pound, Figure 7.
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0.0020 0.0025 0.0030
-1
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Figure 7. The dependence of the Inp(T) vs 1/T for AgzCuS; sample.

The estimate gives roughly the same band gap of ~0.8 eV for the room-temperature
phase I4;/amd and for all high-temperature modifications. This value of the band gap
is considerably higher than theoretical one obtained using gradient-corrected local den-
sity functional approximation, discussed below. However, it is in quite good agreement
with the value of 1.05 eV, obtained from optical reflectance data and hybrid functional
calculations [12].

4. Ab Initio Calculation of Band Structure and Transport Properties

Ab initio calculations of lattice parameters and band structure were performed using
density functional theory as implemented in VASP program [18,19]. We used generalized
gradient PBE approximation for the density functional, plane wave energy cutoff of 400 eV
and Monkhorst-Pack grid of 4 x 4 x 4. The equilibrium lattice parameters were obtained
through the calculation of equation of states with the unit cell shape and atomic force
relaxation better than 1 meV/ A. The obtained parameters a = 8.8974 A, ¢ = 11.6566 A can
be compared with the experimental values a = 8.6476 A, ¢ = 11.7883 A from Ref. [11] and
a = 8.6705 A, c =11.7573 A from Ref. [10]. The averaged deviation from experimental
values for a and c are 2.8% and —1.0%, respectively. The calculations by Savory [12] gave
larger deviations in the case of PBEsol density functional (—4.9% and 3.9%), but the use of
hybrid functional allowed them to improve the agreement with experiment, e.g., in HSE06
approximation the deviation was 2.2% and 0.1% [12]. Here, we used the values obtained in
PBE approximation that provided a balance of accuracy and computational efficiency. The
atomic positions, obtained in this approximation, are given in the Table 1 and demonstrate
good agreement with the experiment [11].
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To investigate bonding character of AgzCuS,, we calculated electron density. The
redistribution of the electron density in the crystal compared to the density in atoms at the
same positions is shown in the Figure 1 (right panel). One can see an increase in the electron
density around the sulfur atoms and a decrease around silver and copper. Numerically,
this redistribution can be characterized by the Bader ionic charges, which amounted to
0.38 (Agl), 0.32 (Ag2), 0.3 (Cu), and —0.67 (S). For comparison, in PbTe the effective ion
charges are £0.64, and in NaCl they are £0.86. Considering that there are 4 metal cations
per 2 sulfur ions, the degree of ionicity is apparently close to that of PbTe. Another way to
estimate the degree of ionicity f of a compound is using the electronegativity difference AX
according to the formula f = 1 — exp(—0.67AX?) [20]. Using the electronegativity values
from [20] Xpp = 2.62 and Xr. = 3.14, one can get f = 17% for PbTe. Estimations using
Pauling’s electronegativities gave ionicity for PbTe about 20% [21]. For silver and copper
sulfide, taking into account the close electronegativity values of the metals X5 = 2.88 and
Xcy =2.86, and also Xg = 3.44, a similar value f = 19% was obtained. Thus, the bonding
character in AgzCuS; is of covalent-ionic type with a degree of ionicity of about 19%.

Recently, another approach to the estimation of bonding character was proposed
in [22]. It is based on a charge-transfer index c, calculated from Bader charges Q; and
nominal oxidation state Q,, ; of the i-th ion: ¢ = (1/N) Zfil Qi/Qox,i, where N is a total
number of atoms. Using obtained Bader charges and nominal oxidation states of Ag'*,
Cu'!* and S?~, one can obtain charge-transfer index for jalpaite ¢ = 0.33. For comparison,
the calculations for PbTe gave ¢ = 0.32. According to [22], small values of c correspond to
covalent bonding, ¢ = 0.3-0.6 is typical for polar III-V compounds and nitrides, and the
values close to unity correspond to ionic bonding. That is the use of charge-transfer index
leads to qualitatively similar conclusion of mainly covalent type of bonding in jalpaite with
a degree of ionicity close to that in PbTe.

Table 1. Atomic positions in AgsCuS, (I4; /amd).

Trots et al. [11] (Expt.)

Agl 8c 0 0 0

Ag2 l6g —0.3127 —0.0627 0.875
Cu 8e 0 0.25 0.5319
S 16h 0 —0.0023 0.2146
PBE (This Work)

Agl 8c 0 0 0

Ag2 l6g —0.3134 —0.0634 0.875
Cu 8e 0 0.25 0.5281
S 16h 0 0.0052 0.2137

Figure 8 shows the results of band structure calculations for AgzCuS; (I4; /amd) in the
PBE approximation. On the whole, they agree with those given in [12] except much smaller
band gap €; = 0.24 eV. This is a well known deficiency of the PBE approximation which
usually underestimates the band gaps. The larger value of €, = 1.05 eV was obtained using
HSEO06 hybrid functional by Savory [12] and was confirmed in our calculations of the band
energies at the I' point in the same approximation. The value of 1.05 eV was also obtained
by Savory [12] experimentally in optical reflectance measurements.
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Figure 8. Band structure of AgzCuS; (14 /amd), calculated using generalized gradient PBE approxi-
mation. Energy is counted from the middle of the band gap €;. Special points in the Brillouin zone
are denoted according to [23].

AgzCuS; turns out to be a direct band gap semiconductor with band extrema at the
I' point. Figure 9 shows the energy dependencies of the atomic orbitals projected density
of states. It can be seen that the main contribution near the top of the valence band comes
from the p-S, d-Ag, and d-Cu states with a small addition of the s-Ag contribution. In the
depth of the valence band, the contribution of the d states of cations and the p states of
sulfur dominates. The s states of sulfur form mainly a narrow band approximately 13 eV
below the considered valence band (not shown in the Figure 9). The states near the bottom
of the conduction band are formed by s-Ag, d-Cu, p-5, s-S, d-Ag in the order of decreasing
contribution.

The Seebeck coefficient and the Hall concentration were calculated using band struc-
ture interpolation on 32 x 32 x 32 k-point grid in BoltzTraP [24] program. For calculation of
the transport coefficients, the energies of the conduction band states were shifted upward by
0.8 eV to correct € using the so-called scissors operator. For the relaxation time, the energy
dependence 7(€) ~ 1/DOS(€) was used, which is typical for the scattering of charge carri-
ers on acoustical phonons. The results of calculations at room temperature are shown in the
Figure 10. The position of the chemical potential at 300 K for intrinsic conduction, when the
concentrations of electrons and holes are the same, is slightly shifted from the middle of the
band gap €; to the bottom of the conduction band (by about 7 meV). This agrees with the
band structure plot and the density of states: the latter is higher near the top of the valence
band than near the bottom of the conduction band. Estimates of the effective masses of
the density of states near the band extrema also gave larger values for holes 1, = 0.64m
than for electrons m, = 0.49m. If the proportionality constant in 7(e) dependence is the
same for electrons and holes, the mobility ratio u, / Uy for non-degenerate statistics turns
out to be 2.4. The Seebeck coefficient in the case of intrinsic conduction turns out to be
negative and equal to about —800 uV /K at room temperature. The maximum values of
Seebeck coefficient depending on the concentration are in the range of £1700 uV/K. By
the order of magnitude, it agrees with the measured values of Seebeck coefficient above
room temperature, which exceeds —1000 uV /K. At the same time, the experimental resis-
tivity is greater than 1 kOhm-cm, i.e., apparently, the carrier concentration in the sample
corresponds to the intrinsic conduction, which at room temperature, taking into account
the magnitude of the band gap, should be small. The experimental data indicate a possible
change of the Seebeck coefficient sign from positive to negative near room temperature
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that should be connected with the phase transition. A similar behavior was observed
in undoped AgCusS [25,26] samples, in which a double p-n-p conductivity sign reversal
associated with two phase transitions at 361 K and 439 K was found. In that case, the
range of Seebeck coefficient variation exceeded 1700 uV /K. Calculations showed [25] that
the change in sign of the Seebeck coefficient in AgCuS was due to passing of the system
through an intermediate semimetallic state in the course of the phase transition at 361 K,
when the chemical potential was shifted from the top of the valence band to the bottom of
the conduction band and back.
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Figure 9. Atomic state projected density of electron states (PDOS) in AgzCu$S, (I4; /amd). Upper
panel shows PDOS in logarithmic scale in the wide energy range, while lower panel shows PDOS
around the band gap. Energy is counted from the middle of the band gap ¢;.
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Figure 10. The dependence of the Seebeck coefficient (blue curve, left axis) and the Hall concentration
(gray curve, right axis) on the chemical potential at 300 K. The vertical gray dashed lines show the
boundaries of the band gap, and the green dash-dotted line shows the position of the chemical
potential at equal concentrations of electrons and holes. Red (blue) dots on the Hall concentration
plot show the concentrations of holes (electrons) separately. The chemical potential is counted from
the middle of the band gap e;.

To optimize AgzCuS, for thermoelectric applications, it is necessary to find methods
of its alloying. As a first step, we performed supercell calculations for a crystal in the
presence of native point defects—copper, silver, and sulfur vacancies. We used a supercell
with 96 atoms containing 16 formula units. In the supercell, one of the selected atoms
was removed, and the positions of atoms in the presence of a defect were optimized up
to residual interatomic forces less than 0.01 eV/ A while the cell shape and the volume
were kept unchanged to better model the limit of low impurity concentration [27]. For
each of the considered defects, the density of electronic states was calculated ona 9 x 9 x 9
k-point grid and the anticipated type of doping was determined from the shift of elec-
tronic chemical potential. The defect formation energies were calculated following the
method described in Ref. [27]. The obtained formation energies appeared to be negative:
€f(Vag) = —0.58 eV, €f(Vcy) = —0.43 eV and €(Vs) = —0.53 eV. This is connected to
the fact that considered structural modification of jalpaite occurs at room temperature,
and the total energy calculations were carried out for zero temperature. Thus, obtained
results requires further corrections due to lattice contribution and were used here only for
qualitative conclusions on the relative probability of defects formation.

The calculations showed that the formation of a silver vacancy is most probable,
followed by that of sulfur and copper. Figure 11 shows the energy dependences of the
density of states near the band gap in comparison with pure AgzCuS;. Calculations showed
that in the presence of copper or silver vacancies the chemical potential is shifted down
into the valence band, which suggests that these defects should lead to the p-type doping.
In the case of sulfur vacancies the valence band remains completely filled and doping does
not occur. In all considered cases, simultaneously with doping, the band gap increases,
which is especially strong in the presence of sulfur vacancies, which is obviously related
to the large contribution of the p states of sulfur to the density of states near the band gap
boundaries. The comparison of DOS before and after ionic relaxation for the case of Ag
vacancies (see gray dotted and solid curves in the Figure 11) showed that an increase in
the band gap occurs mainly during the process of atomic relaxation. In all considered
cases, the density of states in the valence band in the presence of vacancies increases with
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the hole energy steeper than in pure AgzCuS;. Thus, the formation of vacancies should
be accompanied by an increase of hole effective mass. The presence of cation vacancies

and the effect p-type doping was also experimentally observed in the related compound
AgCusS [26].
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Figure 11. The density of states around the band gap of pure Ag;CuS; and in the presence of Ag,
Cu, and S vacancies with the atomic fraction x. The arrows show the positions of Fermi energy for
Ag and Cu vacancies. Gray dotted curve shows DOS in the presence of Ag vacancy before atomic
relaxation. Energy is counted from the middle of the band gap ;.

5. Ab Initio Calculation of Phonon Spectrum and Lattice Thermal Conductivity

As was mentioned above, the crystal structure at zero temperature differs from the
structure at room temperature. The available data on the phonon spectrum demonstrate
imaginary phonon frequencies (see the Figure 12), indicating an instability of the tetragonal
modification at zero temperature [28]. Therefore, in the present work, we took into account
the stabilization of phonon modes due to anharmonicity. The calculation was carried
out using the temperature dependent effective potential approach (TDEP) [29,30]. In this
method, the potential energy of atoms in a crystal is expanded into a series in terms
of atomic displacements with expansion coefficients that depend on temperature. To
determine these coefficients, we performed molecular dynamics modeling of the crystal at
room temperature. The effective force constants of the 2nd and 3rd orders were determined
using the least squares method from the data on atomic coordinates and interatomic forces
obtained from molecular dynamics calculations. Using these effective force constants, the
phonon spectrum was calculated by the lattice dynamics method.

Molecular dynamics calculations were performed using the VASP program in the
NVT ensemble. The calculation was carried out at the experimental values of the lattice
parameters for 300 K from [11] for a supercell of 96 atoms. The cutoff energy was 400 eV,
and the Monkhorst-Pack grid in the Brillouin zone of the supercell was 2 x 2 x 2. The step
of integrating the equations of motion was equal to 1fs. The system was equilibrated for
1000 steps, and then data were collected from 2000 simulation steps. With the obtained
data, the force constants of the 2nd and 3rd orders, which best describe the surface of
constant energy, were calculated in the TDEP [29,30] program. The resulting phonon
spectrum in AgzCuS; (I4;/amd) is depicted in the Figure 13. It demonstrates the absence
of imaginary modes, i.e., the stabilization of the structure. The Figure 14 shows the phonon
density of states and the contribution to the latter from vibrations of atoms of each type.
Acoustic modes occupy a small frequency range from 0 to 1 THz. From 0 to 2 THz, the main
contribution to vibrations comes from silver atoms. In the range from 2 to 3 THz, there is a
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narrow peak associated with copper ions vibrations with an additional contribution from
silver ions. Then, there are three bands of optical phonons. The frequency range from 3.5 to
6.5 THz is associated mainly with vibrations of sulfur atoms with a small addition from
vibrations of silver atoms. Modes in the range 6.5-9 THz are only of sulfur atoms, and a
narrow band near 10 THz contains approximately equal contributions from vibrations of
sulfur and copper.
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Figure 12. Phonon spectrum of AgzCuS; (I4; /amd), calculated at zero temperature, using equilibrium
lattice parameters and PBEsol density functional approximation [28].
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Figure 13. Phonon spectrum of AgzCuS, (I4;/amd) calculated at room temperature.
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Figure 14. Total and atom-projected phonon density of states in AgzCuS, (I4;/amd) calculated at
room temperature.

The lattice thermal conductivity of AgzCuS; at room temperature was calculated using
the TDEP program with the obtained force constants of the 2nd and 3rd order. Due to the
large number of optical modes with low group velocity and the strong anharmonicity of
vibrations, the calculation gave very low thermal conductivity values: 0.14 and 0.2 W/ (m K)
in the a-b plane and along the c axis, respectively. The Figure 15 shows the frequency-
resolved phonon contributions to the thermal conductivity averaged over directions (red
curve). In addition, the cumulative contribution to thermal conductivity from phonons with
different frequencies are also shown (cyan curve). It can be seen that approximately half of
the contribution comes from acoustic and low-frequency optical modes with frequencies up
to 3 THz, where the contributions of silver and copper vibrations are predominant. Almost
the entire remaining contribution comes from optical modes associated with vibrations of
sulfur atoms in the range from 3.5 to 6.5 THz. Experimental data also give a low value for
thermal conductivity—about 0.5 W/ (m K), but it is noticeably higher than the calculated
value. The reason for the discrepancy between the estimates and experiment requires
further investigation. One possible reason for the discrepancy may lie in the description
of the phonon spectrum. Experimental data on the phonon frequencies of jalpaite are
not available in the literature, but from a comparison of the Figures 12 and 13 it can be
seen that the spectrum obtained by the TDEP method is shifted to lower frequencies: the
frequency range has decreased from 12 to 10 THz. The difference in the the range of
phonon frequencies can be due to different approximations for density functional used
in [28] (PBEsol) and in the present work (PBE). In addition, an account of anharmonicity
by effective harmonic potential, obtained in TDEP approach, can result not only in the
stabilization of phonon modes but also in a decrease of maximum frequencies in the
spectrum depending on the type and sign of anharmonicity (see, e.g., [29]). In addition, the
cumulative contribution to thermal conductivity from the phonons with different mean free
paths I, showed that up to 80% of thermal conductivity is due to phonons with [, < 1.5 nm
(see blue curve in the Figure 15). For such small mean free paths the usual approach
based on the kinetic equation for the description of thermal conductivity may becomes
questionable. It would be interesting in the future to compare the obtained spectrum with
the results of a direct calculation of the quasiparticle spectrum of phonons using data on
molecular dynamic trajectories [31]. The comparison of thermal conductivity estimates
with direct calculations using the molecular dynamics would also be desirable.
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Figure 15. Spectral (red curve) and cumulative (cyan curve) contributions of phonons into lattice
thermal conductivity at 300 K as a functions of phonon frequency. Blue curve shows cumulative
thermal conductivity as a function of phonon mean free path [,. Arrows are directed to the axes used
for plotting corresponding curves.

6. Conclusions

In this work we presented experimental and theoretical study of band structure and
thermelectric properties of jalpaite (AgzCuS,). The Seebeck coefficient, electrical conductiv-
ity and thermal conductivity were measured in a broad temperature range. The samples
have intrinsic conduction with high resistivity above 1 kQdcm at room temperature, that de-
creases down to 0.1 Qcm at 600 K. The temperature dependence of resistivity demonstrate
several peculiarities close to the phase transition temperatures given in [11]. The Seebeck
coefficient is negative and has a value down to —1000 1V /K near room temperature and
around —400 uV/K at 600 K. Close to room temperature and below the Seebeck coefficient
has a tendency of a sign change that can be caused by approaching the low-temperature
phase transition. The thermal conductivity demonstrates unusual temperature dependence
and the value of 0.5 W/(m K) at the room temperature. Low values of thermal conductiv-
ity and high Seebeck coefficient can be preferential for thermoelectric applications under
proper doping conditions.

Theoretically, electronic band structure, Seebeck and Hall coefficients were studied
at the room temperature. The calculations showed that the material tends to demonstrate
negative Seebeck coefficient in intrinsic doping region with the magnitude close to experi-
mental values. The investigation of point defects using supercell approach showed that the
copper and silver vacancies can lead to the p-type doping, while sulfur vacancies should
lead only to decrease of hole mobility. The anaharmonisity stabilised phonon spectrum
at room temperatures was obtained using temperature dependent effective potential ap-
proach. Both, the theoretical estimates and the experiment, yield a low lattice thermal
conductivity due to complex crystal structure.
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Abstract: A thermoelectric generator, as a solid-state device, is considered a potential candidate for
recovering waste heat directly as electrical energy without any moving parts. However, thermoelectric
materials limit the application of thermoelectric devices due to their high costs. Therefore, in this
work, we attempt to improve the thermoelectric properties of a low-cost material, iron silicide, by
optimizing the Ni doping level. The influence of Ni substitution on the structure and electrical and
thermoelectric characteristics of bulk p-FexNij_,Sip (0 < x < 0.03) prepared by the conventional
arc-melting method is investigated. The thermoelectric properties are reported over the temperature
range of 80-800 K. At high temperatures, the Seebeck coefficients of Ni-substituted materials are
higher and more uniform than that of the pristine material as a result of the reduced bipolar effect.
The electrical resistivity decreases with increasing x owing to the increases in metallic e-phase and
carrier density. The e-phase increases with Ni substitution, and solid solution limits of Ni in B-FeSi,
can be lower than 1%. The highest power factor of 200 uWm 1K =2 at 600 K is obtained for x = 0.001,
resulting in the enhanced ZT value of 0.019 at 600 K.

Keywords: iron silicide; bipolar effect; Ni doping; thermoelectric properties; ZT values

1. Introduction

Thermoelectricity has been considered a potential technique to recover waste heat
into electrical energy through the Seebeck effect without exhaust gas pollution to the
environment, with no moving parts, and with no necessary maintenance required. To
achieve highly efficient thermoelectric (TE) devices, finding promising semiconducting
materials is the main challenge. Traditional TE materials such as PbTe and Biy Tes are high-
priced and toxic; therefore, researchers have been trying to develop abundant and non-toxic
materials, such as binary copper chalcogenide [1], copper sulfide compound [2,3], iron
silicide [4-8], and other materials, in order to replace those traditional ones. Iron silicide
compound is an abundant and non-toxic material having three different kinds of phases,
such as the cubic e-phase with space group P23 [4,5], the tetragonal a-phase with space
group P4/mmm [6,7], and the orthorhombic B-phase with space group Crmce [8]. According
to Piton and Fay diagram [9], the semiconducting S-phase can be formed at a temperature
below 1259 K and depends on the kind and amount of external impurity doping, whereas
the metallic ¢ and a-phases are grown at a higher temperature. It is noticed that its ¢ and
a-phases are a metal that is not suitable for TE applications due to the deterioration of the
Seebeck coefficient (S = — AV/AT, where AV and AT are the TE voltage and temperature
difference across the material, respectively). However, its 3-phase, a semiconducting
material with a small band gap of around 0.7 eV [10], is suitable in TE applications. In
addition, compared to other traditional TE materials (PbTe and Bi,Tes), B-FeSi; can work
at high temperatures due to strong oxidation resistance, good thermal stability, and low
cost [11-15]. However, due to its narrow band gap and low carrier concentration (1yy) of
around 10! cm~3, the bipolar effect usually occurs in a non-doped p-FeSij, especially in
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high-temperature regions, resulting in a decline of the |S|. The Seebeck effect is generated
by two types of carriers having opposite signs. With the increased temperature and low ny,
the total Seebeck effect is cancelled out, which is unfavorable for TE applications [16-18].
Therefore, as temperature increases, the TE performance is defined by ZT = S2o~1x~!T,
where S, p, x, and T are Seebeck coefficient, electrical resistivity, total thermal conductivity,
and temperature, respectively. The Seebeck coefficient worsens due to the decrease in | S|

caused by the bipolar effect. The pristine p-FeSi, has a low value of ZT of only round
2 x 107#[19]. To solve this issue, doping with impurities having a large valence electron in
either Fe or Si sites is considered an effective technique for increasing the ny, resulting in an
improvement in the stability of S| [17]. In addition, the p is inversely proportional to the
np; therefore, it can be simultaneously decreased owing to the increase in 1. As a result,
the ZT can be significantly improved due to the monotonicity in |S| and the decrease in
p. Theoretically, it was reported that the optimum ny to improve the TE performance of
B-FeSi, is approximately within the range of 1 x 10%° to 2 x 102! cm~3 [15]. In fact, we
prepared B-Fe( 97Cop 035i; with the arc melting method and found a ZT value of 0.099 at
800 K [20]. Furthermore, many previous works [21-30] attempted to enhance the ny of
B-FeSi; via doping with various impurities.

Ito et al. reported the TE characteristics of B-FeSiy_«Py fabricated by mechanical
alloyed (MA) and hot-pressed (HP) method. By doping P at the Si site, the S was negative,
indicating the n-type material with the optimum concentration of x = 0.02, and the p
slightly decreased with a considerable increase in P content due to the increase in ny.
As a result, the highest ZT of about 0.033 at 672 K was obtained with x = 0.02, which
was about 11 times higher than that of the non-doped sample [21]. In addition, Tani
and Kido found that the ZT of B-FeSi, can be enhanced up to 0.14 at 847 K by doping
with Pt as an impurity [22]. Ohtaki et al. investigated various impurities for doping,
such as Cu, Zn, Nb, Ag, Sb, and Mn, by analyzing the microstructural changes and TE
performance of B-FeSi,. They reported that the microstructures were remarkably changed
by those impurities. The highest ZT value of about 0.026 was obtained by 3% Mn doping at
873 K [23]. In addition, Chen et al. investigated the thermoelectric characteristics of Co
addition on B-FeSi; fabricated by rapid solidification and followed the HP method. It
was reported that the optimum doping to achieve maximum ZT = 0.25 was obtained
in Fe(94Cop 0sSi; samples due to the enhancement in S and a significant reduction in
p [24]. Furthermore, Du et al. attempted to improve the TE performance of the previous
Fe(.94Coq 06512 by doping with an additional impurity element named Ru. It was found
that Ru doping significantly decreases the thermal conductivity because the strain field and
mass oscillation scatter the phonons, resulting in the improvement of ZT = 0.33 at 900 K [25].
Moreover, Dabrowski et al. investigated the effects of several dopants, namely, Mn, Co, Al,
and P, on the TE properties of -FeSiy. They reported that compared to other dopants, P
was not effective at improving the ZT due to only a slight decrease in p, where the nyy of the
P-doped sample was probably lower than that of other impurity-doped samples; however,
the highest ZT was obtained in a Co-doped sample, probably due to the high ny [26].
Qiu et al. have recently reported that by doping 16% Ir into the Fe site of g-FeSi, the
ZT can be greatly improved to 0.6 at 1000 K due to the significant reductions in p and
«, resulting from high ny and phonon—electron scattering, respectively [27]. Based on a
series of previous reports, it is worth noticing that doping with elements having large
valence electrons to either Fe or Si sites of 5-FeSip-based materials is remarkably effective
at improving the ny and the TE performance.

Since Ni has two valence electrons more than Fe, the ny can be possibly increased
by substituting Ni into the Fe site of 3-FeSi,. Komabayashi et al. reported that the S, p,
and power factor (PF = S20~!) at room temperature of Feg 94Nig 06Siz.05 thin film fabricated
by the RF sputtering method were —113 pVK~1, 0.076 Qcm, and 17 pWm 1K ~2, respec-
tively [28]. In addition, Nagai et al. investigated the effect of Ni addition on the PF of
B-FeSi, fabricated by mechanical alloying and hot-pressing techniques. The highest | S|
was obtained after 1% Ni doping—240 uVK~! at 600 K—and p significantly decreased
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with Ni addition. This indicates that both S and p can be simultaneously improved by Ni
addition, contributing to the enhancement of PF [29]. Furthermore, Tani and Kido reported
that the p of bulk B-Fe;_NixSiy decreased with the substitution of Ni owing to the increase
in nyy [30]; thus, a reduction in the bipolar effect should be achieved. However, there are
only a few reports regarding the effect of Ni doping of B-FeSi,, and an investigation on the
thermal conductivity (x) and the ZT values has not been reported. Moreover, the optimum
Ni doping concentration needed to improve the TE performance of S-Fe;_«NixSi; also has
not been investigated yet.

In this work, we attempted to improve the electrical and thermoelectric properties
of the bulk of binary p-FeSi; by Ni substitution into the Fe site prepared by the facile arc-
melting techniques and directly followed by a heat treatment and annealing process. For
the B-Fe;_,Ni,Sip system (0 < x < 0.03), a detailed investigation of the optimum doping
level of Ni to enhance TE performance is reported for the temperature range of 80-800 K.

2. Materials and Methods
2.1. Sample Fabrication

The raw materials of Fe grain (99.9% up, 3Nup, High Purity Chemicals, Japan),
Si grain (99.999%, 5N, High Purity Chemicals, Japan), and Ni grain (99.9%, 3N, High
Purity Chemicals, Japan) were prepared following the composition of Fe,Ni; _Si,, where
0 < x < 0.03. The melting process was performed by using the arc-melting method under
a vacuum of about 2-5 x 107> torr in an argon (Ar) atmosphere to prevent oxidation
during melting. In addition, titanium (Ti) 10 g was set and initially melted before the main
materials to remove the residual oxygen inside the melting chamber. To get an ingot with a
homogeneous material distribution, it was flipped and remelted three times. The numerical
control (NC) wire-cutting machine (EC-3025, Makino) was then used to slice the ingots into
small pieces (sample’s size W x L x T =7 x 7 x 1.5 mm) to facilitate the characterization of
TE properties. The pieces were then polished in order to remove the oxidized surface before
the heat-treatment process. The metallic £ and a-phases were formed during the arc-melting
process. In order to transform into the S-phase, the heat-treatment process at 1423 K for 3 h,
and consequently, the annealing process at 1113 K for 20 h, were applied for all samples
in vacuumed silica quartz ampule. The first step of heat treatment was to additionally
homogenize the material distribution, and the second step was to transform it into a single
B-phase. The heat treatment and annealing process followed that of reference [23], where
the optimum condition was reported.

2.2. Sample Characterization

The CuKa high-resolution X-ray diffractometer (SmartLab, Rigaku, Tokyo, Japan)
was used for the powder X-ray diffraction (XRD) measurements. With Rietveld analysis
utilizing the RIETAN-FP software, calculation of the crystal structure parameters and phase
identification were carried out by using the measured XRD data. A scanning electron
microscope (VE-8800, KEYENCE, Osaka, Japan) apparatus was then used to observe
the surface structure of each of the fabricated materials. The elemental analysis was
performed with a scanning electron microscope (SU8010, Hitachi High-Technologies, Tokyo,
Japan) equipped with a Bruker EDS XFlash5060FQ detector. The Archimedes method was
performed to measure the relative density with a gravity measurement kit (SMK-401,
SHIMADZU Co., Kyoto, Japan). ResiTest8300 (TOYO Co., Aichi-ken, Japan) apparatus
was used to measure mobility (yy) and carrier density (ny) at room temperature. In
addition, the electrical resistivity (p) and Seebeck coefficient (S) were also measured by
using the ResiTest8300 at temperatures of 80-395 K and by homemade apparatus under
an Ar atmosphere at temperatures of 400-800 K. The thermal conductivity («i,1) Was
measured by using a power efficiency measurement (PEM-2, ULVAC, Inc., Kanagawa,
Japan) system and the ZT can be calculated by ZT = ST/ (0K total)-
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3. Results and Discussions

Figure 1 shows the X-ray diffraction (XRD) peaks of Fe,Ni;_Si; (0 < x < 0.03) at 300 K
within the angles of 20° < 20 < 90°. Mainly, the -phase was achieved for 0 < x < 0.03;
however, a trace of the e-phase still remained at 20 ~ 45.2° on the right of the indexed peak
(421), as zoomed in on in the inset of Figure 1. The intensity of this e-phase peak increases
with increasing Ni concentration from 0 to 0.03; the low intensity occurred at x < 0.005. The
XRD peaks of our 0 < x < 0.005 samples are similar to those of the study of Dabrowski et al.,
who reported that a single 3-phase was obtained by doping with other impurities, such as
aluminum (Al) and phosphorus (P) [26]. Therefore, it is considered that the 0 < x < 0.005
samples had very small amounts of the e-phase.

Fe,..NiSi,

(202)

o]

=]

=

o
o
Inensity { arb.unit

43 4 45 16 41 48
20 fdegres

p+e-phase
x=0

(020)
(112)
2
(602)
(533)

B+e-phase
x=0.001

p+e-phase
X =0.005

€ p+e-phase
x=0.01

p+e-phase
x=10.015

p+e-phase
x=0.02

A et

e fp+e-phase
x=0.03

Intensity / arb.unit

20 30 40 50 60 70 80 90
Diffraction angle, 2 0 / degree

Figure 1. X-ray diffraction patterns of f-Fe;_«NixSi (0 < x < 0.03) at room temperature

Figure 2 shows the SEM images of Fe;_,NixSip (0 < x < 0.03) captured at room tem-
perature. The identification of phase transition by using the SEM micrograph can also be
found in the previous reports of Dabrowski et al. [26,31]. Figure 2a shows that before heat
treatment, the £ and a-phases were formed at x = 0 (the bright grain represents the e-phase
and the dark grain represents a-phase). The white dots are not the microstructures but merely
dust contaminated by the polished substrate. After heat treatment, for 0 < x < 0.005, the
samples were grown in a single S-phase, as shown in Figure 2b—d, and for 0.01 < x < 0.03,
the samples were grown with the majority of the f-phase and the minority of the e-phase, as
shown in Figure 2e—g. It is observed that the area or amount of the e-phase increases with
increasing Ni addition (x).

To observe the Ni distribution in each phase, the SEM-EDS measurement for elemental
analysis was performed for the 0.005 < x < 0.03 sample after the heat treatment. As shown
in the color mapping of Figure 3, Ni was homogenously distributed for x = 0.005 due to
the formation of a single B-phase, whereas the Ni-richness was distributed in the area
of the e-phase for 0.01 < x < 0.03, as can be seen in the green. This tendency indicates
that the semiconducting phase is moderately transformed into the metallic e-phase by
increasing Ni substitution. Furthermore, a portion of the Ni concentration is accumulated
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in the grain boundaries between e-phase and B-phase, probably due to the large particle
size of raw material. This issue can probably be solved by ball milling, followed by fast-
sintering techniques. By utilizing the ball-milling method, the particle size of Ni can
be significantly reduced, and the fast-sintering techniques could help to reduce grain
growth. As the particle size reduces, the Ni might more homogenously distribute, leading
to simultaneously eliminating the accumulation of Ni and grain growth. In addition, Table 1
also shows the quantitative analysis of the 0.005 < x < 0.03 sample. In the area of the
B-phase for all samples, the atomic concentration of Fe was approximately 1/3, and that of
Si was approximately 2/3. This indicates that Fe:Si ratio is 1:2, corresponding to S-FeSi;. On
the other hand, in the area of the e-phase, the atomic concentration of Fe was approximately
3, and that of Si was also 1/2. This indicates that the Fe:Si ratio is about 1:1, corresponding
to e-FeSi. In the B-phase area of the 0.005 < x < 0.03 sample, the actual Ni composition
ranged from 0.003(1) to 0.010(4), indicating that the solid solution limit of Ni for 3-FeSij is
lower than x = 0.01. When the value is higher than 0.01, it facilitates the formation of the
e-phase. As a result, a single B-phase could be obtained in the 0 < x < 0.005 samples, as
verified with the SEM image in Figure 2b—d. Moreover, as shown in Table 1, Ni in both j
and e-phases linearly increases with x, but the slope of the e-phase is around six times that
of the B-phase.
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Figure 2. SEM image of 3-Fe;_«NixSiy: (a) before heat treatment for x = 0, (b-h) after heat treatment
for 0 < x <0.03.
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Moreover, Figure 2 shows that pore size after heat treatment is larger than that before
heat treatment. This enlargement of pore size happens when the volume S-FeSi, occupies
varies with the volumes of metallic ¢ and a-phases during the heat-treatment process (e-
FeSi + a-FeySis — B-FeSiy). However, the relative densities range from 95.6(1)-98.7(1)%,
as shown in Table 2. These values are as high as for a sample prepared by hot-pressing
(HP) techniques [32], but are relatively higher than those for samples prepared by pulse
plasma sintering (PPS) [28] or spark plasma sintering (SPS) [33]. This result suggests
that the proposed arc-melting and direct-heat-treatment method is efficient at fabricating
a high-relative-density sample that contributes positively to the decrease in electrical
resistivity, which is good for TE application. The three dimensions of the orthorhombic
crystal structure of B-FeSi, were provided by our previous report [20].
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Figure 3. SEM-EDS mapping of B-Fe;_yNixSip (0.005 < x < 0.03). Fe, Ni, and Si are mapped with
red, green, and blue, respectively.
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Table 1. Elemental composition of B-Fe;_,NixSip (0.005 < x < 0.03) quantified by SEM-EDS analysis.

X Area Element Atomic % Composition Ratio Symbol
Fe 38.1(4) 1.14(1)
0.005 B Ni 0.10(5) 0.003(1) B-Feq.141)Nio.003(1)Si1.86(1)
Si 61.8(4) 1.86(1)
Fe 37.9(5) 1.14(1)
B Ni 0.17(4) 0.005(1) B-Fe1.14¢1yNig.005(1)Si1.86(1)
Si 62.9(5) 1.86(1)
0.01
Fe 52.7(4) 1.05(1)
€ Ni 1.5(4) 0.029(8) e-Feq 05(1)Nio.029(8)Slo.92(1)
Si 45.8(6) 0.92(1)
Fe 38.2(6) 1.14(2)
B Ni 0.3(1) 0.008(4) B-Fe1.14(2)Nig 008(4)Si1.85(2)
Si 61.5(6) 1.85(2)
0.015
Fe 52.0(6) 1.04(1)
€ Ni 2.3(3) 0.047(6) e-Feq 04(1)Nio.047(6)Slo.o1(1)
Si 45.7(7) 0.91(1)
Fe 36.8(9) 1.10(3)
B Ni 0.3(1) 0.009(4) B-Fe1.103)Nio.009(4)S11.89(2)
Si 62.9(8) 1.89(2)
0.02
Fe 51.7(7) 1.033(8)
€ Ni 2.4(2) 0.048(5) e-Feq 033(8)Nip.048(5)S10.92(1)
Si 45.9(6) 0.92(1)
Fe 37.19) 1.11(3)
B Ni 0.3(1) 0.010(4) B-Fer.113)Nig.010(4)Si1.88(2)
Si 62.5(8) 1.88(2)
0.03
Fe 51.1(5) 1.02(1)
€ Ni 3.4(2) 0.068(3) e-Feq 02(1)Nig 068(3)S10.911(9)
Si 45.5(4) 0.911(9)
Table 2. Summary of thermoelectric properties of f-Fe;_NixSiy (0 < x < 0.03) at 300 K, where Lo,
r=—1/2, ny, puy, S, p, and « are Lorenz number, scattering factor (for acoustic phonon scattering),
carrier density, mobility, Seebeck coefficient, electrical resistivity, and thermal conductivity, respectively.
Lo ny Hu I1S1 p i Relative
X [VZK-2] ! [cm 3] [em2V-1s-1]  [uVK-1] [Qcm] [Wm-1K-1]  Density [%]
0 1.792 x 1078 -1/2 2.3(2) x 1016 37(4) 127 7.10 7.16 98.0(1)
0.001 1.624 x 1078 -1/2 1.2(4) x 107 35(7) 393 1.39 8.25 98.3(1)
0.005 1.656 x 108 -1/2 2.6(2) x 10V 34(3) 194 0.69 8.57 96.24(8)
0.01 1.648 x 1078 -1/2 3.2(7) x 107 27(5) 205 0.69 8.44 97.5(3)
0.015 1.674 x 1078 -1/2 4.8(4) x 107 20(1) 176 0.63 7.27 98.7(1)
0.02 1.766 x 1078 -1/2 1.2(4) x 108 11(3) 135 0.45 7.12 95.6(2)
0.03 2.139 x 1078 -1/2 2.3(2) x 1018 10(1) 62 0.26 6.18 95.6(1)

The bonds of the Fel and sites are formed geometrically in eight coordinates, four
each to 5il and Si2, and the bonds of Fe-Si vary in length from 2.361(5) to 2.402(6) A and
from 2.282(5) to 2.415(4) A, respectively.

The Rietveld analysis of B-Feg.g95Nip 005512 after heat treatment is shown in Figure Al
(Appendix A). The calculated data, experimental data, and difference between the data,
are represented by green, red, and blue lines, respectively. According to the analysis, it is
considered that after the process of heat treatment, the sample is successfully grown in the
B-phase with a trace of the metallic e-phase.

Therefore, the result of the Rietveld analysis agrees with that of the SEM image. The
orthorhombic structure (Cmice space group) was chosen for Rietveld analysis. As Ni was
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partially substituted into the Fe sites, 1—x was assigned as the occupied rate of Fel and
Fe2, and x was assigned as the occupied rate of Nil and Ni2. In addition, both the Fe
site and Si site were assigned with the isotropic atomic displacement B with the value of
1.0 A2, A split pseudo-Voigt function was used to fit the Bragg peak profiles. A summary
of the structural parameters, which were calculated by the Rietveld analysis, is reported
in Table Al (Appendix B). The lattice constants (g, b, ¢), interact atomic distances (Si-Fe),
interacting atomic angles (Fe-Si-Fe), and reliability factor for weight diffraction patterns
(Rwp) with x dependences are plotted in Figure 4. In Figure 4a, the variations in lattice
constants 4, b, and ¢ with x are negligible. In addition, as shown in Table A1, the change
in unit-cell volume (V) is almost within the error range. The effect of Ni substitutions
is probably not significant for the lattice constants due to the low solubility limit of Ni.
Figure 4b shows that the atomic distances of Sil-Fel and Sil-Fe2 tend to slightly rise with
increasing x, though there is no significant change in Si2-Fel or Si2-Fe2 with x. In addition,
the interactive atomic angles of both Fel-Sil-Fel and Fe2-Si2-Fe2 slightly rise with x, but
those of both Fel-Si2-Fel and Fel-5i2-Fel slightly decline as x increases, as shown in
Figure 4c. It is considered that both Fel and Fe2 are slightly changed with Ni addition.
Therefore, the Ni population should equally occupy both Fel and Fe?2 sites, which is similar
to a previous study wherein Co was doped into the B-FeSiy system [20,34]. Figure 4d
shows the reliability factor Ryp with x dependences. The Ry, value for x = 0 is about
3.316%, indicating a good fit between the observed and computed intensities. However, as
x increases, the Ryp moderately increases, probably due to the increasing amount of the
e-phase, which is verified with XRD patterns in Figure 1 and the SEM image in Figure 2.
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Figure 4. (a) Lattice constants 4, b, c; (b) interactive atomic distances of Fe-Si, (¢) interactive atomic
angles of Fe-Si-Fe, and (d) reliability factor Rwp for B-Feq_,NixSi; (0 < x < 0.03) at room temperature.
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The electrical resistivity (o) with respect to the temperature dependence of Fe;_4Ni,Sip
is shown in Figure 5. The p significantly decreases as Ni content increases from x = 0 to
x = 0.03. The decrease in p is mainly caused by the increases in e-phase and carrier
concentration (ny), as shown in the inset of Figure 5. This tendency can be explained by
Drude’s theory in Equation (1):

p=ny el ! 1)

where e and py are elementary charge and carrier mobility, respectively [35]. Equation (1)
expresses that p is inversely proportional to ny. Therefore, as ny increases, p can be
effectively obtained. In Table 2, the p of the non-doped sample is 7.10 Qcm with the
ny of only around 1.3(2) x 10'®cm~3. As x increases from 0.001 to 0.03, the p remark-
ably decreases from 1.39 to 0.26 Qdcm due to the increase in ny from 1.2(4) x 10 to
2.3(2) x 10'8 cm~3. Furthermore, the increase in the e-phase with Ni substitution, as dis-
cussed for the microstructures above, should also contribute to the reduction in p. For
x = 0.01, the p value of our sample was almost similar to that of the one Tani and Kido pre-
pared by pressure-sintering techniques [30]. However, for x = 0.03, the p of our sample was
about two times lower due to the higher py. The py of our sample was 10(1) cm?V~1s~1,
and that of their sample was only around 0.27 cm?V~!s~L. If we compare another dopant,
cobalt (Co), at the same doping level, the Ni-substituted material has a much higher value
of p than the Co-substituted materials. This is because Co has a higher solid solution
limit in B-FeSiy; its value is up to 0.116, as reported by Kojima et al. [36]. In addition,
Nagai et al. reported that the p of the x = 0.06 thin film was 0.076 (dcm. Such a low value
of p in a thin-film sample should be mainly affected by the large py;. It is considered that
the p of the bulk sample prepared by the arc-melting method should drastically decrease if
the doping amount is up to x = 0.06 due to the increase in ny; however, the thermoelectric
power will be deteriorated due to the effect of the metallic e-phase.
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Figure 5. Electrical resistivity of -Fej_NixSip (0 < x < 0.03) with respect to temperature, where the
carrier concentration, ny, at 300 K is plotted in the inset.

The Seebeck coefficient (S) with temperature dependence is shown in Figure 6. The
IS| of the non-doped sample (x = 0) remarkably decreases from about 290 pVK~! to
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approximately 0 tVK~! as the temperature increases from 420 to 800 K. It is considered
that the bipolar effect dominates at high-temperature regions in pristine f-FeSi; due to low
carrier density. For the Ni-doped (3-FeSi, system, the S is positive at temperatures 80-115 K
and 80-195 K for x = 0.001 and 0.03, respectively, indicating the p-type materials. At higher
temperatures, the S becomes negative, indicating an n-type conduction material. This result
is consistent with that of Tani and Kido [30], who also reported that the sign of the Hall
coefficient (Ryy) changes from positive to negative at 160 K. It is considered that conduction
is dominated by both holes and electrons, and its ratio varies depending on temperature.
In addition, as x increases, the | S| becomes more stable from room temperature to 800 K.
This tendency suggests that the bipolar effect is remarkably reduced with Ni substitution
due to the increase in ny. The bipolar effect was reduced by Ni doping; however, at
high temperatures, it was not completely eliminated. This is probably due to the much
lower actual Ni doping concentration in the S-phase. The increase in ny contributes to the
reductionin |S|. The relationship between |S| and ny can be expressed by Mott’s formula:

KT 2/3
3|€|ﬁ2 3”H

where kg, T, e, i, m*, and ny are Boltzmann constant, temperature, elementary charge,
Planck constant, effective mass, and carrier concentration, respectively [37]. Equation (2)
indicates that the | S| is inversely proportional to nyy; therefore, as can be seen in Figure 6,
for 0.001 < x < 0.03, the S| of the Ni-doped samples decreases with x. Furthermore,
the inset of Figure 6 shows that up decreases with x, probably owing to the difference in
the effective mass between the electron and the hole. This tendency can be expressed by
Equation (3):
. €T

"= ®G)
where e, T, and yy are elementary charge, scattering time, and mobility, respectively [35].
When the effective mass of the electron is larger than that of the hole, the mobility of the
electron is lower. As shown in Figure A2 (Appendix A), for 0.001 < x < 0.03, the |S|
decreases with nyy, and the tendency of the experimental values of | S| fits with that of the
calculated values (solid black curve, in the case of m* = 0.1 m.) using the Mott’s formula in
Equation (2). It is confirmed that Mott’s theory implies for 0.001 < x < 0.03. For 0 < x < 0.001,
the experimental value of S| is out of the fitting curve; therefore, this might be possibly
described by a two-carrier model [38]. The highest value of |1S| was obtained for the x = 0.001
sample with the value of 450 uVK~! at 450 K.

Figure 7 shows the power factor (PF) with temperature dependence. The PF is cal-
culated by PF = S?p~!. The improvement in PF contributes positively to enhancing TE
performance (ZT). The PF of the non-doped sample exhibited the highest value of around
3.5 yWm1K~2 at around 450 K, as shown in the inset of Figure 7. By doping with Ni,
the PF can be significantly improved; the maximum value was around 200 pWm~'K~?2
at 600 K, achieved by the x = 0.001 sample. The enhancement in PF is caused not only
by the remarkable increase in, S but also by the reduction in p. Compared to previous
work reported by Komabayashi et al., the PF of thin-film x = 0.06 was 17 pWm ™~ 'K~2 at
300 K [28]. This value is similar to that of our bulk x = 0.001 sample with the PF of about
13 pWm 'K ~2 at 300 K. The thin-film sample usually had a much lower p than that of
the bulk sample, which provided a better PF. However, the high value of IS for our
bulk sample also increased the PF, which is comparable to that of the thin-film sample. In
addition, Nagai et al. reported that the highest PF of the bulk x = 0.01 samples prepared by
mechanical milling and hot pressing was about 50 pWm ™K ~2 at 650 K [29], whereas that
of our x = 0.01 sample prepared by arc-melting was about 130 pWm~'K~2 at 750 K. The
higher PF in our sample is owed to the larger |S|. It is considered that our sample had a
lower e-phase amount as a result of the heat-treatment process, as that was not applied to
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their sample. This might be a reason why the | S| of their sample was lower. Therefore,
heat treatment is necessary for the fabrication of B-FeSij for TE applications.
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Figure 6. Seebeck coefficient of B-Fe;_NixSip (0 < x < 0.03) with respect to temperature, where the
carrier mobility, uy, at 300 K is plotted in the inset.
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Figure 7. Power factor (PF) of B-Fe;_4NixSi; (0 < x < 0.03) with respect to temperature, where the
inset plots the data of x = 0.
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The total thermal conductivity (ka1 = ] + ke, Where x] and «. are the lattice and
electronic thermal conductivity, respectively) of all samples is plotted in Figure 8. It is
shown that the ) of Ni-doped samples is slightly higher than that of the on-doped one.
This is probably because of the increase in the metallic e-phase with increasing Ni content,
as can be proved by XRD patterns and SEM-EDS analysis. As shown in the inset of Figure 8,
the electronic thermal conductivity (x.) increased with x due to the decrease in p. The %,
was calculated by the Wiedemann-Franz law (x. = LoT/p, where Lo is the Lorenz number).
The Lo was calculated by the measured Seebeck coefficient | S| in the case of acoustic
phonon scattering (r = —1/2). Equation (4) explains the relationship between Lg and r:

Lo - (%) 2
e (r—i—%

where the function is given as: F, (1) = fooo 1+?§7;—7de X = kBLT' 7= kaFT and Er is Fermi
energy [39]. Table 2 shows that the values of Lo increase with x for 0.001 < x < 0.03.
This tendency shows that the B-phase moderately transforms into the e-phase as the level
of Ni doping increases. The increase in Lg also contributes to the high x. because of its
proportionality.
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Figure 8. Thermal conductivity (ko = k1 + Ke) of B-Feq_yNixSip (0 < x < 0.03) with respect to
temperature, where the inset plots the electronic thermal conductivity (ke = LoT/p).

The ZT value with temperature dependences is plotted in Figure 9. In addition, the
inset of Figure 9 shows that the x = 0 sample had the highest ZT value of 2.6 x 10~ at
the temperature of 450 K. If we compare the ZT value of pristine material to Ni-doped
materials, its value is very low. In the Ni-doped system, the maximum ZT of around 0.019
at 600 K was obtained in x = 0.001 owing to the enhancement of the power factor. When x is
higher than 0.001, the ZT is decreased due to the reduction in |S| caused by the increased
amount of metallic e-phase. Therefore, it is considered that for Ni-doped B-FeSiy, the low
doping amount, below 1%, is more effective at improving the TE properties.
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Figure 9. ZT of B-Fe1_«NixS5i; (0 < x < 0.03) with respect to temperature, where the inset plots the
data for x = 0.

4. Conclusions

Thermoelectric (TE) materials 5-Fe;_«NixSiy were fabricated for 0 < x < 0.03 by the
conventional arc-melting method, followed by a heat treatment and annealing process.
Traces of the e-phase were formed for all samples; the lowest amount of it was obtained at
x < 0.005. The solid solution limit of Ni in the S-phase is below x = 0.01, and the e-phase
increases with increasing Ni concentration. As x increases, the electrical resistivity (o) and
Seebeck coefficient | S| decrease, owing to the increases in e-phase and carrier density. As
a result, the optimum doping amount to achieve a maximum power factor (PF) of around
200 pWm~1K~2 was obtained in the x = 0.001 sample due to significant enhancement in
IS 1. The PF value of this sample was comparable to that of the thin-film sample reported by
Komabayashi et al. [28]. However, this value is higher than that of the hot-pressed sample
reported by Nagai et al. [29], resulting from the improvement in |S|. The improvement in
PF led to obtaining the ZT of 0.019 at 600 K in the same x = 0.001 sample. It would be worth
investigating a method to increase Ni’s solubility in (3-FeSip. As Ni solubility increases,
the e-phase can be reduced, resulting in an improvement in S and a decrease in thermal
conductivity (k). Therefore, ZT can be more significantly enhanced, making the material
suitable for industrial waste heat recovery in mid-high temperature applications.
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Appendix B

Table Al. Crystal-structure parameters of B-Fej_yNixSip (0 < x < 0.03) at room temperature.

Samples Fe;_,Ni,Siy
Composition, x 0 0.001 0.005 0.01 0.015 0.02 0.03
Space Group Cmce Cmce Cmce Cmce Cmce Cmce Cmce
a(A) 9.8788(5) 9.8783(5) 9.8809(8) 9.8824(9) 9.8806(8) 9.877(1) 9.883(1)
b(A) 7.8008(4) 7.8016(4) 7.8009(7) 7.8008(7) 7.7993(6) 7.7978(8) 7.8011(9)
c(A) 7.8372(4) 7.8357(4) 7.8375(7) 7.8378(7) 7.8356(6) 7.8338(8) 7.8365(9)
V (A3) 603.96(5) 603.88(5) 604.12(9) 604.23(9) 603.83(8) 603.4(1) 604.1(1)
Fel X 0.2160(2) 0.2163(3) 0.2178(4) 0.2173(3) 0.2170(4) 0.2170(4) 0.2179(5)

v 0 0 0 0 0 0 0

z 0 0 0 0 0 0 0

B (A?) 0.1 0.1 0.1 0.1 0.1 0.1 0.1

g 1.000 0.999 0.995 0.990 0.985 0.980 0.970
Nil X N/A 0.2163(3) 0.2178(4) 0.2173(3) 0.2170(4) 0.2170(4) 0.2179(5)

v N/A 0 0 0 0 0 0

z N/A 0 0 0 0 0 0

B (A?) N/A 0.1 0.1 0.1 0.1 0.1 0.1

g N/A 0.001 0.005 0.010 0.015 0.020 0.030
Fe2 X 1/2 1/2 1/2 1/2 1/2 1/2 1/2

y 0.3014(4) 0.3019(4) 0.2987(6) 0.3015(5) 0.3034(5) 0.3031(6) 0.3036(7)

z 0.1940(4) 0.1943(4) 0.1967(5) 0.1970(5) 0.1944(5) 0.1962(5) 0.1965(6)

B (A?) 0.1 0.1 0.1 0.1 0.1 0.1 0.1

g 1.000 0.999 0.995 0.990 0.985 0.980 0.970
Ni2 x N/A 1/2 1/2 1/2 1/2 1/2 1/2

y N/A 0.3019(4) 0.2987(6) 0.3015(5) 0.3034(5) 0.3031(6) 0.3036(7)

z N/A 0.1943(4) 0.1967(5) 0.1970(5) 0.1944(5) 0.1962(5) 0.1965(6)

B (A?) N/A 0.1 0.1 0.1 0.1 0.1 0.1

g N/A 0.001 0.005 0.010 0.015 0.020 0.030
Sil X 0.1217(5) 0.1227(6) 0.1178(8) 0.1231(8) 0.1228(8) 0.1236(9) 0.124(1)

v 0.2811(7) 0.2801(7) 0.281(1) 0.2795(9) 0.2784(9) 0.276(1) 0.277(1)

z 0.0394(4) 0.0377(4) 0.0410(6) 0.0388(6) 0.0394(6) 0.0385(6) 0.0404(8)

B (A% 0.3 0.3 0.3 0.3 0.3 0.3 0.3

g 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Si2 x 0.3761(5) 0.3758(6) 0.3742(8) 0.3775(7) 0.3764(8) 0.3755(8) 0.3762(9)

v 0.0399(5) 0.0387(6) 0.0434(8) 0.0442(7) 0.0414(7) 0.0442(8) 0.0445(9)

z 0.2220(6) 0.2219(7) 0.2200(9) 0.2217(9) 0.2222(9) 0.2200(9) 0.223(1)

B (A% 0.3 0.3 0.3 0.3 0.3 0.3 0.3

g 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Ruyp (%) 3.316 3.292 4.669 4.272 4.148 4.209 4.881
Rp (%) 2.108 2.107 3.397 3.012 2.773 2.786 3.163
RRr (%) 29.041 30.762 38.361 35.726 36.636 36.753 40.663
R. (%) 0.792 1.429 1.222 1.069 0.922 0.883 1.029
Rg (%) 8.543 9.144 10.839 10.024 10.650 9.684 11.392
Rr (%) 8.603 8.788 8.217 8.323 9.418 7.582 8.542
S=Rwp/Re 4187 2.305 3.821 3.996 4.499 4.767 4.743
Si1l—Fel/Nil (A) 2.361(5) 2.357(6) 2.377(8) 2.352(7) 2.363(7) 2.365(9) 2.351(9)
Si1l—Fel/Nil (A) 2.402(6) 2.391(6) 2.426(9) 2.390(8) 2.382(8) 2.366(8) 2.37(1)
Si1—Fe2/Ni2 (A) 2.282(5) 2.277(6) 2.284(8) 2.301(7) 2.289(8) 2.294(8) 2.31(1)
Si1—Fe2/Ni2 (A) 2.415(4) 2.430(5) 2.366(6) 2.407(6) 2.420(6) 2.418(7) 2.41009)
Fel/Nil—Sil—Fel/Nil (deg.) 112.3(2) 112.8(2) 110.6(3) 112.9(3) 112.8(3) 113.3(3) 113.4(4)
Fe2 /Ni2—Sil—Fe2/Ni2 (deg.) 116.6(2) 116.3(2) 118.2(3) 116.2(3) 116.4(3) 116.2(3) 115.8(2)
Si2—Fel/Nil (A) 2.372(5) 2.363(6) 2.340(7) 2.376(7) 2.370(8) 2.354(8) 2.372(9)
Si2—Fel/Nil (A) 2.381(5) 2.386(6) 2.399(8) 2.399(7) 2.386(7) 2.400(8) 2.385(9)
Si2—Fe2/Ni2 (A) 2.322(6) 2.314(7) 2.355(8) 2.335(9) 2.315(9) 2.34(1) 2.32(1)
Si2—Fe2/Ni2 (A) 2.388(5) 2.400(5) 2.368(9) 2.351(7) 2.390(7) 2.371(8) 2.371(9)
Fel/Nil—Si2—Fel/Nil (deg.) 113.5(2) 113.6(2) 113.7(3) 112.5(2) 113.2(3) 113.2(3) 113.0(7)
Fe2 /Ni2—Si2—Fe2 /Ni2 (deg.) 116.1(2) 115.9(2) 115.2(3) 116.6(2) 116.2(3) 115.6(3) 116.1(3)
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Abstract: High electrical and thermal contact resistances can ruin a thermoelectric device’s perfor-
mance, and thus, the use of effective diffusion barriers and optimization of joining methods are crucial
to implement them. In this work, the use of carbon as a Cuyj1Mn;Sb,S;3 tetrahedrite diffusion barrier,
and the effectiveness of different fixation techniques for the preparation of tetrahedrite/copper
electrical contacts were investigated. Contacts were prepared using as jointing materials Ni and Ag
conductive paints and resins, and a Zn-5wt% Al solder. Manual, cold- and hot-pressing fixation
techniques were explored. The contact resistance was measured using a custom-made system based
on the three points pulsed-current method. The legs interfaces (Cu/graphite/tetrahedrite) were
investigated by optical and scanning electron microscopies, complemented with energy-dispersive
X-ray spectroscopy, and X-ray diffraction. No interfacial phases were formed between the graphite
and the tetrahedrite or Cu, pointing to graphite as a good diffusion barrier. Ag water-based paint
was the best jointing material, but the use of hot pressing without jointing materials proves to be
the most reliable technique, presenting the lowest contact resistance values. Computer simulations
using the COMSOL software were performed to complement this study, indicating that high contact
resistances strongly reduce the power output of thermoelectric devices.

Keywords: electrical contacts; tetrahedrite; diffusion barrier; contact resistances; computer simulations

1. Introduction

Climate change and global warming have pushed mankind to novel attitudes towards
energy production, with it being important that industries and cities to transit from fossil
energy sources to renewable ones. Therefore, greener, further efficient, and smarter ener-
getic systems have become more popular and widespread every year, boosting the need
to search for new devices and materials. In this context, thermoelectric (TE) materials are
quite attractive, since they can directly convert waste heat into usable electricity through the
Seebeck effect [1,2]. Thermoelectric generators (TEGs) are eco-friendly devices based on TE
materials that do not emit greenhouse gases and have no moving parts, allowing them to
work for a long time with little or practically no maintenance. They are typically made from
arrays of n- and p-type semiconductors (n- and p-type legs) that are connected electrically
in series and thermally in parallel using electrodes (usually made of copper) to form the
electrical circuits [3,4]. On the top and bottom of the connected legs and electrodes, there is
usually a coverage, normally made by alumina or polymers, to electrically insulate them [4].
TEGs can have several geometries and sizes depending on the required applications, being
devices with a high modularity and quite easy to install. These devices can be used in
many industries for waste heat recovery, good examples with great potential being the
cement, steel, ceramic, and glass ones [5-7]. However, TEGs can also be used for other
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applications, such as in biology, remote monitoring stations, sensors, personal devices (e.g.,
fitness bands), or electronics for the Internet of Things (IOT) [8-10]. Another important
field of application is aerospace, especially for energy generation, either from radioisotope
generators (to power exploration rovers on remote locations and for outer solar system
missions) or from concentrated solar light (to power satellites on space [11,12]). Regard-
less of all of the mentioned applications, TEGs are not yet implemented on a large scale,
mainly due to the cost of the technology (which uses expensive and rare elements), their
low conversion efficiencies comparatively to other systems, such as the organic Rankine
Cycle [13-16], and the toxicity of the constituents. Indeed, the most commercially used TE
materials are based on bismuth telluride (Bi,Tes), silicon germanium (SiGe), and lead tel-
luride (PbTe) [4,14], which are not attractive for widespread or large-scale applications [16].
In this context, and given the present TEGs market needs, new, alternative, and cheaper
materials are being explored and studied. Among these, tetrahedrites, which belong to the
copper antimony sulfosalts family, are seen as having good potential for TE applications.
They are abundant on the Earth’s crust, present low toxicity, and are highly available (even
if synthetized), which makes them much cheaper (~7 USD/Kg) and more ecological when
compared to the commercial ones [14,17].

The performance of a thermoelectric material can be evaluated through the calculation
of its figure of merit (zT). This dimensionless parameter is given by zT = (S?eceT)/x, where
S is the Seebeck coefficient, k¥ and ¢ are the electrical and thermal conductivities and T is
the absolute temperature [18]. Materials with zT5 close to 1, though providing TEGs with
low efficiencies, are already considered worthy for many TE applications. Tetrahedrites
are p-type semiconductors that crystalize in a cubic unit cell (space group I43m) and can
have several chemical compositions that give origin to different TE performances, with it
being possible to achieve zT5 close to unit at temperatures of 623 K [17,19-22]. However,
to build a tetrahedrite-based TEG, it is just not enough to have TE materials with good
performance, it is also fundamental that the materials do not deteriorate or react in the
device at the working conditions. Consequently, it is important to study their stability and
how to properly connect them to the TEG electrodes, especially because high electrical and
thermal resistivity can considerably reduce the device’s performance.

High resistivity can arise from reactions between the TE materials (legs) and the
electrodes that connect them, which give rise to interfacial phases with different electrical
and thermal properties. At the same time, the mentioned interfacial phases can have
distinct coefficients of thermal expansion (CTE) that can damage the devices by detaching
or breaking the legs, with most of the TE materials needing diffusion and/or buffer barriers
to be exposed to working temperatures without being damaged. The majority of the
diffusion barriers used in conventional TEGs are based in very thin metallic layers, such as
Ni, Ag, Ti88-Al12 or Fe, which are specially selected due to their high electrical and thermal
conductivities and low reactivity with their respective TE legs and electrodes [23-26]. Yet,
those metals and alloys are not suitable to be used with tetrahedrites, since they easily react
and form phases with the elements present in the matrix, such as S and Sb [2,27]. Therefore,
our group decided to investigate carbon and gold as a diffusion barrier for tetrahedrites,
with the preliminary results being presented in an international conference [28]. Taking
into account the referred work and considering that flexible graphite is a material with
high resistance against oxidation and thermal shock, good mechanical and thermal stability,
and good electrical and thermal conductivity [29], it was selected to be tested as a diffusion
barrier in this study.

Nevertheless, to setup a tetrahedrite-based TEG, it is not enough just to select the
correct diffusion barriers, it is also necessary to know how to properly connect them to the
legs and respective electrodes. Depending on the jointing approach, several techniques,
or additional materials, such as solders or paints, can be required. In most of the commercial
devices, the copper electrodes are fixed to the Bi,Tes legs just by brazing or soldering [3,30].
Other efficient methods include the use of hot pressing, spark plasma sintering or the
preparation of the contacts using thermal spray [3,31,32]. For a certain composition of the
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TE legs, the correct jointing materials and methodologies must be developed in order to
obtain the lowest contact resistances and the highest leg quality. Since most of the contact
fabrication methodologies are unpublished or patented [33], it is not clear how the electrical
contacts are prepared in the majority of commercial devices. Simultaneously, there are not
many reported studies concerning the characterization of electrical contact resistances on
TEGs, and manufacturers do not give information about them in most of the commercial
devices (the TEGs datasheets).

One of the first studies devoted to the use of diffusion barriers and the measurement of
contact resistances in TE materials was the work of O. J. Mengali and M. R. Seiler [34]. In this
study, the contact resistances between Bi, Tes, Ag,Te, and Ag,Se (metalized with Ni and
Sn layers) and copper blocks (soldered to the TE materials) were measured. A homemade
contact measuring system, consisting of a potential probe apparatus with an alternative
current (AC) potential and a moving contact probe made of tungsten, was used in this
study. In the measurements, it was observed that some data deviated from the linearity
due to localized variations of the resistivity and irregularities on the cross-sectional area of
the materials. Among several hypotheses, the authors pointed the possibility of compound
dissociation and oxidation (during the interlayers depositions) as the main causes for the
observed deviations. Despite the reported issues, the measured contact resistances for
Bi, Tez were low, between 0.0074 mQ.mm? and 3.7 mQ.mm?. At the same time, the authors
noticed that the different techniques used for the leg’s metallization and the overall state
of the samples affected the resistance jumps and the quality of the contacts. They also
observed that the contact resistance of the other TE materials (Ag,Te and Ag,Se) displayed
similar values when metalized with Ni or Sn layers and fixed to copper blocks using the
same conditions.

To measure the contact resistances in TE materials, Y. Kim et al. [35] also developed a
custom-made apparatus based on the AC pulsed current method. The materials measured
were SnSe and Bi, Te; legs, both fixed to copper electrodes by hot pressing. On the mea-
surements of the Cu/SnSe/Cu legs, resistance jumps between 379 p() and 15 m() were
observed, the specific contact resistance of the legs was not mentioned in the publication.
On the Bi,Te; legs, contact resistances of 0.7 mQO.mm? were measured, with these values
lying in the ranges reported in the O. J. Mengali and M. R. Seiler work [34]. To check if the
measurements were correct and to discard errors caused by sample heating during the cur-
rent injection, the authors conducted some tests using a direct current (DC) technique. They
used currents up to 500 mA and checked if the samples heated up due to the Peltier effect
created by parasitic voltages. They observed that the legs heated up very easily, at least
2.3 °C degrees. Taking this into account, and to minimize the Peltier effects, the authors
installed heat-dissipating blocks on their measuring system and decided to adopt the AC
technique as the main measuring methodology.

Another study devoted to diffusion barriers and contact resistances of TE materials
was conducted by Yohann Thimont and his team [36]. On their experimental apparatus,
a tungsten scanning probe was used. To keep the samples in place during the measure-
ments, two contact springs with a constant force of 4.528 N/mm were attached to copper
blocks. The measured materials were TE legs made of magnesium silicide and silicon-
germanium prepared with Ni diffusion barriers. The authors noted that the Ni barriers
were deposited by a metallization process without specifying the technique or the condi-
tions used. Nevertheless, a contact resistance of 0.45 mQ.mm? between the Ni layer and
the Mg»S5ig 98Big g2 leg was observed, while on the MnSi; 75Ge o2 leg, a contact resistance of
4.1 mQ.mm? was measured. The authors also observed that the contact resistance increased
with the interface layers’ thickness and with the time used in the metallization processes.
During these experiments, the contact resistance between the Ni layers and the Cu blocks
(used to fix the legs) was also measured, with values of 12 mQ.mm? being obtained when
pressures up to 0.25 MPa were applied. Higher contact resistances (around 30-40 mQ).mm?)
were noted when low-to-no pressures were used. Therefore, the authors concluded that the
use of high pressures improved the electrical contacts quality, but only to some extent. After
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a specific point, increasing the pressure did not significantly reduce the contact resistance.
This phenomenon was explained as a consequence of the increase in the number of contacts
between the TE materials and the electrodes (when pressure is applied /increased). Up to
a point and while introducing more pressure, the number of contacts does not increase
anymore, and the surface area starts to rise due to plastic deformation.

While some works exist on the investigation of diffusion barriers and electrical contacts
of TE legs based on old and novel materials, there are almost no published studies con-
ducted on copper sulfosalts. One of the few studies, performed on colusites, was conducted
by Chetty et al. [37]. In the referred work, the authors measured the contact resistance of a
CuysNb,yGeyS3, TE leg fixed to copper by hot pressing, obtaining values of 0.5 mQ.mm?.
It is important to notice that gold layers were used as diffusion barriers between the co-
lusite and the copper, with the objective of preventing the formation of interfacial phases
during the leg’s exposition to high temperatures and give rise to a good electrical contact.
The authors reported the measured values as being in the range of other TE materials in
development, such as skutterudites, half-Heusler, and MgAgSb-based compounds. How-
ever, and despite the low values obtained, a significant solubility of Nb in Au was detected,
and no details/information were given about the type of setup or conditions used to
measure the contact resistances. Since most of the jointing procedures for commercial TE
materials are patented, and new approaches may be required to produce devices based
on new materials, it is quite important to understand the techniques to manufacture good
electrical contacts, especially on emerging TE materials such as the tetrahedrites or other
materials from the copper sulfosalts family.

In this work, investigations on the use of carbon as tetrahedrites diffusion barrier,
together with the exploration of different fixation techniques for the preparation of good
electrical contacts between the tetrahedrite and copper, are presented. The objective is to
evaluate carbon as a suitable diffusion barrier and find the best jointing materials and fabri-
cation techniques necessary to build a tetrahedrite-based device. Since the development of
tetrahedrite-based TEGs is still in its early stages and high electrical and thermal contact
resistances can be critical for the operation of such devices, it is crucial to identify the most
suitable materials and fabrication methods to produce commercially competitive TEGs.
Computer simulations, to understand how the measured contact resistances affect the
performance of a tetrahedrite-based thermocouple, were also performed, and the results
confirm the importance of producing good electrical contacts.

2. Materials and Methods

Manganese doped tetrahedrites with Cuy1MnSb4S13 composition [27] were synthe-
sized by solid state reaction from pure elements, Cu 99.9999%, Sb 99.9999%, Mn 99.9%,
and S 99.5%, all from Alfa Aesar, Haverhill, MA, USA. The mixtures (~2 g/batch) were
vacuum sealed (1073 Pa) on quartz ampoules and melted at 1191 K on vertical furnaces.
After the melting process, the materials where ground to powders, cold pressed at 512 MPa,
sealed under vacuum, and annealed at 713 K for 5 days. The thermal treated materials
were then manually crushed into fine powders and sintered by hot pressing. High density
carbon dies with 10 mm internal diameter holes were used in the sintering procedure. In the
majority of the samples, flexible graphite disks (thickness 0.5 mm, 99.8% purity, Sigma-
Aldrich, St. Louis, MO, USA), with 10 mm diameter, were also inserted below and above
the tetrahedrite powders to act as diffusion barriers. However, in one of them (sample A),
the copper electrode was directly hot pressed with the powders and used to check if interfa-
cial phases were formed. The densification was made by hot pressing at 848 K and applying
a pressure of 60 MPa for 90 min. Pellets with ~10 mm diameter and ~3.5 mm thickness,
with a relative density > 88% (see Figure S1 and Table S1 in Supplementary Data File) and
containing thin graphite disks in both top and bottom surfaces, were obtained. The pellets
were cut into square prisms with ~7 x 7 x 3.5 mm? dimensions and linked to copper
contacts using different jointing materials and procedures.
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Nickel (CW2000, Chemtronics®, Cobb Center Drive, Kennesaw, GA, USA) and silver
water-based (EM-Tec Ag46, Labtech International Ltd., East Sussex, UK) electrically con-
ductive paints, silver (Pleco® 16047, Ted Pella Inc., Redding, CA, USA), and nickel (Pleco®
16059-10, Ted Pella Inc., Redding, CA, USA) water-based resins and the Zn-5wt% Al solder
were used as jointing materials. Together with them, different fixation procedures were
applied to the legs with the graphite layers, such as cold pressing (CP), hot pressing (HP),
and a manual method (where the pressure was manually applied, ~2.5 MPa). A fixation
method consisting of the direct hot press of copper into the legs, without the use of paints
or solders (called Root HP) was also explored as an alternative way. The objective of using
different jointing materials and procedures is to evaluate the most suitable combination
for contact fixation/fabrication of the tetrahedrite legs. The effect of using different fixa-
tion pressures (in the contacts preparation) was also studied, whereby the pressures were
increased up to the samples’ breaking point. We must keep in mind that tetrahedrites
operate at medium temperatures (between 293 and 623 K), which implies that common
solders (used in commercial devices) cannot be applied. Moreover, all the fixation materials
(paints, solders, etc.) must support continuous work at medium temperatures (up to 623 K).
A summary of the jointing materials, techniques, and conditions used to prepare the TE
legs studied in this work are presented in Table 1.

Table 1. Summary of the jointing materials, conditions and techniques used in the preparation of the
TE legs studied in this work.

Sample Jointing Material Fixation Technique Conditions
A No paints or solders HP 56 MPa, 1 h 30 min at 848 K
No graphite layer
M1 Ni conductive paint Manual ~2.5 MPa, ~5 min
M2 Water-based Ag Paint Manual ~2.5 MPa, ~5 min
M3 Ni Resin Manual ~2.5 MPa, ~5 min
M4 Ag Resin Manual ~2.5 MPa, ~5 min
CP1 Ni conductive paint CP 41 MPa, 6 h
CP2 Water-based Ag Paint (@5 16 MPa, 6 h
CP3 Ni Resin cp 28 MPa, 4 h
CP4 Ag Resin CP 32MPa, 4 h
HP1 Ni conductive paint HP 22 MPa, 1 h at493 K
HP2 Water-based Ag Paint HP 37 MPa,1hat493 K
HP3 Water-based Ag Paint HP 23 MPa, 1hat 493 K
HP4 Water-based Ag Paint HP 22 MPa, 1 h at493 K
HP5 Ag Resin HP 20 MPa,2 h at493 K
HP6 Ni Resin HP 20 MPa, 2 h at 403 K
HP7 Ni Resin HP 15MPa, 2 h at 403 K
HPS8 Zn-5wt% Al solder HP 22 MPa, 25 min at 732 K
HP9 No paints or solders HP 56 MPa, 1 h 30 min at 848 K
HP10 No paints or solders HP 56 MPa, 1 h 30 min at 848 K

CP = Cold Pressing; HP = Hot Pressing.

To check the interface and porosity of the prepared samples, optical and scanning
electron microscopy (SEM) observations, complemented with Energy-dispersive X-ray
spectroscopy (EDS) analysis, were performed. For all the observations, the surface of the
samples was dry polished using SiC sandpaper (P2500 Grit). Optical micrographs were
acquired by a digital microscope (HIGH CLOUD, 500X-1500X, Beijing, China), while for
SEM, two electron microscopes were used: (a) one JEOL JSM7001F SEM equipped with
a field emission gun and an Oxford Instruments EDS system (both from Tokyo, Japan),
and (b) one Phenom ProX Desktop SEM equipped with an EDS system (both from Waltham,
Massachusetts, USA). The EDS analysis were performed with an accelerating voltage of
20 kV. The porosity of the materials was evaluated by using the Image] software version
1.5a to analyze the SEM micrographs taken at four distinct zones of the tetrahedrite pellets.
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X-ray diffraction measurements were carried in a Bruker D2 PHASEER diffractometer
(from Billerica, MA, USA) using a Bragg—Brentano geometry and Cu Ka radiation source
(wavelength of 1.54060 nm). The current and tension were set to 30 kV and 10 mA,
respectively. The tetrahedrite green pellets and their respective graphite layers were
ground to powders and analyzed in low-noise Si single-crystal sample holders. All data
was collected from 10° to 65° with a step of 0.02 and acquisition time of 0.85 s per step.
To check the possibility of reaction between the copper contacts and tetrahedrite, the surface
of the Sample A was dry polished using sandpaper (grits P600 and P1200), placed on a
custom-made sample holder and scanned from 15° to 90°, with a step of 0.02° and an
acquisition time of 8 s per step.

The acquired diffractograms were treated using OriginPro software version 9.0 and
phase identification performed by comparison of the observed data with cards from the
Crystallographic Open Database (COD) using DIFRAC.EVA software (version 5.1). The elec-
trical contact resistance was measured using a custom-made scanning probe system, using a
method previously described [28,38]. All samples were dry polished using SiC sandpapers
with P600, P1000 and P1200 grits and cleaned with ethanol (95%). After cleaning, the legs
were glued to microscope glass slides and mounted on the system. The measurements start
by positioning the scanning tip on the top of the thermoelectric legs in a defined /initial
zone (D = 0 um), followed by the injection of 1 mA positive and negative electrical pulses
of 1 ms duration. After each pulse, the difference in voltage and resistance were calculated
using the equations:

AV =(Vy —V2)/2 @

R=AV/I ()

where AV is the voltage variation, V1 and V', are the voltage readings (in the two directions),
R is the resistance, and I is the pulsed current.

The entire process was repeated with steps of 100 pm across the sample surface.
The objective was to scan the TE legs to obtain plots of resistance versus distance that allow
the identification of the resistance jumps between the copper contacts and the tetrahedrite
bulk material. After the identification of such differences, the specific contact resistance
was calculated by multiplying the jumps (in m()) by the specific contact area of the legs
(in mm?). The area of the TE legs was measured with the help of a common ruler (1 mm
scale) and the error associated with the experimental set up was taken from the standard
deviation of the fitted data “ROOT-MSE (SD)” tool [39,40], using the OriginPro software
version 9.0. In each leg, the measurements were made along the two directions (first from
left to right, L, and after from right to left, R), and often performed in more than one zone.
A scheme of the measurement system is presented in Figure 1.

Computer simulations were made with the COMSOL Multiphysics software v5.5 to
study the devices performance expected for the measured contact resistances. The simula-
tions were based on the Finite Element Analysis (FEA) theory, where several equations are
applied to specific points of a defined mesh. At the same time, several boundary conditions
were applied to an optimized 3D model [38], consisting of a thermoelectric pair made by
a tetrahedrite leg (p-type element) and a magnesium silicide material (n-type element).
Copper electrodes with 1 mm thickness connect the two legs; they were covered with 2 mm
thick alumina plates for electrical insulation. The tetrahedrite elements have a square shape
area of 7 x 7 mm?, while the Mg,Si-based legs have an area of 4 x 4 mm?, with both
legs having a height of 3 mm. The space between the n and p elements was set to 1 mm,
the alumina plates were rectangular with 13 x 8 mm?. To perform the simulations, several
materials properties, such as the electrical conductivity, thermal conductivity, Seebeck
coefficient, and others, are added to the 3D CAD model presented below (Figure 2). All the
material properties used were retrieved from the literature and from previous studies,
including COMSOL materials database [22,38,41].
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Figure 1. Scheme of the measuring system, with the TE leg mounted.
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Figure 2. Electrical and thermal boundary conditions of the 3D model simulations. T} and T,
represent the hot and cold side temperatures, respectively, and Ry is the load resistance.

For the simulations, the “thermoelectric effect” physics was selected and applied to
the 3D model. The differential equations used on the model were based on Fourier’s law
and can be written as [42,43]:

pCpuVT +V.g=0Q + Qpeq 3)

g=—kVT @)
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where p is the density, C, is the heat capacity at constant pressure, g is the heat flux
by conduction, k is the thermal conductivity, Q.4 is the thermoelastic damping, Q is an
additional heat source, and u is a velocity field vector (only used when parts of the model
are moving on the materials frame). A hot surface on the top of the model, with the
temperature of 623 K, and a convective heat flux on the bottom were defined as boundary
conditions for the simulations. The convective heat flux, g9, was determined according to
the equation:

go=h. (Text — T) 5)

where £ is the heat transfer coefficient, defined as 2000 [38], T,y is an external temperature
(defined by the user), and T is the reference temperature. For the TE simulations of the pair,
the temperature of the hot side was set as 623 K, while the cold side (defined as T,y;) was
set to 293 K, with all the geometry components being thermally insulated.

To account for the contact resistance of the legs, two nodes named “contact impedance”
were added to the simulation. In these nodes, it is possible to manually define a surface
resistance for the p and 7 legs that can take into account the experimental values. For the
calculation of the contact resistance nodes, the following equations were used:

n-J1=1/p1 (Vi — V) (6)

n-Jp=1/p2 (V1 — V) ()

where p is the surface resistance, V is the voltage, | is the current density, and 7 is a surface
normal, with the numbers 1 and 2 referring to the two sides of each boundary (top and
bottom) of the contact interface. A summary of all the boundary conditions used in the
computer simulations can be observed in the model presented on Figure 2.

With the thermal and electrical boundary conditions defined and the proper regions
selected, a normal mesh was built. On this mesh, all the described equations (from 3-7)
were applied and solved. To obtain the typical current-voltage (IV) and current-power
(IP) curves of a TE device, it is necessary to adjust R;. In this study, R} was changed by
performing a parametric study with the model being in a stationary state. Four simulations
were performed, one using contact resistances equivalent to the ones found on commer-
cial devices and the other three using contact resistances (for the p leg) in the range of
50-700 mQ.mm?.

3. Results

The observation of sample A (Figure 3a,b), where copper was directly hot pressed
to the tetrahedrite powders, without any graphite layer in between, shows no traces of
the copper disk. X-ray diffraction and EDS analysis (see Supplementary Materials File,
Figures S2 and S4) suggest the total reaction of copper with tetrahedrite and the formation
of Cu,S, CuzSbS; and Sb.

In contrast with these results, the samples covered with a graphite layer present
no interfacial phases and a continuous coating, with good adhesion to the tetrahedrite
(Figure 3c,d). Similarly, this is usually also the case for the samples with the copper
electrodes connected to the graphite layers with the help of a jointing material, such as
the nickel resin or the nickel paint, where no additional phases are observable, but some
solubility between Ni and Cu is seen (Figures 4 and S5 Supplementary Materials File).
The micrographs of the Cu;1Mn;5b4S;3 tetrahedrite sample hot pressed using a Zn-5Al
wt% solder as jointing material are presented on Figure 5. An interlayer in between the
Cu disks and the graphite diffusion barrier (Figure 5b) can be observed. This interlayer
was ascribed to the Zn-Al solder, since no reaction between the solder and the Cu plate
was observed on the SEM-EDS analysis, performed after HP (Figure S6 and Table S5,
Supplementary Materials File).
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SE MAG: 200 x HV: 20.0 kV

Figure 3. Optical and SEM observations of hot-pressed (HP) samples: (a,b) sample A, HP using
Cuy1Mn;SbySy3 powder directly in contact with a copper plate; (¢) Cu;1Mn;SbsS13 powder di-
rectly HP with a graphite layer; (d) sample HP with a graphite diffusion barrier (A) between the
Cu11Mn;SbsS13 powder (B) and the Cu contact (C).

Figure 4. Examples of optical micrographs of Cu;1Mn;Sb,sS13 samples with copper electrodes
connected to the graphite layers with the help of (a,b) nickel paint and (c,d) nickel resin jointing
material; (A) copper contact; (B) tetrahedrite; (C) nickel paint; (D) graphite layer; (E) nickel resin.
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Figure 5. Optical micrographs of Cuj;Mn;SbyS;3 sample (B), with a copper electrode (A), HP at
22 MPa (a,b) to the graphite layers (C), using a Zn-5A1 wt% solder (D) as jointing material.

However, in the (CP and HP) pressed materials, visible cracks are often observed
inside the tetrahedrite phase, with a good example being presented in Figure 6a,b, even for
applied pressures as low as 22 MPa (the list of samples that present visible cracks can be
consulted in the Supplementary Materials File, Table S2).

Figure 6. Optical micrographs of Cuj1Mn;Sb4Sy3 samples (B) with copper electrodes (A) hot pressed
at 22 MPa (a,b), and at 20 MPa (c,d), to the graphite layers (C), using silver conductive paint (D) and
silver resin as jointing materials, where a crack is clearly seen (E).

Figure 7 presents typical curves resulting from the contact resistance measurements,
with Figure 7a showing the scans for the TE legs prepared with Cu contacts and fixed using
Ag water-based paint at different pressures, while in Figure 7b, the effects of using Ni resin
and different preparation techniques and pressures are presented. In all graphs, the y-axis
is defined by the resistance of each measured point versus the specific contact area of each
sample (RA), allowing a direct comparison between the contact resistance jumps in all of
the presented curves. While analyzing the plots, it is noticeable that RA increases with the
distance for almost every scanned leg. However, jumps between the tetrahedrite and the
copper electrodes, which are associated with the contact resistances, are observed. On TE
legs presenting good electrical contacts, the RA values taken at the tetrahedrite material
increases almost linearly with the distance, while the points taken on the Cu contacts follow
a nearly flat tendency, due to the very low electrical resistivity of copper. It can also be
seen that the measurements work as an indirect technique to evaluate the quality of the
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assembled TE legs: legs with low contact resistances present low jumps and an almost
linear RA increase, while legs with low contact quality present high jumps and a flat linear
tendency in the tetrahedrite phases.

The effect of applying different pressures on the preparation of the contacts with Ag
water-based paint and Ni resin are presented in Figure 7a,b, respectively. Increasing the
compressive forces during contacts preparation generally reduces the resistances. How-
ever, is not possible to indefinitely increase them, as the probability of inducing cracks
substantially rises at high pressures. In fact, it was noticed that for almost every TE leg
where the contacts were prepared by HP and CP (made on already sintered legs) cracks
frequently appeared, even when low compressive forces were used. However, no evident
correlation can be found between crack formation and the HP process, indicating that most
of the visible cracks should be formed due to high pressures used for joining (>22 MPa)
and not due to thermal expansion of the materials during the HP process.

(a)

—&— HP2: Ag Water based Paint HP 37 MPa
1—e—mnps- Ag Water based Paint HP 23 MPa
9500 4 —m— Hp4: Ag Water based Paint HP 22 MPa
1—®— M2: Ag Water based Paint - Manual

9000 4 Al from zone 1

p-tetrahedntes Cu contacts

é Cu contacts

7500

AAAAAAaAA‘AAAAAA‘

yrY

T T T T T T T T T T
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(b)

1+ cPa:NiResinCcP - 28 MPa
50,000 4 —e— Hpg: Ni Resin HP - 20 MPa
{—#&— HP7: Ni Resin HP - 15 MPa

—&— M3: Ni Resin Manual
40,000 — All from zone 1
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Figure 7. Contact resistance results for: (a) those fixed using Ag Paint and different pressures;
and (b) those fixed using Ni Resin and using different techniques and pressures.
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In Figure 7b (Ni resin), higher contact resistance jumps can be observed for the manual
and CP preparation methods, while the HP tends to give smaller jumps (even when lower
pressures are used). However, for the sample hot pressed at 15 MPa, the resistance jump
on the right (corresponding to the measurement of the second contact) is much higher
than on the left (first contact measurement). This behavior is also observed on pressed
samples prepared using other jointing materials and fixation methods (e.g., Figure 7a, Ag
water-based paint HP at 23 MPa) and can be ascribed to damage on the contact zones that
are made by the scanning tip.

Figure 8 displays examples of measurements made on samples: (a) prepared by HP at
37 MPa using Ag paint (sample HP2), and (b) prepared by “root HP” (sample HP9). Both
samples present low contact resistances (101-43 mQ.mm?), lower than those obtained by
other the jointing materials and fixation methods/conditions.

166
(a ) —n—R (mQ) copper contact
164 9 HP2: Ag conductive paint ,‘.(
162] HP -220°C during 1h, 37 MPa
Contacts area 29 + 6 mm® 98 mQ.mm?
160'_ Zone 1
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158 4

p-tetrahedrite
o 156
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e ]
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150 /‘ 101 mQmm?
148 raw="
copper contact
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D (umx10)
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1HP9: Root HP 575 °C g
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Figure 8. Contact resistance results for: (a) HP leg with Ag paint; and (b) “root HP” leg with no
paints or solders.

A list of the contact resistance results is presented in Table 2. It is possible to see that
in many cases, the resistances for each leg are similar (or in the same range) independently
of the scanned zones or directions. However, in other cases, the second measurement (from
right to left) shows much higher contact resistances and, consequently, were not considered
for the analysis. This behavior can be ascribed to the degradation of the contact interface
by the measuring tip, as the second measurement is performed through the same path as
the first one (see below Figure 9 the example shown for Figure 10d, where the tip path
is clearly visible in the tetrahedrite phase). Moreover, in several of the pressed samples,
it was not possible to perform the measurements due to high resistances or noise. Contact
resistances not considered or not possible to measure were labeled as NP.
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Table 2. Contact resistance results.

Contact Resistance (mQ.mm?)

Sample ointin, A
p J g rea L R
o 1: 414 + 134 1: NP
2
M1 Ni paint 56 4+ 8 mm 2:302 + 136 2. NP
) 1: 211 + 78 1: 371 + 98
2
M2 Ag paint 64 +8 mm 2: 608 + 127 2:307 + 90
1: 6825 + 1168 1: 8008 + 1361
. . 2
M3 Ni resin 46 & 8 mm 2:6552 + 1127 2: 6325 + 1090
. 1: 319 + 66 1: 182 + 44
2
M4 Ag resin 46 4 8 mm 2: 273 + 58 2:228 + 51
. 1: 300 + 70 1: 314 + 72
2
CP1 Ni paint 24 & 5 mm 2:293 + 75 2: 353 + 86
1: 174 + 52 1: NP
cP2 Ag paint 60 + 8 mm? 2: 420 + 732 2: NP
3:150 + 65 3: NP
1: 2520 + 450 1: 5425 + 948
. . 2
cr3 Ni resin 35+ 6mm 2: 2485 + 615 2: 5845 + 1191
. 1: 78 + 23 1: NP
2
CP4 Ag resin 31 £ 6 mm 2: 156 + 100 2 NP
HP1 Ni paint 49 £ 7 mm? NP NP
1: 180 + 52 1: 202 + 55
: 2
HP4 Ag paint 35+ 6mm 2: 598 + 210 2: 1090 + 293
. 1: 138 + 45 1: NP
2
HP3 Ag paint 38 £ 6 mm 2: 768 + 89 2 NP
. 1: 101 + 25 1: 98 + 25
2
HP2 Ag paint 29 &£ 6 mm 2. NP 2 NP
1: NP 1: 289 + 55
_ o 2
HPS Zn-5A1 wt% solder 49 + 7 mm 2. NP 2: NP
. 1: 3332 + 589 1: 1225 + 288
2
HP6 Ni resin 49 & 7 mm 2:3234 + 624 2: 1274 + 344
. 1: 2535 + 163 1: NP
2
HP7 Ni resin 65 + 1 mmv 2. 2405 -+ 284 2: NP
1: 461 + 87 1: 224 + 51
: 2
HP5 Ag resin 45 4+ 7 mm 2: 45 + 315 2: 842 4 435
1: 43 + 45 1: 59 + 46
HP9 No paint or solder 33 + 1 mm? 2:124 +22 2:46 + 21
3: 65+ 28 3: 594 27
. 1: 62+ 72 1: 139 + 75
2
HP10 No paint or solder 28 £ 1 mm 2 NP 1: NP

R =right; L = left; NP = not considered /measured.

The jointing material that gave origin to the highest contact resistances (independently
of the technique used) was Ni resin. Nevertheless, a tendency to decrease the resistance is
seen when we pass from “Manual” to “Cold Pressing” and from “Cold Pressing” to “Hot
Pressing” (Figure 7b). This tendency to decrease the contact resistance from “Manual” to
“Cold Pressing” is also observed for the other jointing materials, while for “Manual” to
“Hot pressing” a larger range of values is observed, with no evident trend. Despite these
facts, it is possible to observe in Figure 7a a continuous reduction in the contact resistance
with the increase in the pressure applied, especially if we exclude the right contact of the
HP3 leg (pressed at 23 MPA). At the same time, while analyzing Table 2, it was also seen
that the Ni conductive paint can lose its conductivity when exposed to high temperatures,
and thus, it was not possible to perform the measurements when prepared by hot pressing.

The fixation technique that resulted in the highest values of contact resistances was
the manual one. The higher reproducibility and lowest contact resistances were observed
for the “root HP” legs, with contacts prepared by directly hot pressing the Cu;1Mn;SbsSi3
tetrahedrite powder with the graphite layer and the copper contacts, without using any
paint, resin, or solder.
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Figure 9. Contact resistance as a function of the jointing material and fixation method: (a) all samples;
(b) samples with resistances lower than 800 mQ.mm?.

Detached contact
(during polishing)

Paint leaks

Figure 10. TE legs with (a) cracks (sample HP3), (b) paint or resin leaking (sample M1), (c) contacts
detached (sample CP2), and (d) damage caused by the scanning probe (sample M2).

4. Discussion

The formation of Cu,S, CusSbSs, and Sb, by reacting tetrahedrite with copper (sample A,
Figure 3a) is in agreement with the reported Cu-Sb-S ternary phase diagram, where such
phases are expected to appear at medium temperatures in the copper-rich region [44].
These assumptions were confirmed by the XRD and SEM-EDS analysis, presented in the
Supplementary Materials File, Figures S2 and S4, and Table S3. In contrast, no extra phases
in the graphite/tetrahedrite interface were observed (Figure 3c,d), which is also confirmed
by the powder XRD analysis of the tetrahedrite green pellet presented in the Supplementary
Materials File (Figure S3). This is in accordance with the inexistence of binary compounds
between carbon and copper or antimony and with the development of carbon-sulfur phases
only at higher temperatures [45]. Therefore, the inexistence of additional phases points to
carbon as a good candidate to act as a tetrahedrite diffusion barrier.
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In the case of the samples prepared with Ni paint and resin, the absence of other
phases (Figure 4) is in agreement with the Ni-Cu binary phase diagram [46], where the
formation of alloys between Ni and Cu just takes place at higher temperatures (> 1100 °C)
while at lower temperatures, a solid solution between Cu and Ni can exist. The absence of
reactions between the Ni and C (Ni just presents a small solubility into graphite [47]) can
also explain the inexistence of other compounds at their interface.

Contrary to the Ni resin and paint, for the case of the legs prepared with the Zn-Al
5 wt% solder, the formation of additional phases (between the solder and the Cu plates)
is high, as many Cu-Zn intermetallic phases are stable in the medium-temperature range
(200-400 °C) [48,49]. However, no reaction between the solder and the Cu plate was
observed by SEM-EDS, with a continuous interlayer with good adhesion to copper being
noticed. Nevertheless, the possibility of formation of CuZn intermetallic compounds at
the copper/graphite interface cannot be discarded, especially if the legs are submitted to
consecutive thermal cycles.

When using the Ag paint and resin, no additional phases are observed between the Cu
contacts and the graphite diffusion barriers (Figure 6). The absence of additional phases,
apart from the paint or resin, can be explained by the large immiscibility gap between
Ag and Cu, with no solid solution or compounds according to the Cu-Ag binary phase
diagram [50]. Moreover, the low miscibility between Ag and Cu and the good electrical
conductivity provided by silver can explain why some of the lowest contact resistance
values are observed when using Ag as a jointing material. Like in the optical microscopy
analysis, no secondary phases are detected in the SEM-EDS observations of the HP legs
using Ag paint (Figure S7 and Table S6, Supplementary Data File).

A summary of the contact resistances as a function of the jointing material and fixation
method is displayed in Figure 9. The joint material that gives origin to the highest contact
resistances (independently of the techniques used) is the Ni water-based resin, possibly
due to the composition of the resin, as the other nickel-based jointings (Ni paint) show
much lower values. Moreover, no evident differences were seen in the Ni particles when
nickel-based jointings were used.

During the polishing of the samples prepared with the Ni and Ag resins, it was
observed that the contacts of these legs where slightly more mechanically resistant than
the others, possibly indicating a higher bonding strength. However, these joints gave
origin to the highest contact resistances observed at this work. These observations are in
agreement with the work of O.J. Mengali and M.R. Seiler [33,34], where it was reported
that the bonding strength is not a critical parameter that affects the contact resistance in
BiTe/Cu legs.

The high values and wide range of electrical resistances measured in the HP samples,
when compared with the Manual, CP and root HP samples, are mainly related to the
cracks formed by the compressive forces during the preparation process, which does
not allow any reliable conclusions to be drawn. This effect is also seen in CP samples,
but to a much lesser extent, and their resistance values were considered when establishing
trends. Therefore, we can conclude that the fixation technique that normally resulted in the
highest resistance values was the manual one. The low pressure applied is probably the
main cause for these high resistances. Simultaneously, as there is no heat applied in this
methodology, the bonding quality is probably lower due to the worse drying of the paints
or resins, in comparison with methods where high temperatures and pressures are applied.
In contrast, the lowest contact resistances and higher reproducibility were observed for the
“root HP” legs, which, albeit prepared by HP, as they have started from the tetrahedrite
powders, have no cracks and show good adhesion between the different materials. Low
contact resistance values were also observed for the TE legs prepared with Ag water-based
conductive paint and pressures of 37 MPa (sample HP2), which indicates that this material,
which does not react with graphite or copper, is a good possibility for jointing materials
using the HP fixation method if cracks could be avoided. Some of the technical difficulties
described so far in the electrical contacts preparations are exemplified in Figure 10.
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5. Computer Simulations

To obtain a better understanding of how the contact resistance of the TE legs can affect
TEGs performance, computer simulations using the COMSOL software were performed.
When a temperature gradient is established, the voltage of the device can be calculated
through the expression: V = o(T;, — T¢), where « is the Seebeck coefficient difference
(between the p and n legs), and Tj, — T is the temperature difference between the hot
and cold sides, respectively. The generated electrical current depends on the voltage and
on the resistance of the TEG plus the external load resistance. Since the p and n legs are
connected in series, the TEG total resistance, R, is the sum of the element’s resistance,
or more specifically, it is the resistance of the copper electrodes plus the resistance of the
contacts (top and bottom), plus the TE legs resistance. This way, the current output can
only be varied by using an external load resistance, with the current being written as
I=V /(R + Ryyg). As the power output is the current times voltage, the higher is the TEG
internal resistance, the smaller is the current output and, consequently, the power.

Figure 11a presents COMSOL simulations of a TE pair containing a tetrahedrite and a
magnesium silicide leg with contact resistances assumed to be of the same order as the ones
found in commercial devices (~3 mQ.mm?). In Figure 11b, the simulations for different
contact resistances in the tetrahedrite leg are presented. It can be seen that the power
output of a TEG can be severely affected just by increasing the contact resistance in one of
the elements. Using the above equations, the voltage of the device is not affected (if the
thermal gradient is unchanged), but the current output is reduced as the contact resistances
increases. Since the current and the voltage affect the power output, the performance of the
device is reduced as the electrical contacts become worse.
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Figure 11. Current-Tension (IV) (black) and Current-Power (IP) (blue and green) curves for the
thermocouple made with a tetrahedrite (p leg) and a MgSi material (n leg)—(a). IV and IP curves for
the same thermocouple for different contact resistances on the p leg (50, 250 and 700 mO.mm?2)—(b).
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In the present work, contact resistances as low as ~43-59 mQ.mm? were obtained
in tetrahedrite legs/copper junctions. These values are close to the range reported for
commercial TE devices (typically from 0.075 to 3.7 mQ.mm?) [51-53] and to other TE mate-
rials currently being studied, such as the skutterudites (~10-12 mQ.mm?) [54], the CoSb;
compounds (~ 15 mQ.mm?) [55], and the Mg»(5i,5n) legs (~1-20 mQ.mm?) [56,57].

6. Conclusions

In this work, the use of graphite as a diffusion barrier for the Cuj1Mn;SbyS;3 tetra-
hedrite was investigated. No additional phases were detected after hot pressing graphite
and Cuy1Mn; Sb45;3 together, pointing to graphite as a good diffusion barrier for tetrahedrite.

Additionally, Cuj1Mn;Sb4513-based legs, to be used in thermoelectric devices, were as-
sembled applying different techniques and multiple jointing materials. The contact resis-
tance measurements allowed the identification of Ag water-based paint as the most suitable
jointing material for the preparation of Cuy1Mn;SbsS;3-based devices. However, it was
the hot-pressing method without the use of paints or solders that proved to be the most
reliable jointing methodology (this technique produced the lowest contact resistances and
the highest reproducibility).

The effect of different pressures in the contacts preparation was also studied. Higher
pressures tend to give origin to legs with lower contact resistances, but increasing the
pressure proves to be beneficial just to up to some extent, as it also increases the probability
of TE legs breaking or developing cracks.

Computer simulations clearly indicated that the increase in contact resistances can
result in a strong reduction in the power output, as expected.

In conclusion, the results obtained in this work show that to build an efficient and
competitive TE device, based on tetrahedrite legs, it is just not enough to have materials
with good TE properties. A critical aspect is how the electrical contacts between the legs
are made, as the direct contact between tetrahedrite and copper does not work due to the
chemical reaction between the two materials. The low cost, high availability, and properties
of tetrahedrites have the potential to be a game changer for thermoelectric industries and
markets only if good and reliable electrical contacts are produced and effective diffusion
barriers are found.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma15196698/s1, Figure S1: SEM micrographs of a sample. Different
analyzed zones (a—d) acquired at 200x magnification in a secondary electron mode; Figure S2: XRD
diffractogram of Sample A surface, corresponding to copper disks directly hot pressed to tetrahedrite
powder; Figure S3: Powder XRD diffractogram of a green tetrahedrite pellet (hot pressed at 848 K
and 56 MPa) bottom, and powder XRD diffractogram of a graphite layer after hot pressing with the
tetrahedrite material; Figure S4: SEM-EDS analysis of the cross section of sample A: pellet edge (a);
center of the pellet cross-section (b). Numbers correspond to the zones analyzed by EDS. BSE mode
1500 x and 1200x magnification; Figure S5: SEM-EDS analysis of sample HP6. Numbers correspond
to the zones analyzed by EDS: copper contact zone 1, Ni resin zone 2 and 3, graphite layer zone 4,
and tetrahedrite leg zones 5 and 6. BSE mode 460 x magnification; Figure S6: SEM-EDS analysis of
sample HP8. Numbers correspond to the zones analyzed by EDS: copper contact zone 1, Zn-Al 5 wt%
zones 2 and 3, graphite layer zone 4, and tetrahedrite leg zones 5. BSE mode 160x magnification;
Figure S7: SEM-EDS analysis of sample HP4. Numbers correspond to the zones analyzed by EDS:
copper contact zone 1, Ag paint zone 2, graphite layer zones 3 and 4, and tetrahedrite leg zone 5. BSE
mode 440 x magnification; Table S1: Porosity analysis of the zones presented in Figure S1 performed
with Image] software; Table S2: Summary of the prepared samples indicating presence of visible
cracks; Table S3: EDS analysis of sample A; Table S4: EDS analysis of sample HP6; Table S5: EDS
analysis of sample HP8C; Table S6: EDS analysis of Sample HP4.
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Abstract: 2D copper-based semiconductors generally possess low lattice thermal conductivity due
to their strong anharmonic scattering and quantum confinement effect, making them promising
candidate materials in the field of high-performance thermoelectric devices. In this work, we
proposed four 2D copper-based materials, namely CuSbS,, CuSbSe;, CuBiS,, and CuBiSe,. Based on
the framework of density functional theory and Boltzmann transport equation, we revealed that the
monolayers possess high stability and narrow band gaps of 0.57~1.10 eV. Moreover, the high carrier
mobilities (102~10% cm?-V~1-s~1) of these monolayers lead to high conductivities (10°~107 Q~1.m~1)
and high-power factors (18.04~47.34 mW/ mK?2). Besides, as the strong phonon-phonon anharmonic
scattering, the monolayers also show ultra-low lattice thermal conductivities of 0.23~3.30 W/mK at
300 K. As results show, all the monolayers for both p-type and n-type simultaneously show high
thermoelectric figure of merit (ZT) of about 0.91~1.53 at room temperature.

Keywords: 2D material; conductivity; power factor; spin-orbit effects; figure of merit

1. Introduction

Thermoelectric generators can directly convert heat into electrical power, thus at-
tracting wide research interest. Generally, the thermal-electric conversion capacity can be

ruled by the dimensionless figure of merit, ZT = ,‘Ze sz] [1], here S and ¢ are the Seebeck
coefficient and electrical conductivity, T presents the temperature, x. and «; are the electron
and lattice thermal conductivity, respectively. Clearly, the ideal thermoelectric material
needs to have both high-power factor (PF = ¢S?) and low lattice thermal conductivity.
However, this target is not easy to achieve simultaneously as the parameters above are
tightly coupled, mutually restricted, and difficult to decouple. They can be regarded as
the functions of the vector tensor K, energy eigenvalue ¢;, and carrier relaxation time
7;(k) [2-4]. Besides, the Seebeck coefficient is also closely related to the density of states
8m2k3 T, (z

effective mass () and intrinsic carrier concentration (1), S = olZ %)2/ 3 [5]. Addi-
tionally, electrical conductivity o, and electron thermal conductivity «, are also restricted
by the Wiedemann-Franz-Lorenz’s law, x, = Lo'T [6], where L is Lorenz number.

In fact, the thermoelectric performance of traditional thermoelectric materials has been
effectively improved over the past few decades. Among them, two-dimensional layered
(2D) materials, as unique mechanical, electronic, thermal, and optoelectronic properties, as
well as quantum confinement effects, make them as promising thermoelectric materials
in a variety of applications. For example, quasi-two-dimensional SnSe transistors were
revealed to have high Seebeck coefficient, and a field effect mobility of about 250 cm?/Vs
at 1.3 K, thus it was found to be a high-quality semiconductor ideal for thermoelectric
applications [7]. The 2D Mg3Sb, monolayer was proved to have a favorable ZT value
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of 2.5 at 900 K, which is higher than that of its bulk structure. These theoretical results
also revealed that nano-engineering can effectively improve the thermoelectric conversion
efficiency [8]. Additionally, quasi-two-dimensional GeSbTe compounds were observed by
Wei et al. [9]. They found that the monolayer with maximal ZT values of 0.46~0.60 at 750 K,
indicating that 2D GeSbTe is a promising mid-temperature thermoelectric material.

Recently, research on the thermoelectric properties of copper-based semiconductors
has attracted much attention. For example, Yu et al. [10] proposed a novel phrase 2D
-Cu,S, which has a low lattice thermal conductivity of 0.10 W/mK, and a high ZT value
of 1.33 at 800 K. Cao et al. [11] investigated the electronic structure and thermoelectric
performance of B-Cu,Se under strain of —4~4%, they found that its ZT values can reach
1.65~1.71 at 800 K. Other materials, such as Fm-3m Cu,S [12], multi-scale Cu,Se [13],
and Cu-Se co-doped Ag,S [14], all exhibited intrinsic low thermal conductivity and high
ZT value. In fact, back in 2013 and 2016, Ma and Deng et al. [15,16] investigated the
diffusion behavior of Cu in CdTe by density functional theory, they found that Cu s-d
orbital coupling only occurred at asymmetric point, but instantly disappeared at symmetric
location. These interesting properties make Cu based compound to possess a strong
anharmonic scattering, resulting in low intrinsic lattice thermal conductivity. In addition,
many semiconductors containing metallic atoms such as Bi have also been reported to
possess non-negligible spin-orbit coupling (SOC) effects [17,18], which have the potential
to be used in thermoelectric devices. For example, Kim et al. [19] prepared the bulk
Bip 4Sbq ¢Tes alloy via an atomic-layer deposition (ALD) technique, and found that it
possesses high ZT values of 1.50 at 329 K. Wu et al. [20] investigated the thermoelectric
properties of 3-BiAs and B-BiSb monolayers by first-principles calculation and Boltzmann
transport theory. They concluded that the monolayers simultaneously exhibit ultra-low
lattice thermal conductivities (0.6~0.8 W/mK), and high ZT values (0.78~0.82) at 300 K.

CuMN; (M = Sb, Bi; N =S, Se) are layered materials with narrow band gaps within
~1.38 eV. [21] Among them, CuSbS; exhibited the low lattice thermal conductivity of
about 1.5~2 W/mK [22]. Additionally, both bulk and monolayer CuSbS, and CuSbSe;
were revealed to have an excellent thermoelectric power factor at 300 K, reaching about
0.2~1.0 mW /mK? at constant relaxation time approximation (CRTA) of 11 fs [23]. There-
fore, it is of high interest to see whether or not the monolayer CuSbS,, CuSbSe;, CuBiS,,
and CuBiSe,, can also deliver good thermoelectric performance. To this end, using first
principles calculations, we investigated the electronic structures, mechanical, and transport
properties, of these four 2D materials. The calculations revealed that all the monolayers
possess narrow band-gaps (0.57~1.10 eV), high power factors (18.04~47.34 mW /mK?), and
also low lattice thermal conductivities (0.23~3.30 W/mK). As a result, all the monolayers
for both p-type and n-type simultaneously show high ZT values of about 0.91~1.53 at room
temperature.

2. Calculation Details

We carried out the calculations in the Vienna Ab initio Simulation Package (VASP) [24],
in which the Generalized Gradient Approximation (GGA) [25,26] and Perdew—Burke-
Ernzerhof (PBE) functional was adopted to exchange-correlation approximation. To shorten
the computation time, we used the HipHive [27] code to extract the second and third order
force-constants (IFCs). Besides, we used the Phonopy [28] code to calculate the Griineisen
parameters and phonon dispersion, and employed the Phono3py [29] to evaluate the
phonon scattering rate and lattice thermal conductivity. We also used the Wannier90 [30]
code to solve Boltzmann transport equation, and then characterized the thermoelectric
properties as a function of the chemical potential.

The transport properties, such as electrical conductivity, electron thermal conductivity
and ZT value, are directly related to carrier relaxation time, therefore, we used the defor-
mation potential theory (DPT) to calculate carrier mobility, and further corrected it by the
acoustic phonon-limited method (APM), which is more suitable for anisotropic materials.
See Supplementary Materials for more calculation details.
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3. Results and Discussion
3.1. Crystal Structures

The crystal structures of CuMN,; (M = Sb, Bi; N =S, Se) for bulk and single-layer
are shown in Figure 1. As can be seen, the bulk CuMN);, are layered structures, similar to
graphite and MoS,. Therefore, we first investigated the cleavage energy of their single-
layers, and its calculation method was based on the latest Rigorous Method proposed by
Jung etal. [31]. Ef = %}"ﬂk/", where Ejg, and Eyp¢ are energies of single-layer and bulk
unit-cell, A and 7 are the in-plane area and the number of the slab in a bulk-unit. The
calculation results are listed in Table S1. The corresponding cleavage energies are within
0.68~0.93 J/m?, which are higher than those of graphene (0.33 J/m?), black phosphorus
(BP) (0.36 ] /m?), and MoS; (0.27 J/m?) [32], but still lower than those of single-layer Ca,N
(1.09 J/m?) [33], GeP3 (1.14 J/m?), and InP;5 (1.32 J/m?) [34]. All of these results indicate
the feasibility of obtaining single-layer CuMN, by mechanical exfoliation in experiments.
The lattice constants and thicknesses of the monolayers after structural relaxation are listed
in Table 1. Owing to each atomic radius satisfies: S (1.03 A)<Se(1.16 A) <Cu (1.28 A) <
Sb (1.61 A) < Bi (1.82 A), both the lattice constants (2/b) and thickness (1) follow the order
of CuSbS, < CuBiS,; < CuSbSe, < CuBiSe;.

(©)

3
)

V V V'V UV

J V VYV VUV Y VW

J U

..................

raTaTe

Figure 1. The structures of: (a) bulk; (b) top view; (c,d) side view; and (e) K-point path of 2D CuMN,
(M =Sb, Bi; N =5, Se).

Table 1. The structural parameters, buckling height i, cleavage energies E¢, and band gaps Eg of 2D
CuMN; (M =Sb, Bi; N =S, Se).

. . . . ’ Eg (eV)
Materials a (A) b (A) h (A) E¢ (J/m?)
PBE PBE + SOC HSE 06 + SOC
CuSbS, 6.15 3.81 5.23 0.72 0.38 0.37 1.10
CuSbSe, 6.48 4.03 5.43 0.68 0.20 0.19 0.68
CuBiS, 6.21 3.95 5.24 0.93 0.35 0.26 0.83
CuBiSe; 6.55 4.16 5.44 0.85 0.20 0.16 0.57

3.2. Elastic Properties and Stability

In general, for a new 2D material, we can identify its mechanical stability by its elastic
constants Cjj. As listed in Table 2, all the monolayers satisfy the Born-Huang criterion,
C11Cpp — C%z > 0 and Cgg > 0[35], indicating that they all possess high mechanical stability.
Additionally, since the structures of the monolayers are anisotropic, C11 # Cpy. We further
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calculated the Young’s moduli and Poisson’s ratio of these materials [36], as shown in
Figure 2. Here 6 is the angle with respect to a-axis. As can be seen, their Young’s moduli
are relatively close, showing the maximum values of 58.20~66.52 N/m in the direction of
0° (180°) and the minimum values of 28.34~33.04 N/m in the direction of 90° (270°), which
are obviously lower than those of graphene (350 & 3.15 N/m) [37], h-BN ((270 N/m), [38]
and MoS; (200 N/m) [39]. Such low Young’s moduli are expected to exhibit low lattice
thermal conductivity [40]. On the contrary, the Poisson’s ratio minimizes in both 0° and 90°
directions, and maximizes at 40° (140°) with values of 0.14~0.34, respectively. Fantastically,
monolayer CuSbS, and CuBiS; are rare auxetic materials with negative Poisson’s ratio
(NPR) of —0.02 and —0.04 at 0° (180°). Such interesting NPR phenomenon is also observed
in PN (—0.08) [41], and tetra-silicene (—0.06) [42], which have been revealed to hold high
potential in medicine, defense, and the escalation of tensions [43].

Table 2. The Elastic constants C;;, the maximums for Young’s modulus Y and Poisson’s ratio v, and
Debye temperature ®p of 2D CuMN, (M = Sb, Bi; N =S, Se).

Materials Cq; (N/m) C12 (N/m) Cpy (N/m) Cee (N/m) Y (N/m) v Op (K)

CuSbS, 66.53 —0.69 33.05 16.44 66.52 0.14  90.10
CuSbSe; 66.58 7.92 29.28 13.81 64.44 0.29 77.30
CuBiS; 58.26 —1.34 31.82 15.04 58.20 0.14  106.80
CuBiSe; 60.83 8.49 33.70 12.94 58.69 0.34 75.40
CuSbS, CuBiS, CuSbs,
(a) 55 CuSbSe, - - -CuBiSe, (b) 9% (C) o5 CuBiS,
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Figure 2. (a) The Young’s moduli: (b) Poisson’s ratio; and (c) NPR of 2D CuMN, (M = Sb, Bi; N =S, Se).

We also investigated the bonding strength of materials by calculating their electron
localization function (ELF) and Bader charge analysis (see Figure S1 and Table 52 for
more details). Clearly, the adjacent atoms exhibit a predominant ionic bond characteristic.
However, the net charge transfer is relatively few, mostly within ~1.0 e, indicating that
they have relatively weak bond strength and thus exhibit low Young’s moduli. Besides,
we analyzed the thermal stabilities of these four materials at different temperatures by
using ab initio molecular dynamics (AIMD) simulations [44]. We revealed that they can
remain high stability at 500 K, as their crystal structure does not bond breaking or undergo
remodeling, as showed in Figure 52 in Supplementary Materials.

3.3. Electronic Structures

To accurately characterize the electronic structures of the monolayers, we first analyze
the effect of spin-orbit coupling (SOC) on their electronic band structures. As shown in
Figure S3, SOC has a non-ignorable impact on band structure, especially for CuBiS, and
CuBiSe,, so SOC was all considered in following calculations. As shown in Figure 3, all the
monolayers are narrow band-gap semiconductors with band gaps of 0.57~1.10 eV, which
are slightly smaller than or comparable to their bulk structures [21,23,45,46]. Since the
valence band maximum (VBM) and conduction band minimum (CBM) are both located
at I point, both CuSbS;, CuSbSe,, and CuBiS; belong to direct bandgap semiconductors.
However, for CuBiSe,, its VBM is transferred to between Y and T, so it is an indirect
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bandgap semiconductor. Moreover, as show in Figure S4, the VBMs are mainly composed
of 5-3p/Se-4p and Cu-3d electrons, while CBMs are mainly composed of Sb-5p/Bi-6p and
5-3p/Se-4p electrons. In addition, the total density of states for both VBMs and CBMs
showed relatively steep distribution, indicating that the monolayers have high density of
states effective mass, and thus to possess both high p-type and n-type Seebeck coefficients,
as shown in Figure 4.

() ) (©) C)

’ ’ ’ T X
21 1 e /=
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| -1 -1 i

-2 - LN
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Figure 3. Band structures of monolayer: (a) CuSbS,; (b) CuSbSe;y; (c) CuBiS,; and (d) CuBiSe, at HSE
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Next, we explored the carrier mobility of electrons and holes along the a- and b-axis
of the monolayers (see Figures S5 and S6, and Table S3 for more details). For monolayer
CuSbS,, CuSbSe;, and CuBiS,, their effective masses (11,) of electrons are higher than
those of holes (1) along a-axis, corresponding to their flatter band near CBMs than VBMs
along the I'-X direction. However, the opposite is true for CuBiSe,, the m, (0.93 my) is
indeed lower than my, (2.83 mg), which can be interpreted as the steeper dispersion curve
corresponding to its VBM between I' and X. Besides, for all monolayers, their elastic
modulus (C?P) along the a-axis is larger than that along b-axis, which is consistent with
their elastic constants. Further, the deformation potential constant (E;) fluctuates widely
from 0.75 eV to 4.48 eV, and the lower E; occur simultaneously for the hole along the
a-axis. As a result, the hole mobilities in the a-axis are higher than those in other cases,
and the highest is even up to 4562.47 cm?-V~1.s~1 for CuSbS,. Since DPT method tends to
overestimate the mobility of semiconductor, especially when the E; is relatively small [35],
we adopted the APT method to correct the results, as listed in Table 3. Clearly, after
corrected by APT, the carrier mobility increases when the E; is relatively large, and decreases
otherwise. As can be seen, the mobilities of both electrons (y.) and holes (j,) are basically
in the range of 10~10% cm?-V~1.s71, in which CuSbS, and CuSbSe, exhibit the highest
p, and pe of 1661.49 and 937.12 cm?-V~1.s71, which are far higher than that of MoS,
(un ~200 cm?-V~1.s71) [47], but lower than those of silicene (ye ~10° cm?-V~1.s71) [48],
and phosphorene (p1, ~10* cm?-V—1.s71) [49].

Table 3. The carrier effective mass (m*/my), deformation potential constant (E;/eV), plane stiff-
ness (C2P/N-m~1), hole (y;,/cm?-V~1.s71) and electron mobility (4./cm?-V~1.s71), and relaxation
time (7/fs) of the monolayers under PBE + SOC functional at 300 K.

DPT APT
Materials Direction Type m* c?b E;
4 M T
CuSbS, a-axis electron 1.83 63.50 1.38 584.78 206.92 215.29
hole 0.77 0.75 4562.47 1661.49 732.56
b-axis electron 0.24 34.15 3.27 424.59 895.32 122.89
hole 0.60 3.05 192.61 684.04 232.33
CuSbSe, a-axis electron 1.97 51.83 2.08 176.33 166.61 186.53
hole 0.93 1.22 1085.34 248.49 132.20
b-axis electron 0.27 26.30 2.28 532.97 937.12 146.58
hole 0.57 4.48 66.84 196.34 63.82
CuBiS, a-axis electron 3.11 53.75 2.40 54.62 58.96 104.40
hole 0.78 1.20 1511.80 820.27 366.20
b-axis electron 0.44 33.55 1.83 415.29 412.27 103.07
hole 0.57 2.08 430.36 745.06 242.74
CuBiSe; a-axis electron 0.99 4413 2.67 138.35 196.09 110.83
hole 2.83 0.89 495.73 176.14 283.82
b-axis electron 0.93 27.99 1.94 178.15 213.08 112.36
hole 0.25 2.63 404.18 1071.33 153.80

3.4. Electrical Transport Properties

Furthermore, we explored the electron transport properties of the monolayers by
solving Boltzmann transport equation, as show in Figure 4 (see Figure S7 for more details
about maximally localized Wannier functions (MLWFs)). Obviously, the maximums of
Seebeck coefficient (S) satisfy CuSbS, > CuBiS, > CuSbSe; > CuBiSe,, which consist with
their band-gaps ordering, as small gap implies high carrier concentration. Coincidentally,
the p-type Seebeck coefficients are higher than those of n-type in a-axis, but opposite in
the b-axis, which may be caused by the anisotropy of the density of states effective mass.
Besides, constrained by the Wiedemann-Franz-Lorenz’s law [3], the electronic thermal
conductivity and electrical conductivity have similar curves. In general, electron transport
properties are directly related to the carrier relaxation time (7). Therefore, we further
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calculated it by using the formula T = mT*” [50], here m*, y, and e are carrier effective mass,
mobility, and electron charge, as listed in Table 3. After taking the relaxation time, the
monolayers exhibit high electrical conductivity of up to 10°~107 Q~1-m~!, also high PF of
18.04~47.34 mW-K~2-m~! at 300 K (see Table 4), which are higher than or comparable to
those of their bulk structures (0.8~1.0 mW/mK?) [23], Pd,Se; (1.21~1.61 mW-K—2-m~1) [6],
PdSe; (5~25 mW-K—2.-m™1) [51], and T1,0 (10~33 mW-K—2.m~1) [52].

Table 4. The maximums of Seebeck coefficient S (mV-K), electron thermal conductivity x,.
(W-m~1.K™1), electrical conductivity o (x 10° O~1.m™1), lattice thermal conductivity «; (W-m~L.K™D),
PF (mW-K—2.m™1) and ZT values in the chemical potential of —1 eV~1 eV at 300 K.

Monolayers Direction  Carriertype S o Ke K] PF T
CuSbS, aa p-type 0.46 45.96 329.64 2.96 47.34 1.17
n-type 0.33 4.66 31.01 5.07 0.16

bb p-type 0.36 26.56 191.40 2.38 15.50 0.65

n-type 0.43 20.47 147.55 24.43 0.74

CuSbSe, aa p-type 0.24 8.52 60.52 0.49 8.05 1.09
n-type 0.15 3.80 24.82 10.84 0.91

bb p-type 0.17 7.49 53.62 0.12 3.89 0.84

n-type 0.23 21.64 145.33 20.42 1.53

CuBiS, aa p-type 0.31 17.87 125.18 3.30 19.79 0.76
n-type 0.23 1.84 12.27 1.96 0.14

bb p-type 0.24 28.63 204.23 1.32 17.45 091

n-type 0.29 7.96 57.16 11.15 0.94

CuBiSe; aa p-type 0.19 15.79 108.79 0.23 17.93 1.03
n-type 0.14 2.40 14.66 5.00 0.55

bb p-type 0.13 18.19 128.59 0.21 7.74 0.50

n-type 0.18 8.33 57.81 18.04 1.03

3.5. Phonon Transport Properties

The phonon dispersions are shown in Figure 5, where the red, green, blue, and pink
curves denote the out-of-plane acoustic (ZA), longitudinal acoustic (LA), transverse acous-
tic (TA), and optical phonons, respectively. As can be seen, these phonon dispersions have
no virtual frequencies, indicating that these four monolayers have high kinetic stability.
As the Sb(Bi) atoms are heavier than the others, they show lower phonon frequencies,
while the lighter S(Se) atoms possess higher frequencies. Meanwhile, there is some cou-
pling between in-plane (XY) and out-of-plane phonons (ZZ) for all atoms, which can be
attributed to the fact that each atom is dispersed in multiple layers (see Figure 1), which
breaks the plane symmetry of their structure and allows more phonons to participate in
scattering [53]. Additionally, the lowest optical mode boundary frequencies at I' point of
the monolayers are within 0.42~0.89 THz, which are close to those of SnSe (~0.99 THz) [54],
KAgS (~1.20 THz) [50], and PbSe (~0.63 THz) [55], indicating that their optical modes
softening is relatively severe, as in these materials with intrinsic low thermal conductivity.
Further, the low-frequency optical modes at I points are caused by the antiparallel motions
of the outer Sb/Bi and S/Se atoms, which can effectively increase the phonon dissipation
and further reduce the phonon lifetime [55]. Comparatively, for monolayer CuSbSe, and
CuBiSey, their phonon frequencies are relatively lower, and more coupling occurs in the
low frequency range, resulting in their scattering free path is shorter, and thus have lower
phonon lifetimes.
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Figure 5. The orbital-resolved phonon dispersion of: (a) CuSbS,; (b) CuSbSey; (c) CuBiSy; (d) CuBiSey;
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direction of the vibration.
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The lattice thermal conductivity, k; = ), CphAVa, 12Ty, can be expressed as the volumet-
ric specific heat c,, 1, group velocity v, o, and phonon lifetime 7, respectively. The group
velocity v, » = dw(q)/9q, can also be calculated by the first derivative of frequency w(q)
with respect to the wave vector g [38]. As seen in Figure 6a—d, the LA modes for all the
monolayers exhibit maximum group velocities of 2.06~3.59 km /s, smaller than those of Ar-
senene and Antimonene (~4.5 km/s) [56], BP (~8.6 km/s) [57], and MoS, (~6.5 km/s) [58].
Although the optical modes also exhibit large group velocities in high frequency region,
their phonon lifetime is very small, almost zero, as shown in Figure 6e-h, so the k; of these
monolayers are mainly contributed by acoustic modes. In addition, for monolayer CuSbSe;
and CuBiSe;, their phonon lifetimes are significantly shorter than those of the others, which
is mainly due to their strong coupling at low frequency phonons, as analyzed above.
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Figure 6. Group velocities (a—d) and phonon lifetimes (e-h) of 2D CuMN, (M = Sb, Bi; N =S, Se),
here the red, blue, green, and pink dot correspond to ZA, LA, TA, and Optical phonons, respectively.

Generally, we can use the Griineisen parameters v to describe the anharmonic in-
teractions of a material, which is effective mean to analyze the physical nature of lattice

thermal conductivity. It can be obtained from the relationship of phonon frequency w(q)

and volume V as ¢ = —/~ ag—‘gq) [59]. For a large || indicates the strong phonon-phonon

w(q)
anharmonic scattering, resulting in a low intrinsic k;. As shown in Figure 7, all the mono-

layers exhibited the high || in the low frequency range, which are similar to that of KAgX
(X =5, Se) [50]. Obviously, CuSbSe; and CuBiSe; exhibited larger values than those of
CuSbS, and CuBiS,, and thus have inherently stronger anharmonic interactions, as well as
lower k;. Moreover, the negative y indicate that these materials may have negative thermal
expansion (NTE) properties [4].
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Figure 7. The Griineisen parameters y for monolayer: (a) CuSbS,; (b) CuSbSe;; (c¢) CuBiS;; and
(d) CuBiSe;.

Although the volumetric specific heat ¢, 1 is also directly related to the k;, the differ-
ence is very small, especially as the temperature increases, as seen in Figure 8a. As a result,
all the materials exhibit low k; within ~3.30 W-m~1.K~!, with CuSbSe, and CuBiSe, having
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lower values due to stronger phonon anharmonic interactions and low phonon lifetimes.
Additionally, we can notice that the k; is higher in a-axis, which can be attributed to the
stronger bonding, as well as higher Young’s moduli in this direction, and thus better heat
transport. As shown in Figure 8b and Table 4, the monolayers show the low lattice thermal
conductivities of 0.23~3.30 W-m~1-K~! at 300 K, which are comparable to or lower than
those of bilayer SnSe (0.9 W-m~1.K~1)[60], TLO (0.9~1.2 W-m~1.K~1) [52], Tetradymites
(1.2~2.1 W-m~1.K~1) [61], and Antimonene (5 W-m~1-K~1) [56].
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Figure 8. (a) The volumetric specific heat, and (b) lattice thermal conductivity of 2D CuMN,
(M =Sb, Bi; N =S, Se).

3.6. Thermoelectric Figure of Merit

Finally, we fitted the thermoelectric figure of merit (ZT) of these four monolayers at
300 K, as shown in Figure 9 (see Figures S8 and S9 for more details about the thermoelectric
properties at without SOC functional). Obviously, the monolayers exhibit higher p-type
ZT values in g-axis, while higher n-type ZT in b-axis, which is consistent with the results
of higher hole mobility in the a-axis, while higher electron mobility in b-axis. As listed in
Table 4, the monolayers simultaneously exhibit high ZT values for p-type of 0.91~1.17, and
n-type of 0.74~1.53 at 300 K, which are higher than or comparable to those of many 2D
thermoelectric materials, such as Pd,Se; (0.9) [6], Tellurene (0.6) [62], InSe (0.5) [63], and
SnSe (0.5) [64].
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Figure 9. ZT values of the monolayer: (a) CuSbS,; (b) CuSbSe;; (c) CuBiS,; and (d) CuBiSe; at 300 K.

4. Conclusions

In this work, we investigated the stability, mechanical, electrical, and phonon transport
properties of 2D CuMN; (M = Sb, Bi; N =S, Se). We found that monolayers possess the
acceptable cleavage energies of 0.68~0.93 J/m?, and narrow band-gaps of 0.57~1.10 eV,
respectively. Based on the acoustic phonon-limited method, we revealed that the electron
and hole mobility are basically in the range of 102~10% cm?-V~!.s~1. Besides, they also have
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high electrical conductivity of 10°~10” Q~'-m~1, high PF of 18.04~47.34 mW-K~2-m ! at
300 K. Furthermore, due to the stronger phonon anharmonic interactions and low phonon
lifetimes, their lattice thermal conductivities are as low as 0.23~3.30 Wm 1 K~1. Asa
result, all the monolayers simultaneously exhibit high ZT values for p-type of 0.91~1.17,
and n-type of 0.74~1.53 at 300 K, indicating that they have potential applications in nano-
electronic and thermoelectric devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15196700/s1, Table S1: The cleavage energies, Figure S1: the
Electron Localization Functions, Figure S2: the ab initio molecules dynamics simulation, Table S2:
Bader charge analysis results, Figure S3: the band structures at PBE functional without and with SOC
functional, Figure S4: the partial density of states, Figure S5, Table S3, Figure S6: the details on carrier
mobility calculations, Figure S7: the MLWFs calculated by Wannnier90 code, Figures S8 and S9: the
thermoelectric properties of monolayer CuMN; (M = Sb, Bi; N = S, Se) without SOC functional.
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Abstract: Thermoelectric generators are solid-state energy-converting devices that are promising
alternative energy sources. However, during the fabrication of these devices, many waste scraps
that are not eco-friendly and with high material cost are produced. In this work, a simple powder
processing technology is applied to prepare n-type BirTe3 pellets by cold pressing (high pressure
at room temperature) and annealing the treatment with a canning package to recycle waste scraps.
High-pressure cold pressing causes the plastic deformation of densely packed pellets. Then, the
thermoelectric properties of pellets are improved through high-temperature annealing (500 °C)
without phase separation. This enhancement occurs because tellurium cannot escape from the canning
package. In addition, high-temperature annealing induces rapid grain growth and rearrangement,
resulting in a porous structure. Electrical conductivity is increased by abnormal grain growth,
whereas thermal conductivity is decreased by the porous structure with phonon scattering. Owing
to the low thermal conductivity and satisfactory electrical conductivity, the highest ZT value (i.e.,
1.0) is obtained by the samples annealed at 500 °C. Hence, the proposed method is suitable for a
cost-effective and environmentally friendly way.

Keywords: n-type Bi>Tes; powder processing; cold pressing; canning package; recycled waste scraps

1. Introduction

Thermoelectric generators (TEGs) can directly convert thermal energy to electricity.
They are excellent materials for renewable energy applications to reduce the environ-
mental impact of CO; emissions and achieve net-zero emissions by 2050 under the Paris
Agreement [1,2]. These materials recover waste heat from sources, such as manufactur-
ing plants, combustion engines, and even the human body, and convert it to electrical
energy. In addition, they are noiseless, have a long service life, and do not require large-
scale systems. Accordingly, TEGs have a wide range of possible applications, including
Internet-of-Things sensors, wearable devices, internal combustion engine vehicles, and
manufacturing plants [3-5]. The performance of TEGs is typically evaluated using the
thermoelectric figure of merit (ZT), defined as

0(20'

ZT=—T, @
where « is the Seebeck coefficient (1V /K); ¢ is the electrical conductivity (5/m); « is the
thermal conductivity (W/(m-K)); and T is the absolute temperature (K). A high ZT value
indicates that thermoelectric materials have a high electric conductivity and Seebeck coeffi-
cient; however, their thermal conductivity is low. Many researchers endeavor to improve
the ZT value by reducing the thermal conductivity of materials (e.g., phonon-glass electron
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crystals [6,7] and nanostructured material [8-11]), conducting electronic band engineer-
ing [12,13], examining the energy-filtering effect and defect [14-16], and implementing
grain boundary engineering [17-19]. Bismuth—tellurium-based materials are excellent TEGs
for near-room temperature (RT) applications and are widely used commercially. Typically,
the fabrication of TEG devices involves a series of processes, such as the synthesis of bulk
ingots via zone melting, dicing, plating cleaning, and soldering [20-23]. During device
fabrication, expensive material resources are wasted because many scraps are unavoidably
produced [24-26]. The recycling of waste scraps by grinding them into powders and then
synthesizing them into high-performance samples is an excellent industrial achievement
with reduced costs, energy consumption, and environmental friendliness. Conventionally,
the powder sintering process involves hot pressing (HP) [27-29] and a hot-pressing tex-
ture (HPT) [27,30] to achieve fully dense ceramics. However, the cost and contamination
limit the general applicability of the process to a few ceramic systems [31]. Recently, to
compact powders, spark plasma sintering (SPS) has been applied to many Bi-Te-based
materials [19,28,32,33] because it enables rapid heating and cooling. However, the foregoing
techniques consume considerable energy and are sometimes applied in a vacuum system.
In contrast, cold sintering implemented at RT and high pressure (hundreds of megapascals
to gigapascals) produces high-density pellets without the necessity of energy-consuming
technologies, such as HP, HPT, and SPS [34-36]. In this work, we recycled commercial
n-type BirTes scraps and synthesized the compounds by cold pressing (high pressure at
room temperature), followed by annealing treatment using a coin cell canning package.
Moreover, optimizing the annealing treatment using a canning package improved the ther-
moelectric performance. Because the electrical conductivity was excellent and the thermal
conductivity was low, the highest ZT value (i.e., 1.0) was obtained at a high annealing
temperature (500 °C) without phase deformation. The foregoing technique can be applied
to mass production with no energy consumption.

2. Experiments
2.1. Experimental Section

For this study, n-type thermoelectric waste scraps were obtained from a commercial
Bip Te3 ingot (Kryotherm Co., Ltd., Saint Petersburg, Russia). The scraps were ground into
fine powder using a mortar. To exclude the effect of particle size on the thermoelectric
properties of the material during the sintering process, the powdered scraps were sieved
such that the particle size was between 45 and 53 pm. At RT, the sieved powder was loaded
into a hydraulic press die (10 mm) with high-pressure compression (1.5 GPa) for 5 min to
produce a highly dense compacted pellet with approximately 1 mm of thickness. To avoid
phase separation, a coin cell canning package between two graphite foils was utilized due
to the thermal and chemical stabilities of graphite foil (Figure 1). The pellets packed by
canning were annealed at different temperatures (300, 400, and 500 °C) for 1 h in a tube
furnace with Ar gas flow to enhance the thermoelectric properties.

(@) (b) © (d)

Coin cell lid mm =

Spring
(X
o0

Spacer m
Graphite

Figure 1. Schematic of experimental process: (a) powder grinding and sieving (45-53 pm); (b) cold
pressing; (c) coin cell canning package; and (d) annealing process.

2.2. Characterization

The crystal structure and morphology of the pellets were analyzed by X-ray diffraction
(XRD, Cu Kg, Rigaku Co., Tokyo, Japan) at 40 kV and 100 mA. The morphology of the
pellets was observed by field-emission scanning electron microscopy (FE-SEM, Hitachi Ltd.,
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Tokyo, Japan). High-resolution images and microstructure morphologies were obtained
using transmission electron microscopy (TEM, JEM-2100F, JEOL, Tokyo, Japan) at 200 kV.
To further analyze the microstructure, electron backscattered diffraction (EBSD, Velocity
Super, Ametek, Berwyn, PA, USA) was implemented using a field emission gun scanning
electron microscope (SU5000, Hitachi, Tokyo, Japan). All EBSD data were analyzed using
the TSL-OIM software. Data points with a confidence index of less than 0.1 were removed
from the EBSD data. Thermoelectric properties (electrical and Seebeck coefficient) of pellets
were measured in an in-plane direction, which possesses a high performance [37]. Electrical
conductivity (¢) was measured by the four-point probe method (CMT-SR 1000N, Advanced
Instrument Technology, Suwon, Korea) and hall measurement (HMS-5000, Ecopia, Chandler
Hall, AZ, USA) at room temperature. Before measuring the electrical conductivity, the pellet
thickness was determined using a micrometer caliper (MDC-25M], Mitutoyo, Kawasaki,
Japan). The Seebeck coefficient («) was measured at RT using customized measurement
techniques. The total thermal conductivity (x) was calculated as « = DCpp, where D, C pr
and p are the thermal diffusivity coefficient, specific heat capacity, and density, respectively.
The thermal diffusivity coefficient was measured using a laser flash apparatus (Netzch
LFA 467, NETZCH, Selb, Germany), and the specific heat capacity was measured using
a differential scanning calorimeter (DSC-60 plus, Shimadzu, Kyoto, Japan). The pellet
densities were determined using an immersion technique (Archimedes principle) at RT
with ethanol as a medium.

3. Results and Discussions

The XRD patterns of the ingot at RT and annealed Bi;Te3 pellets (with and without
coin cell canning packages) are shown in Figure 2. For the pellets without canning packages,
phase separation was observed as the annealing temperature increased. In particular, for
the sample without the coin cell package,Bis_,Tes . peaks appeared at 500 °C (annealing
temperature). This explains the dissociation and sublimation of tellurium during annealing
at high temperatures (Figure 2a) [38]. The peak split at (1 0 10) of the XRD pattern was
detected at annealing temperatures of 400 and 500 °C, indicating that phase separation
occurred at 400 °C and above (Figure 2c). Correspondingly, no phase separation or other
peaks were observed in the pellet of the sample with the coin cell canning package, although
the pellets were annealed at a high temperature value (500 °C) (Figure 2b,d). This indicates
that the closely packed graphite foil surrounding the cold-pressed pellet blocked the escape
of tellurium from the samples. Interestingly, the RT sample exhibits slight peak shifts
from 37.92° to 37.96°, 38.0°, and 38.02° at 300, 400, and 500 °C, respectively. Moreover,
the peak at 500 °C virtually matches the ingot peak (i.e., 38.04°). This may be the result
of the residual compressive strain and stress in the test sample due to the applied high
pressure and the release of residual energy via the annealing treatment. For the cold-
pressed sample prepared at RT (i.e., no annealing) and pellets annealed at 300 °C, the
main peaks are at (0 0 6); their intensity was considerably higher than that of the peak at
(01 5) (the main peak of BirTe3 and ingot based on standard data (JCPDS no. 85-439)). The
relative peak intensity ratios (Ings /Io15) are 1.237, 1.105, 0.839, and 0.836 at RT, 300, 400, and
500 °C (with the canning package), respectively. These intensity ratios are considerably
higher than that of ingot (i.e., 0.775). These results suggest that the cold-pressed pellet
subjected to a 1.5-GPa pressure value preferred the (0 0 1) orientation perpendicular to
the press direction by high-pressure stress. After the annealing process, the (0 0 1) texture
orientation decreased, and the intensity of the main peak of (0 1 5) increased with the
annealing temperature. Such a texture reorientation is attributed to the recrystallization
process, releasing residual energy from cold pressing [39]. Jun et al. observed the same
recrystallization process at the annealing treatment when they applied strain energy to
stoichiometric ingots (Big 455b1 55Te3) by cold pressing (pressure at gigapascal scale) and
then annealing at 300 °C in a vacuum [39].
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Figure 2. XRD patterns of ingot, BiyTes pellet prepared at RT, and pellets annealed at various
temperatures (300, 400, and 500 °C) (a) without and (b) with coin cell canning package; magnified
view of peaks at (1 0 10) (c) without and (d) with canning package accompanied by peak shift.

The top view and FE-SEM images of the fractured surfaces of specimens prepared
at RT, 300, 400, and 500 °C are shown in Figure 3. The top view shows numerous pores
and microcracks on the surface of the RT pellet, indicating that interparticle bonds by van
der Waals forces are produced via high pressure without any other heat energy. When
heat energy was introduced into the cold-pressed pellet, the microcracks disappeared, and
the number of large pores were decreased leading to the smoother surface morphology
(Figure 3a—d). For the fractured surface, lamellar grains were densely stacked parallel to
the pressure direction. As heat energy was applied (i.e., by annealing) to the cold-pressed
pellets, grain growth and grain realignment occurred in the annealed samples; the grain
growth was considerable with increasing annealing temperature. In addition, many pores
among the grains are observed in the pellet annealed at 500 °C; this is consistent with
the top view of surface images. The foregoing leads to the conclusion that the densely
packed pellets (cold-pressed at high pressure) display rapid grain growth involving the
disappearance of pores and microcracks during the annealing process. However, the high-
temperature annealing contributes to rapid grain growth and grain realignment, generating
many pores and low-density pellets, as shown by the samples annealed at 300 and 400 °C.

The density of each sample was also measured during annealing (with and without
the canning process). All pressed pellets have high relative densities exceeding 90% with
respect to the ingot density of 7.721 g/cm? (Figure S1). For the pellets prepared at RT,
the relative density reached 97.9%, indicating that they were densely packed at a high
pressure. Further, the relative density of pellets slightly increased at 300 °C and then
decreased at 400 and 500 °C. This trend was observed regardless of the canning package
and agreeing well with the FE-SEM images, in which some pores and microcracks shrunk
during the abnormal grain growth at low-temperature annealing. The rapid grain growth
and grain realignment during high-temperature annealing led to the generation of pores
and low-density pellets.

133



Materials 2022, 15, 4204

Figure 3. (a—d) Top view images; (e-h) fractured surfaces and full FE-SEM images of samples at RT,
300, 400, and 500 °C.

The effect of annealing on the electrical conductivity at various annealing temperatures
is shown in Figure 4a. As the annealing temperature increased, the electrical conductivity
gradually increased from 3.45 + 0.04 x 10* (at RT) to 12.22 + 1 x 10* S/m (at 500 °C) due
to the grain growth induced by annealing. In Figure S2, the hall measurement about
electrical conductivity also displayed the same trend with 4-probe measurement. The
electron mobility at room temperature increased from 56 to 101.22 cm?/ Vs, implying the
grain growth for the pellets. The carrier concentration decreased at 300 °C and increased
again for high annealing treatment pellets. The Seebeck coefficient of the annealing-treated
pellet was slightly smaller than that of the cold-pressed pellet (Figure 4b). The thermal
conductivity first increased from 0.61 (at RT) to 1.63 W/m-K (at 400 °C) and then decreased
to 1.17 W/m-K at 500 °C (Figure 4c). This may be due to the grain growth and presence of
large grains, which induce less electron scattering, leading to high electrical and thermal
conductivities. However, the porous structure in pellets may cause considerable phonon
scattering, causing the thermal conductivity at 500 °C to be lower than that at 400 °C.
Owing to the significantly lower thermal conductivity (0.6 W/mK), at RT, the ZT value
is slightly higher than those of the pellets annealed at 300 and 400 °C. Then, the pellet
annealed at 500 °C, the ZT value substantially increased to approximately 1.0, leading
to high electrical conductivity and low thermal conductivity. These results indicate that
dense cold-pressed pellets compacted by high pressure have numerous microcracks that
facilitate low electrical and thermal conductivities due to electron scattering. However,
with grain growth and grain realignment during annealing, the microcracks disappeared,
thus increasing the electrical and thermal conductivities. In addition, rapid grain growth
and grain realignment created porous pellets that reduced the thermal conductivity by
phonon scattering.

The crystal orientation mapping images from the EBSD data, with an image quality
(IQ) map, a color-coded inverse pole figure (IPF) map, and grain size distribution, clearly
verify the present state. The overall IQ map shown in Figure 5a distinctly exhibits the grain
morphology of each sample. For the samples at RT and annealed at 300 °C, elongated and
non-equiaxed grains were observed. The dark gray shades indicate the grains that are
considerably deformed by high pressure and may be highly compacted by small grains.
Because of the high pressure in the z-axis direction, the elongated grains preferred the
[0 0 1] orientation, as shown in Figure 5b: the red, green, and blue colors represent the
[001],[-1 —20], and [1 —1 0] directions, respectively. Moreover, the maximum intensity of
the (0 01) plane was 13.11 for the samples prepared at RT; the intensity decreased to 8.29 for
the samples annealed at 300 °C (Figure S3a,b). However, the grains of the samples annealed
at 400 and 500 °C were recrystallized by grain growth and changed to random orientation
(Figure 5b). The maximum intensity changed to 4.012 at 400 °C and then increased to 7.227
in the (0 1 5) plane at 500 °C (Figure S3c,d). The grains were recrystallized during the
annealing process and changed to a random orientation. In particular, at high annealing
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temperatures, the grains rapidly grow and rearrange in the (0 1 5) plane, which is the main
plane of BirTez. Because of the rapid grain growth, a porous structure is observed in the IQ
map of the samples annealed at 500 °C without applied pressure (Figure 5a) [40,41].
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Figure 4. Measurement of thermoelectric properties at RT: (a) Electrical conductivity; (b) Seebeck
coefficient; (c) thermal conductivity; and (d) ZT at RT, 300, 400, and 500 °C.

The grain size distribution in the samples that have been cold-pressed and annealed
at different temperatures after cold pressing is shown in Figure 5¢c. Most of the grain sizes
are less than 1 pm. In the sample cold-pressed at RT, the grain size exceeds 30 pm. These
large grains may be elongated due to the distinct local plastic deformation caused by high
pressure. The TEM analysis results shown in Figure S4a also indicate the existence of a
lamellar structure with elongated subgrains perpendicular to the pressing direction. The
highly distributed low-angle grain boundaries in the sample prepared at RT also exhibit
local plastic deformation, as shown in Figure S5a [42,43]. These results are based on the unit
cell of BipTes that is a trigonal crystal structure consisting of quintuple atomic stacked layers
of Bi and Te atoms in the sequence Te()-Bi-Te(?)-Bi-Te(!) [44-46]. The five stacked atomic
layers interact by van der Waals forces because of the facile plastic deformation by basal
slip [47-49]. In addition, thermo-mechanically treated polycrystalline bulk thermoelectric
materials introduce dislocations through plastic deformation. These dislocations improve
the densification and control the crystallographic texture of the material, as demonstrated
by the case of samples prepared at RT [47]. In contrast, in the less-compacted area packed
with small random grains, large pores and microcracks were detected at the interfacial
grains (Figure S4b). Overall, in the absence of heat energy, the particles were physically
compressed by high pressure through plastic deformation; further, the formation of pores
and microcracks resulted in a densely compacted sample.

After the introduction of heat energy, the plastically deformed grains began to coarsen.
Consequently, the degree of distribution of low-angle grain boundaries slightly decreased
at 300 °C. Then, at 400 and 500 °C, the samples gained higher angle grain boundaries (such
as 60°) (Figure S5). At high annealing temperatures (400 and 500 °C), the main grain size
distribution trend is bimodal, indicating abnormal grain growth (Figure 5c) [50,51]. The
kinetics of abnormal growth is based on the recrystallization and dynamic recovery from the
plastic deformation that occurs at elevated temperatures [52,53]. In some instances, grain
boundaries were also observed at the interfaces between two large grains; this explains the
abnormal grain growth upon isothermal annealing, as shown in Figure S4c. However, at
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high temperatures, rapid grain growth and nanosized pores were detected in the grains
(Figure S4d). Note that this grain size increase was more rapid than the pore elimination
during the abnormal grain growth at high annealing temperatures. This growth leads
to the coalescence of large grains and production of pores along the large grains; this is
consistent with the SEM and EBSD images.
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Figure 5. EBSD data with (a) IQ map, (b) color-coded IPF map, and (c) grain size distribution at RT,
300, 400, and 500 °C.

In summary, our results strongly indicate that the pristine powders were highly
compacted by plastic deformation under high pressure; then, the particles were coarsened
through annealing. At high annealing temperatures, rapid grain growth results in the
generation of porous structures (Figure 6a). As shown in Figure 6b, the texture orientation
from the (0 0 1) plane in the samples highly compacted at RT is changed into that of
random structures, implying grain recrystallization. Finally, the recrystallized subgrains
underwent abnormal grain growth at high annealing temperatures for crystallization
oriented at (0 1 5). Most Biy Te3 thermoelectric materials (mainly oriented at (0 1 5)) have
high thermoelectric properties because they are anisotropic [54-56]. Hence, the electrical
conductivity of samples annealed at 500 °C was considerably higher than those of the other
samples although their porous structure affected electron scattering. As a result, the best
thermoelectric properties were obtained from the samples treated at 500 °C due to their low
thermal conductivity and satisfactory electrical conductivity. This results from the grain
rearrangement and grain growth through the annealing treatment with canning package
after high-pressure cold pressing.

The ingot parameters and various powder processing methods on n-type BirTe3
pellets reported in previous studies are compared in Table 1. Our work demonstrates
that low thermal conductivity is achieved because of the porous structure resulting from
grain rearrangement. Moreover, high electrical conductivity via abnormal grain growth is
realized. The simple and rapid powder processing technique consumes less energy than
other methods. Therefore, it is suitable for mass production and cost-effective fabrication.
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Figure 6. Schematic of (a) particle deformation and (b) texture change and grain growth from powder

compaction with cold sintering at high pressure to rapid grain growth via high-temperature annealing.

Table 1. Comparison of thermoelectric parameters of n-type BirTes pellet with various powder
processing methods. All the thermoelectric properties and ZT were measured and obtained at room

temperature.

Sample with Process o (x10° S/m) « (WV/K) x (W/m-K) T Reference

Bulk material (zone melting) 1.9 —180 1.8 1.03 From ingot
Microwave-activated hot-press sintering 0.56 —160 1.1 0.39 [29]
SPS and hot-forging 1.67 —140 1.15 0.85 [33]
Plasma-activated sintering 1.65 —125 1.38 0.56 [28]
High-pressure sintering 1.00 —147 0.8 0.81 [49]

Cold pressing and canning 1.22 -179 1.17 1.0 This work

4. Conclusions

This study demonstrates the recycling of n-type BiTes waste scraps via a simple pow-
der processing method involving cold pressing at high pressure and annealing treatment
with canning package. The samples pressed by high pressure at RT have a (0 0 1) texture
orientation with elongated grains and high packing density caused by the local plastic
deformation. Subsequently, different annealing temperatures were applied to enhance the
thermoelectric properties through the canning process. The sample that underwent the
canning package (compared with that without this process) exhibited no phase transforma-
tion despite the high annealing temperature. The highest ZT value, i.e., 1.0, was attained
by the samples annealed at 500 °C. The rapid grain growth and rearrangement induced a
porous structure, leading to low thermal conductivity through phonon scattering without
a decrease in electrical conductivity. The technique proposed in this work is deemed to
be a new and advantageous approach to achieve a cost-effective and environmentally
friendly production.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15124204/s1, Figure S1: Comparison of pellet densities at
RT, 300, 400, and 500 °C; Figure S2: (a) comparison of 4-point and hall measurement about electrical
conductivity and (b) carrier concentration and mobility from hall measurement; Figure S3: EBSD pole
figure images of samples for (0 0 1) and (0 1 5) planes at (a) RT, (b) 300 °C, (c) 400 °C and (d) 500 °C.
Electron diffraction intensity is represented by color marks in scale bar; Figure S4: TEM images
of cold-sintered samples (a,b) at RT and (c,d) annealed at 500 °C with canning package; Figure S5:
Misorientation angle distribution based on EBSD data at RT, 300, 400, and 500 °C.
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Abstract: Strain engineering has attracted extensive attention as a valid method to tune the physical
and chemical properties of two-dimensional (2D) materials. Here, based on first-principles calcula-
tions and by solving the semi-classical Boltzmann transport equation, we reveal that the tensile strain
can efficiently enhance the thermoelectric properties of the GeS, monolayer. It is highlighted that
the GeSp; monolayer has a suitable band gap of 1.50 eV to overcome the bipolar conduction effects
in materials and can even maintain high stability under a 6% tensile strain. Interestingly, the band
degeneracy in the GeS; monolayer can be effectually regulated through strain, thus improving the
power factor. Moreover, the lattice thermal conductivity can be reduced from 3.89 to 0.48 W/mK at
room temperature under 6% strain. More importantly, the optimal ZT value for the GeS, monolayer
under 6% strain can reach 0.74 at room temperature and 0.92 at 700 K, which is twice its strain-free
form. Our findings provide an exciting insight into regulating the thermoelectric performance of the
GeS, monolayer by strain engineering.

Keywords: GeS, monolayer; strain engineering; first-principles calculations; thermoelectric materials;
thermal conductivity

1. Introduction

Thermoelectric technology is one of the most fantastic energy-conversion technologies
that can convert heat energy and electrical energy into each other directly [1-3]. Thermoelec-
tric materials have recently gained extensive attention as a critical factor for thermoelectric
technology. The figure of merit ZT can be directly used to visualize the thermoelectric
conversion efficiency of thermoelectric materials and can be calculated by [4-7]:

2
S ::T 1)
where S stands for the Seebeck coefficient, ¢ is electrical conductivity, and T represents
temperature. « is the thermal conductivity, consisting of both electronic and lattice parts.
Herein, the thermoelectric power factor (PF) can be defined as PF = S?¢. Apparently, a
higher PF and lower x can contribute to an immense ZT value.

The development of 2D materials provides an excellent platform for discovering
novel high-performance thermoelectric materials [8-13]. Previous studies have reported
graphene [14,15], phosphorene (BP) [16-18], IVA-VIA compounds [19-21], and transition
metal dichalcogenides (TMDs) [22-24], and all show excellent thermoelectric performance.
In particular, IVA-VIA compounds exhibit high ZT values due to their ultralow lattice

ZT =
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thermal conductivities [19,20]. Recently, the 1T-GeS, monolayer has been reported as
a potential thermoelectric material due to its relatively high electronic fitness function
(EFF) value from high-through computational screening [21]. Moreover, the high-power
factor of the GeS, monolayer further reveals its great potential application in the field
of thermoelectrics [25]. However, the ZT value of the 1T-GeS; monolayer is only 0.23
when the thermal transport property is considered [25], which significantly hinders its
further application. Therefore, it is of great significance to improve its thermoelectric
performance by adjusting the thermal transport properties of GeS, monolayers. It is worth
mentioning that the electronic structures of 2D materials are easily affected by applied
strains [26-28]. Strain engineering has been theoretically and experimentally proposed as a
valid way to enhance the thermoelectric properties of 2D thermoelectric materials [29,30].
Experimentally, the thermal conductivity of the BipTe; monolayer can be reduced by 50%
by applying a tensile strain of 6% [31]. Theoretically, tensile strain can significantly enhance
Seebeck coefficients while reducing thermal conductivity, and this has been observed in the
PtSe; monolayer [32]. Therefore, it is very interesting to investigate the strain effect on the
electronic and thermoelectric properties of the GeS, monolayer.

In the present work, based on first-principles calculations and by solving the semi-
classical Boltzmann transport equation, we systematically studied the tensile strain effects
on the thermoelectric properties of the GeS, monolayer, including electronic structures,
electronic transport properties, and phonon transport properties. It was found that the
valence band near the Fermi level of the GeS, monolayer will degenerate under tensile
strain, which leads to an improvement in the power factor. Meanwhile, the phonon group
velocities and phonon relaxation times decrease with an increasing tensile strain, resulting
in a reduction in the lattice thermal conductivity, thereby enhancing the thermoelectric
performance. Our results provided a new tactic for improving the thermoelectric properties
of the GeS; monolayer.

2. Methods

Our simulation works were based on first-principles calculations with the projector
augmented-wave (PAW) [33] method, which is executed by the VASP [34] code, and
the corresponding results were dealt with the ALKEMIE platform [35]. The generalized
gradient approximation [36] with the Perdew—Burke-Ernzerhof functional (GGA-PBE) [37]
was used to deal with the interaction between electronics and ions. The structure of
the GeS; monolayer was completely optimized until the energy and force convergence
criteria were less than 107¢ eV and —0.01 eV, respectively. The cutoff energy was set to
600 eV, and a k-point mesh of 15 x 15 x 1 was adopted [38]. A vacuum thickness of
20 A perpendicular to the in-plane direction of the GeS, monolayer was built. The Heyd-
Scuseria—Ernzerhof (HSE06) [39] hybrid functional with a range-separation parameter of 0.2
and mixing parameter of 0.25 was also adopted to obtain more accurate band structures and
electronic transport properties of the GeS; monolayer. The ab initio molecular dynamics
(AIMD) simulations with the Nosé ~Hoover thermostat (NVT) ensemble and a time step of
2ps were performed to investigate the thermal stability of the GeS, monolayer [40,41].

A denser k-point mesh of 35 x 35 x 1 was used for static calculations to obtain more
accurate electronic structures to solve semi-classical Boltzmann transport equations, which
is realized in the BoltzTraP code [42]. The phonon spectrum and second-order anharmonic
force constants were calculated by the Phonopy package [43] witha 6 x 6 x 1 supercell,
whilea 4 x 4 x 1supercell was used to calculate third-order interatomic force constants. The
sixth nearest neighbors were selected to obtain the third-order interatomic force constants to
ensure the accuracy of lattice thermal conductivity and save the calculation time. Combing
with second-order anharmonic force constants and third-order interatomic force constants
as input files, the lattice thermal conductivity of the GeS, monolayer can be obtained
through the ShengBTE code [44].

142



Materials 2022, 15, 4016

3. Results and Discussion
3.1. Structural Stability and Band Structure

Similar to the 1T-MoS; monolayer [45], each unit cell of the GeS, monolayer consists of
one Ge atom and two S atoms with the Ge sublayer sandwiched between two S sublayers.
The side and top views of the GeS; monolayer are plotted in Figure 1a,b, respectively.
The relaxed lattice parameters are a = b = 3.44 A, which agree with previous theoretical
predictions [21,25]. Figure 1c describes the atom orbitals project band structure of the
GeS; monolayer. It is clear that the GeS; monolayer demonstrates indirect band gap
semiconductor features with a band gap of 1.50 eV. It is noted that the relatively large
band gap can effectively prevent the bipolar conduction behavior in the materials and
thus prevents the thermoelectric performance from being destroyed. Moreover, the VBM
is mainly contributed by the S-p orbital, while the CBM is occupied by both Ge-s and S-p
orbitals. Our results are in accordance with the previous theoretical predicated [25,46],
indicating that our calculation parameters are reasonable.
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Figure 1. The structure of GeS, monolayer’s (a) side and (b) top views. (c) The atom orbitals” project
band structure and DOS for GeS, monolayer.

To understand the stability of the GeS, monolayer, we then conducted phonon spec-
trum calculations and AIMD simulations to explore the lattice and thermal dynamic
stabilities, respectively. Figure 2a describes the phonon spectrum for the GeS; monolayer.
Obviously, there are nine dispersion curves with three acoustic branches and six optical
branches since a GeS; unit cell contains three atoms. Moreover, no imaginary frequency
can be found in phonon dispersion curves, indicating that the GeS, monolayer possesses a
good lattice dynamic stability. It is noted that the ZA mode for the GeS, monolayer near
the I' point is quadratically converged, which can be usually observed in 2D materials
systems [47]. Furthermore, from the PhDOS of the GeS, monolayer, we know that the
low- and high-frequency regions are mainly contributed by Ge and S atoms, respectively.
Moreover, the phonon spectrum of the GeS; monolayer under 2% compressive strain was
also calculated, as shown in Figure S1. A negative frequency was observed in the phonon
spectrum, indicating the instability of the GeS; monolayer under compressive strain. Hence,
in our study, we mainly concentrated on the tensile strain effects on the thermoelectric
properties of the GeS, monolayer. Figure 2b illustrates the energy evolution and structure
snapshot of the GeS; monolayer for 10 ps at 300 K. It is clear that the changes in total
energy are minimal, and atoms are slightly vibrating around their equilibrium positions,
suggesting that the GeS, monolayer exhibits excellent thermal dynamic stability as well.

Figure 3 illustrates the band structures of the GeS, monolayer at different biaxial
tensile strains. Herein, the tensile strains can be calculated by ¢ = (@ — ap)/ag x 100%,
where ay stands for the lattice constant when unstrained, while a represents the lattice
constant under strain. Obviously, within our investigated strain range (0~6%), the band
gap of the GeS; monolayer increases gradually with tensile strain since CBM moves toward
the higher energy level. Additionally, with the increases in tensile strain, the valence bands
between K and I' points move toward the Fermi level, which can enhance the degeneracy
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of the valence band and thus improve the Seebeck coefficient. Moreover, the band structure
of the GeS; monolayer under 8% tensile strain was also calculated, as shown in Figure S2.
However, the valence band maximum shifts to the position between I and K under 8%
tensile strain. This phenomenon will decrease band degeneracy in the GeS,; monolayer,
which is not conducive to the thermoelectric application. Hence, in our study, we mainly
concentrate on the 2-6% tensile strain effects on the thermoelectric properties of the GeS,
monolayer. These consequences indicate that the tensile strain can effectively regulate the
electronic structures of the GeS, monolayer. Therefore, an improvement in thermoelectric
performance in the GeS; monolayer is anticipated [48,49].
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Figure 2. The (a) phonon spectrum and PhDOS of GeS, monolayer and (b) total energies evolution
and structure snapshots after 10 ps AIMD simulations at 300 K for GeS, monolayer.
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for GeS, monolayer.
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3.2. Electronic Transport Properties

We next investigate the effect of biaxial tensile strains on the electronic transport
properties of the GeS, monolayer, including the Seebeck coefficient (S), electric conductivity
(0), electronic thermal conductivity (xe), and the power factor (PF). Figure 4 shows the
contour maps of the Seebeck coefficient with respect to chemical potential under different
biaxial tensile strains. Clearly, the S increases with an increasing tensile strain and decreases
with an increasing temperature. The maximum S increases from 2386 uVK~! (2318 pVK 1)
to 2697 uVK~! (2605 uVK~!) under p-type (n-type) doping, as the tensile strain augments
from 0 to 6%. This phenomenon is mainly contributed by enlarging the band gap and band
degeneracy in the GeS; monolayer with the increase in tensile strain.
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Figure 4. The contour maps of the Seebeck coefficient S with respect to chemical potential under
different biaxial tensile strains of (a) 0%, (b) 2%, (c) 4% and (d) 6% for GeS, monolayer.

On the other hand, Figure 5a—d shows the electrical conductivity divided by the
relaxation time (o /T) of the GeS; monolayer under different tensile strains. Contrary to the
Seebeck coefficients, electrical conductivity is insensitive to the temperature and decreases
with an increasing tensile strain. A similar tendency as ¢/ 7 can be observed in electronic
thermal conductivity (Figure 6a—d) since it can be calculated by [50]: k. = LT, where L
represents the Lorenz number. Our results above show that the S and ¢/ 7 exhibit opposite
trends under tensile strain. Hence, we also calculated the power factor (PF) under different
tensile strains, and the corresponding results are shown in Figure 7a—d. Apparently, the
optimal value of the PF under p-type doping is much higher than n-type doping for all
cases. More importantly, the PF gradually increases as the tensile strain is applied, which is
due to the fact that the applied tensile strain has a more significant effect on the S than the
o /7. The power factor as a function of carrier concentrations is also plotted in Figure S3.
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3.3. Phonon Dispersion Curves and Transport Properties

Phonon thermal transport property is another critical factor for thermoelectric ma-
terials. Hence, the effect of tensile strain on the phonon transport properties of the GeS,
monolayer was investigated in the following. The phonon dispersion curves under differ-
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ent strains are illustrated in Figure 8. Clearly, no negative frequency was observed in any
of the cases, suggesting that the GeS; monolayer’s lattice is dynamically stable under these
tensile strains. Furthermore, the frequencies of both optical and acoustic phonon modes
gradually decrease with the increase in the tensile strain, leading to reducing phonon group
velocities and thus a lower lattice thermal conductivity. This phenomenon is beneficial for
the application of GeS; monolayer in the fields of thermoelectrics.
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Figure 8. The phonon spectrum of GeS; monolayer under different biaxial tensile strains of (a) 0%,
(b) 2%, (c) 4% and (d) 6%.

To evaluate the convergence of the lattice’s thermal conductivity, we calculated the
lattice thermal conductivity as a function of the nearest neighbor atomic, which is plotted
in Figure S4. It is noted that the lattice thermal conductivity can reach good convergence
criteria when the nearest neighbor atom is up to six. Figure 9a describes the lattice thermal
conductivity (x;) of the GeS, monolayer with respect to temperature under different tensile
strains. It is interesting to note that x; decreases with both increasing temperature and
tensile strain. For example, the x; of the unstrained GeS; monolayer reduces from 3.89 to
1.13 W/mK when the temperature increases from 300 K to 1000 K. More importantly, the x;
will reduce to 0.48 W/mK when 6% strain is applied at 300 K. Such a small x; is comparable
to some recently reported novel 2D thermoelectric materials, such as a SnTe monolayer
(0.67 Wm~1 K1) [51], SbyTe,Se monolayer (0.46 W m~! K1) [52], and HfSe, monolayer
(0.7 W m~1 K1) [53]. To unravel the strain-induced reduced lattice thermal conductivity
behavior in the GeS; monolayer, we also calculated the phonon group velocities (v,) and
phonon relaxation times (7)) since x; can be obtained by [54]:

Y CAviTy
A
= 2
K| v @
where V represents the volume, which can be defined as V = Sh, where S is the cross-
sectional area and h is the layer thickness of the GeS; monolayer. The layer thickness is
obtained by the distance between the top and bottom surface atoms plus the Van der Waals

radii of the surface atoms. C, is capacity heat. At room temperature, the capacity heat
follows the Dulong-Petit limit; thus, x; is mainly contributed by v, and 7,. Figure 9b,c show
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v, and T, of the GeS; monolayer under different tensile strains, respectively. Both v, and
T) decrease with an increasing tensile strain. This phenomenon leads to a decrease in the x;
with an increasing tensile strain, which agrees with our previous results. Moreover, the
calculated average value of v, is reduced from 1.14 to 1.08 Km/s, while the average value
of Ty decreases from 0.94 to 0.25 ps when the strain rises from 0 to 6%. Such small v, and
T) further guarantee the low x; of the GeS,; monolayer. Furthermore, we also calculated the
Griineisen parameters of the GeS, monolayer, as shown in Figure 9d. Interestingly, when
the strain rises to 6%, the average value of Griineisen parameters is enhanced from 1.11 to
3.15, indicating that anharmonic phonon interaction of the GeS, monolayer is strengthened
under tensile strain.
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Figure 9. (a) The calculated lattice thermal conductivity x; with respect to temperature under different
tensile strains for GeS, monolayer. The (b) phonon group velocity, (c) phonon relaxation time, and
(d) Griineisen constants for GeS,; monolayer at different tensile strains.

3.4. Thermoelectric Performance

Due to the relaxation time approximation in Boltzmann transport theory, we calculated
the electron relaxation time before evaluating the quality factor ZT of the GeS, monolayer.

The carrier relaxation time can be defined as:
pmx
= 3
v )
where the p is carrier mobility, which can be estimated through deformation potential
theory [55,56]:

o 2€ﬁ3C2 D

a 3kp T |m*|*E?
where e, /i, kg, T, and m* stand for the electron charge, reduced Planck constant, Boltzmann
constant, temperature, and electron (hole) effective mass, respectively. The effective mass
can be defined by: m* = h?/(9*E/0k?), where T is the reduced Planck constant and E is
the energy of the electron (hole) at wavevector k in the band. Therefore, the electron
effective mass can be obtained from the second-order derivatives of the energy band near
the conduction band minimum, while the hole’s effective mass is obtained from the energy

(4)
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band near the valence band maximum, and the corresponding fitting parameters are shown
in Table S1. C;p and E; are the elastic modulus and deformation potential constant for 2D
systems, respectively. Here, Cop = 2(0*(E — Eg)/0¢?)/S, where S is the cross-sectional area.
Herein, the orthorhombic lattice of the GeS; monolayer was built for the carrier mobility
calculation, as plotted in Figure 10a. The band structure, total energy, and Ecqg, vs. strain for
GeS; monolayer in the orthorhombic unit cell are illustrated in Figure 10b-d, respectively.
The corresponding parameters calculated and mentioned above are summarized in Table 1.
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Figure 10. (a) The orthorhombic lattice of GeS, monolayer. The calculated (b) electronic band

structure, (c) total energy shift, and (d) band alignment for orthorhombic lattice GeS, monolayer with
respect to the uniaxial strain € by PBE functional.

Table 1. Calculated deformation potentials (E;), effective mass (1m*), elastic modulid (C,p), carrier
mobility (), and electronic relaxation time (7) of GeS; monolayer under different directions.

Direction  Carrier Type Eq(eV) Cop Nm=1)  m'/fmy p(cm?V-1s-1) T (ps)

X e 7.310 529 0.21 321.52 0.04
h 5.065 52.9 0.88 37.41 0.02
y e 4.359 49.9 0.68 79.80 0.03
h 2.302 499 1.19 93.43 0.07

Finally, based on the thermoelectric parameters we obtained, the figure of merit ZT of
the GeS; monolayer under different tensile strains is plotted in Figure 11. Additionally, the
figure of merit ZT as a function of carrier concentrations is also shown in Figure S5. Clearly,
the tensile strain greatly enhances the ZT value of the GeS, monolayer. The optimal ZT
value at 300 K is 0.74 under a 6% strain, which is twice the strain-free GeS, monolayer
(ZT = 0.37). This phenomenon is mainly because the tensile strain enhances the PF while
reducing both x; and xe. More importantly, the ZT value will be increased from 0.74 to
0.92 with temperature increases from 300 to 700K. This value is comparable with the SiP;
monolayer (0.9 at 700 K) [57], TiS, monolayer (0.95 at 300 K and an 8% tensile strain) [58],
and WSSe monolayer (1.08 at 1500K and a 6% compressive strain) [48].
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Figure 11. The contour map of the figure of merit ZT with respect to chemical potential under
different biaxial tensile strains of (a) 0%, (b) 2%, (c) 4% and (d) 6% for GeS, monolayer.

4. Conclusions

In summary, by employing DFT calculations combined with semi-classical Boltzmann
transport theory, the influence of tensile strain on the thermoelectric properties of the
GeS, monolayer was theoretically studied. Our findings manifest that the GeS, monolayer
exhibits indirect band gap semiconductor characteristics, and the band gap gradually
increases with tensile strain. Moreover, the electronic and thermal transport properties
of the GeS; monolayer can be efficiently tuned by tensile strain. The tensile strain can
significantly enhance the power factor while decreasing thermal conductivity, leading to
the enhancement of the ZT value of the GeS; monolayer. The lattice thermal conductivity of
the GeS; monolayer at 300 K is only 0.48 W/mK under 6% tensile strain. This phenomenon
is mainly attributed to the ultralow phonon group velocities and phonon relaxation times
of GeS, monolayer under 6% strain. More importantly, the optimal ZT value of the 6%
strained GeS, monolayer at room temperature is about twice more significant than the case
without strain. Our results give a new insight into the strain-modulated thermoelectric
performance of the GeS; monolayer.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma15114016/s1. Figure S1: The phonon spectrum of GeS, under
2% compressive strain; Figure 52: The band structure of GeS; monolayer under 8% tensile strain;
Figure S3: The power factor of GeS, monolayer as a function of carrier concentrations under different
tensile strains; Figures S4: The lattice thermal conductivity of GeS, monolayer as a function of the
nearest neighbor atomic; Figure S5: The figure of merit ZT of GeS, monolayer as a function of carrier
concentrations under different tensile strains; Table S1. The calculated parameters for effective mass
of the GeS, monolayer, the number of band for quadratic function fitting (Ny,), k-cutoff, band extrema
points (Bp), fitting points (Fp).
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Abstract: Using density functional theory and semiclassical Boltzmann transport equation, the lattice
thermal conductivity and electronic transport performance of monolayer Snl, were systematically in-
vestigated. The results show that its room temperature lattice thermal conductivities along the zigzag
and armchair directions are as low as 0.33 and 0.19 W/mK, respectively. This is attributed to the strong
anharmonicity, softened acoustic modes, and weak bonding interactions. Such values of the lattice thermal
conductivity are lower than those of other famous two-dimensional thermoelectric materials such as
MoOs, SnSe, and KAgSe. The two quasi-degenerate band valleys for the valence band maximum make
it a p-type thermoelectric material. Due to its ultralow lattice thermal conductivities, coupled with an
ultrahigh Seebeck coefficient, monolayer Snl, possesses an ultrahigh figure of merits at 800 K, approaching
4.01 and 3.34 along the armchair and zigzag directions, respectively. The results indicate that monolayer
Snl; is a promising low-dimensional thermoelectric system, and would stimulate further theoretical and
experimental investigations of metal halides as thermoelectric materials.

Keywords: thermoelectrics; electronic transport; thermal transport

1. Introduction

With more than 60% of energy in the world lost in the form of waste heat, the thermo-
electric system has attracted widespread attention, since it directly converts the waste heat to
electric energy through the Seebeck effect. It has the advantages of small size, high reliability,
no pollutants, and a feasibility in a wide temperature range. Such a system is widely used
in aerospace exploration and industrial production, such as in space probes, thermoelectric
generators, and precise temperature controls [1,2]. The converting efficiency of TE materials is
ruled by the dimensionless figure of merit (ZT); ZT = S?0T/ (k1 + ke), where S, o, T, k1, and xe
are the Seebeck coefficient, electrical conductivity, absolute temperature, lattice thermal conduc-
tivity, and electronic thermal conductivity, respectively. The electronic transport properties S, o,
and x¢, have a complex coupling relationship, and are difficult to decouple, even though they
can be modified via carrier concentration [3-5]. Historically, two aspects were established to
enhance ZT: one aspect is to optimize carrier concentration by the band structure, engineered
to enhance the power factor (0S?) [6-9], and the other aspect is to reduce the lattice thermal
conductivity, via alloying and nanostructuring [10]. Alternatively, it is more attractive to seek
materials with an intrinsic low lattice thermal conductivity (generally associated with complex
crystal structures [11]), strong anharmonicity [12,13], lone pair electrons [14,15], and liquid-like
behavior [16-18], etc.
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The group IVA metal dihalides are candidates for semiconductor optical devices and
perovskite solar cells, due to their excellent properties, such as the visible-range band
gap and the thickness-dependent band structure [19-22]. However, the application of the
Pb-based materials, such as the layered 2H-Pbl,, has been greatly limited by their toxicity
and environmental unfriendliness [23-25]. In addition, the surface of the bulk Snl, is gen-
erally very rough and accompanied by many defects, which strongly scatters carriers [26].
Fortunately, its vdW monolayer has been experimentally realized, via molecular beam
epitaxy [27]. The low dimensionality provides an effective conductive channel for carriers,
and also suppresses phonon thermal transport [28]. Thus, monolayer Snl; is a preferable
option over bulk Snl, and monolayer Pbl, in use as a TE material, and deserves to be
carefully explored in a systematic study.

In this work, combining first-principles calculations and the semiclassical Boltzmann
transport equation, the TE properties of monolayer Snl, were systematically explored.
Results show that the intrinsic ultralow lattice thermal conductivity originates from the
strong anharmonicity, weak bonding, and softened acoustic modes. The Griineisen pa-
rameter, phonons scattering phase space, and phonon relaxation time were calculated to
understand the micro-mechanism of the phonon transports. The two quasi-degenerate
band valleys for the valence band maximum (VBM) in its electronic band structure led to a
p-type TE material. The maximum ZT value along the armchair and zigzag directions at
800 K reach 4.01 and 3.34, respectively, using optimal p-type doping. These results indicate
that monolayer Snl, exhibits an extraordinary TE response, and is an ideal material for
TE applications.

2. Computational Methods

The first-principles calculations were implemented in the Vienna ab initio simulation
package (VASP, VASP.5.3, Wien, Austria) [29]. The generalized gradient approximation
(GGA) [30,31] in the Perdew—Burke-Ernzerhof (PBE) [32] form was employed to deal with
the exchange—correlation functional, with a cutoff of 300 eV ona 9 x 9 x 1 Monkhorst-Pack
k-mesh. To screen the interactions between adjacent images, the length of the unit cell of
20 A was used along the z direction. The geometry structure was fully relaxed, with a
criterion of convergence for residual forces of 0.001 eV /A, and the total energy difference
converged to within 1078 eV /A. To obtain an accurate band gap and electronic transport
performance, the Heyd-Suseria—Ernzerhof (HSE06) [33] method was employed.

The electronic transport properties of the monolayer Snl, were calculated by solving
the semiclassical Boltzmann transport equation, utilizing the BoltzTraP code (Georg K. H.
Madsen, Arhus, Denmark) [34] with a dense 35 x 35 x 1 k-mesh. The constant relaxation
time approach (CRTA) was used, since the relaxation time is not strongly dependent on the
energy scale of kgT, and has accurately predicted TE properties of multitudinous materials.
In this work, the electrons relaxation time was calculated using the deformation potential
(DP) theory [35], which considers the primarily acoustic phonon scatterings, but ignores
effects of the optical phonons in the single parabolic band (SPB) model. Based on the rigid
band approximation (RBA) [36] and CRTA, the transport coefficients S, o, and x. can be
obtained by:

_eky [ e
S= o ‘—‘(8)( de ) kBT de (1)
= dfo\e— 1
— 2 | = _ Y
o= [ 2(e) (-5 Fde @)
Ke = kg — 0S*T = Lo T 3)
E:ZVkaTk (4)

where kg, fo, and E(¢) are the Boltzmann constant, the Fermi-Dirac distribution function,
and the transport distribution function, respectively. The calculation of the relaxation
time T was extremely difficult, due to the various complex scattering mechanism in the
crystals. The relaxation time was calculated based on the DP theory in the SPB model,
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which considers the predominant scatterings between carriers and acoustic phonons in

- = |2
the low-energy region. In fact, the scattering matrix element (|M(k,k")| ) of the acoustic

phonons in the long-wavelength can be approximated as kg TE;%/C;;, where C;; and E; are
the elastic and DP constants, respectively. Thus, for the 2D material, the carrier mobility
and electrons relaxation time can be approached as [37,38]

eh3Ci1~
= 5
H2D 87T3kBdem * E12 ( )
um*
= 6
T=— (6)

where h, m*, and m,; are the Planck constant, the effective mass along the transport direction,
and the averaged effective mass, respectively.

The harmonic second-order interaction force constants (2nd IFCs) and phonon spec-
trum were calculated using the Phonopy package [39], using a 2 x 2 x 1 supercell with
a5 x 5 x 1 k-mesh using the finite-difference method [40]. The anharmonic third-order
interaction force constants (3rd IFCs), which consider the interactions between the sixth-
nearest-neighbor atoms, were obtained using the ShengBTE package (ShengBTE version
1.0.2, Wu Li, Grenoble, France; Phonopy version 2.11.0, Atsushi Togo, Sakyo, Japan) [41]
with the same supercell. The lattice thermal conductivity and phonon transport proper-
ties were obtained using the self-consistent iterative solution of the Boltzmann transport
equation, with a dense 36 x 36 x 1 mesh, which had a good convergence. Based on
the Boltzmann transport equation, with the Fourier’s low of heat conduction, the matrix
elements of the phonon thermal conductivity can be expressed by [42,43]

1
Kpap = ﬁz CAUALUABTA @)
9%

where « and f are the Cartesian indices, Ny is the total number of g-points sampled in the
first Brillouin zone, and c), v,, and 7, are the mode-specific heat capacities, phonon group
velocity, and the relaxation time, respectively. Here, the phonon thermal properties were
calculated based on the 3rd IFCs, ignoring the fourth- and higher-order terms. This strategy
described the phonon behavior of the most anharmonic materials [44,45]. To define the
effective thickness of two-dimensional (2D) materials, the summation of interlayer distance
and the vdW radii of the outermost surface atoms was adopted [44].

3. Results and Discussion
3.1. Geometry and Electronic Structure

Monolayer Snl, crystallizes in a hexagonal lattice with space group P-3m1 (164), as
shown in Figure 1. The optimized lattice parameter is 4.57 A, which is in good agreement
with the previous experimental data of 4.48 A [27]. The structure is analogous to H-
MoS; [46], consisting of three layers, with Sn atoms as the middle layer, and I atoms as the
upper and lower atomic layers. The electron localization function (ELF) provides a deeper
insight to characterize the nature of, and strengthen, the chemical band. Figure 1c shows the
calculated three-dimensional (3D) ELF map (isosurface level of 0.97). The ELF around I is in
the shape of a “mushroom”, suggesting the existence of the lone pair electrons. Moreover,
the electron sharing is better visualized by the 2D ELF map in Figure 1d. The interstitial
electrons between Sn and I are close to I atoms, and the value of the area between them is
0.5, which shows the characteristics of a free electron gas and indicates a weak bonding
between Sn and I atoms. The electronic repulsion between the lone pair electrons and the
Sn-I bonding electrons results in strong anharmonicity, such as in CuSbS, [14]. The complex
structure and lone pair electrons are also beneficial to its low lattice thermal conductivity.
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Figure 1. (a) Top view of the atomic structure of Snl, monolayer. (b) The electronic band structures
calculated with PBE and HSE06 hybrid functional potentials. (c,d) the 3D and 2D ELF maps. (e) The
3D electronic band structure calculated with PBE.

The electronic structure plays a crucial role in characterizing the electronic transport
properties. As shown in Figure 1b, the electronic band structures obtained from the
PBE and HSEO06 hybrid function potentials are presented. They exhibit analogous band
structures, except for a more accurate bandgap (2.71 eV) that approaches the experiment
value (2.9 eV) [27] for the latter structure. The conduction band mainly originates from
the p orbitals of the Sn atom and the p orbitals of the I atom, whereas the valence band
consists of the s orbital of the Sn atom and the p orbitals of the I atom. Below the VBM,
there are two quasi-degenerate band valleys along the '-M and I'-K directions with an
energy difference of ~0.03 eV, which is far less than those in SnTe (~0.35 eV) [47] and PbTe
(~0.15 eV) [1]. The multi-energy valley enhances the TE performance and is verified in
many materials [48,49]. However, the behavior of band valleys degenerate do not exist for
the conduction band minimum (CBM), which is located at the I point. Hence, it is expected
that the TE performance of the p-type could be superior to that of the n-type.

3.2. Electronic Transport Properties

All the parameters for electronic transport, calculated according to the DP theory, are
tabulated in Table 1. Based on the reasonable relaxation time, all the electronic transport
coefficients, Seebeck coefficient S, electrical conductivity ¢, and power factor (PF), as a
function of temperature at the corresponding optimal carrier concentration for p-type Snly
range from 1 x 1013 to 1 x 10'* cm~2, and are presented in Figure 2a—c. For comparison,
those for n-type Snl, at the same condition are also plotted in Figure 2d—f. Here, the tiny
anisotropy characteristics are ignored.

Table 1. The calculated DP constant E1, elastic constant, effective mass, carrier mobility, and relaxation
time along the zigzag and armchair directions in monolayer Snl, at 300 K.

Direction Type E; (eV) Ci; (J/m?) m* (mg) u (cm—2V~-1§-1)) T (fs)
Ziora e 444 17.92 0.59 .52 17.41
8738 h —443 17.92 0.73 40.16 16.72
Armchai e —4.25 17.42 0.84 3048 15.17
rmchair h —4.49 17.42 0.68 35.14 13.60
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Figure 2. Seebeck coefficient, electronic conductivity, and PF as a function of temperature under
various concentrations of p- (a—c) and n-type (d—f) doping.

Increasing the carrier concentration, the chemical potential enters in the deeper energy
levels for both p- and n-types of Snly, resulting in a decreased Seebeck coefficient at the
same temperature. It is clear that the values under p-type doping are always far larger
than those under n-type at the same condition, which can be attributed to the multi-band
character near the VBM, as shown in Figure 1b. For example, the absolute values of the S
under p- and n-types of doping at 700 K are 439 and 146 uV /K, respectively, for a doping
concentration of 1 x 10'3 cm~2. In addition, the trend of S under p-type doping is opposite
to that under n-type. The former decreases while the latter increases upon heating.

Compared with S, the electronic conductivity o exhibits a different behavior, due to
the complete relationship between them, as Equations (1) and (2) show. Interestingly, in all
cases, the electrical conductivities for p-type Snl, are always far less than those for n-type.
For example, the values under p- and n-type doping are 0.46 and 2.43 S/cm ™2, respectively,
at 700 K for a doping concentration of 1 x 10'® cm~2. At 800 K, the electrical conductivity
under p-type (n-type) increases from ~0.67 S/cm~2 (~2.24 S/cm~2) for 1 x 10'* em~2 to
6.355/cm ™2 (9.43S/cm~2) for 1 x 10 em 2.

Ultimately, the PF decouples the complete relationship between the Seebeck coefficient
and electrical conductivity. It is clearly seen that the p-type Snl, possesses significantly
higher PF values than those of the n-type system. This is in good agreement with the
previous analysis for the electronic structure. At 800 K, the PF for p-type increases from
~0.27 mW/mK? for 1 x 101 cm~2 to 0.62 mW/mK? for 1 x 10* cm—2. For the n-type
system, however, the PF decreases from ~0.15 mW/mK? for 1 x 10'® cm~2 t0 0.04 mW /mK?
for 1 x 10 cm~2. Thus, it is expected that the p-type Snl, possesses a more excellent
performance than that of the n-type. According to the Wiedemann—-Franz law, e = LoT,
where L is the Lorenz number, the classical value L = (7kg)?/3e? ~ 2.44 x 108 WQK 2 is
adopted. This value meets the result of k9-0S2T [50]. Thus, the electronic conductivity is
proportional to the electronic thermal conductivity. The results in the present work also
obey this rule.

3.3. Phonon Transport Properties

As shown in Figure 3a, the calculated total «, is very low in the wide temperature
of 300-800 K. Remarkably, the low room temperature phonon thermal conductivities of
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0.33 and 0.19 W/mK along the armchair and zigzag directions, respectively, are funda-
mentally lower than those previously reported values for 2D MOj3 (1.57 W/mk) [51], SnSe
(2.77 W/mK) [13], and CaPs3 (0.65 W/mK) [52]. Through analyzing the contributions of the
acoustic phonon branches along the in-plane (TA and LA) or out-of-plane (ZA), as well as
the optical phonon modes to the total x1, results show that the main contribution to the
xp is from the ZA mode. In the following, we reveal the origins of such ultralow phonon

conductivity, and present a comprehensive analysis to support this result.
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Figure 3. (a) Calculated lattice thermal conductivity. The contributions from the ZA, TA, LA,
and optical modes to the total ki, as well as the lattice thermal conductivities along the armchair
and the zigzag directions, are shown. (b) Phonon dispersion curves and corresponding PhDOS.
(c) Cumulative thermal conductivity and the derivatives (dashed line) with respect to frequency. (d-f)
Griineisen parameter 'y, phonon scattering phase space, and phonon relaxation time of the ZA, TA,
LA, and optical modes.

The phonon dispersion curves are presented in Figure 3b. With three atoms in its
primitive cell, there are three acoustic and six optical phonon modes for monolayer Snl,.
It is dynamically stable, since no imaginary frequency is observed. Near the long wave limit,
the TA and LA branches are in linear trend, whereas the ZA branch exhibits a quadratic
trend. These features are typical for 2D materials, and can be explained with the elastic
theory of thin plate [53]. It is clearly seen that a narrow phonon gap of about 0.1 THz
separates the phonon modes into the acoustic phonon part (0~1.35 THz) and the optical
phonon part (1.45~4.10 THz). The cutoff acoustic phonon frequency, which is as low as
1.35 THz, is lower than those for SnSe (1.6 THz) and SnS (1.9 THz) [13]. The low-lying
acoustic modes, as well as the soft mode for TA near the M point, imply the weak bonding
between Sn and I atoms, consistent with the previous analysis. From the corresponding
phonon density of states (PhDOS), the contributions from the I atomic vibrations are
apparently larger than those from Sn, within the region of 2.8 to 4.10 THz. Both Sn and I
evidently contribute in a wide energy range, implying the nature of covalent bonding [12].
In addition, it is recalled that the decoupling of the in-plane and out-of-plane phonon
modes results in ultrahigh phonon thermal conductivity for graphene, due to its one atom
plane nature [53,54]. However, such full decoupling behavior should not be observed for a
finite thickness 2D system, such as the case of the present studied monolayer Snl,.

159



Materials 2022, 15, 3147

To explain the anomalous thermal transport behavior of monolayer Snl,, the cumu-
lative lattice conductivity, and their derivatives, with respect to frequency at 300 K are
calculated and presented in Figure 3c. Clearly, the «1, is mainly caused by phonons of the
cutoff acoustic part (the shadow region < 1.35 THz). Specifically, the contributions from
ZA, TA, LA, and the optical branches are 51.21%, 15.14%, 10%, and 23.54%, respectively.
For graphene, the low frequency (0-5 THz) also dominates the x1, and the ZA mode, and
contributes 75% to x1, [54]. Comparing with graphene, the structure of the monolayer Snl,
lacks mirror symmetry. Thus, the mirror symmetry does not reflect whether the ZA mode
dominates the thermal transport [55].

Generally, there are two factors that dominate the ky: (i) anharmonic interaction matrix
elements, and (ii) the inverse of phonon phase space volume. The Griineisen parameter
v is generally employed to quantify the strength of anharmonicity [41]. Figure 3d shows
the calculated y of the ZA, TA, LA, and optical modes of the Snl, monolayer. As a
large |y | implies strong anharmonicity, it can be seen that the ZA mode exhibits giant
anharmonicity. The large |y | of this out-of-plane mode means that the anharmonicity
of the bonding between Sn and I atoms in the vertical direction of the monolayer plate is
strong. The phonon scattering phase space reveals all available scattering processes, which
are ruled by the energy and (quasi)momentum conservation. As shown in Figure 3e, the
total scatting phase space of the ZA, TA, and LA modes are 1.55 x 1073, 1.41 x 1073, and
1.35 x 1073, respectively, which confirms more abundant scattering channels of the ZA
mode, than those of the TA and LA modes. The larger the phonon phase space, the greater
the contribution to the «xy,, thus, validating the decreasing contributions to xy, from the
ZA,TA, and then LA modes. The phonon relaxation time provides a deeper microcosmic
insight to understand the ultralow «p, of Snl,. Compared with the monolayer SnP; [38],
monolayer Snl, possesses a shorter phonon relaxation time, implying an ultralow «f..

3.4. Thermoelectric Figure of Merit

By combining the phonon and electron transport coefficients, the ZT of Snl, under p-
and n-types of doping as functions of temperature and carrier concentration are presented
in Figure 4. Owing to the calculated thermal conductivity, along the zigzag direction is
slightly larger than the armchair direction, and it is expected that the ZT along the armchair
direction is higher than that along the zigzag direction. In addition, the p-type Snl, is
obviously superior to the n-type, since the two quasi-degenerate band valleys in VBM leads
to a larger Seebeck coefficient. Results show that monolayer Snl; is thermally stable up
to 800 K, by performing ab initio molecular dynamic (AIMD) simulations (see Figure S1).
The values of ZT are as high as 4.01 and 3.34 along the armchair and zigzag directions,
respectively, around concentrations of 1.0 x 103 and 1.2 x 10'® cm~?2, at 800 K. Such large
values are better than the experimental value of 2.6 for the well-known TE material SnSe
along the specific axis at 925 K [3]. In addition, the doping carrier concentrations at such
levels have been realized experimentally in monolayer MoS, [56]. Therefore, such a high TE
value for monolayer Snlj is possible, and indicates its excellent potential TE performance.

160



Materials 2022, 15, 3147

800 4.01 800 1.96
g™ 0 2 150
£ 600 g 600
E 200 % 1.00
“é.'. 500 ;_i 500
@ 9
= i

= 400 1.00 400 0.50

300 0.00 300 0.00

10" 107  10® 10" 10% 10" 10%  10® 10" 10"
Nh (cm™) Ne (ecm™?)
800 3.34 800
3.00

700 700
2 <
£ 600 200 £ 600
g g
2 500 2 500
§ 100 5
& 400 & 400

300 0.00 300

10" 107 10" 10" 10" 0" 10” 10" 10% 10"
Nh (cm™?) Ne (cm™)

Figure 4. Contour maps of ZT as functions of both temperature and carrier concentration for
monolayer Snly: (a) p-type and (b) n-type along the armchair direction, (c¢) p-type and (d) n-type
along the zigzag direction.

To clearly compare the TE performances of the monolayer Snl, with some famous
TE materials, the 1, and the max ZT are listed in Table 2. According to these results, the
monolayer Snl; is an emerging candidate for TE devices, due to its ultrahigh ZT. As seen,
the x1, of monolayer Snlj; is very low, almost a twentieth of the monolayer SnP; [38], and
is greatly lower than those of tin selenide and tin sulfide [13,48]. Such low value of the
x1, for monolayer Snl, make it a typical 2D TE system. After all, the electronic transport
properties can be easily modulated in experiments, while the lattice thermal conductivity
is very difficult to change. In addition, the «, values at the level of 0.1-0.5 W/mK in
experiments are very few. To the best of our knowledge, the complex systems of CsAgsTes
(0.18 W/mK) [57] and CsCusSe; (0.4~0.8 W/mK) [58], as well as the bulk superlattice
material Bi4O4SeCl, (0.1 W/mK) [59], are typical low x1, TE materials. Overall, the low
thermal conductivity, as well as the high ZT, make monolayer Snl, a good TE material for
low-dimensional devices.

Table 2. xy, at 300 K and the max ZT at corresponding maximum thermodynamic temperature for
monolayer Snl, as well as some typical TE materials.

Material kL, (W/mK) T
Snl, 0.26 4.01 (800 K) This work
SnS 15 1.00 (750 K) Ref. [13]
SnSe 0.6 1.50 (750 K) Ref. [13]
SnP3 497 3.46 (500 K) Ref. [38]
SnSe 112 0.85 (900 K) Ref. [48]
LaCuOSe 0.84 2.71 (900 K) Ref. [50]

4. Conclusions

In summary, the TE properties of monolayer Snl, were studied using DFT and the
semi-classical Boltzmann transport equation. The results indicate that this 2D material
possesses intrinsically ultralow lattice thermal conductivity. Its strong anharmonicity, weak
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bonding, and softened acoustic branches greatly suppress the phonon transport, and result
in an ultralow 1, of 0.33 and 0.18 W/mK at 300 K along the zigzag and armchair directions,
respectively. The p-type Snl, possesses a superior electric transport performance than the
n-type one, due to the two quasi-degenerate band valleys in its VBM. The ZT at 800 K
under p-type doping is as high as 4.01 along the armchair direction. Collectively, these
results indicate the great advantages of monolayer Snl, for converting heat energy with
high efficiency at high temperatures. Generally, when the ZT value of a material exceeds
1.0, it is considered as an ideal TE material. Therefore, the high ZT of monolayer Snl,
demonstrates it as an emerging candidate for TE applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
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