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Abstract
Thermoelectric materials, which can generate electricity using the waste heat, or
refrigerate by applying current on. So thermoelectric materials are believed to be
a promising candidate for supplying sustainable as well as environmental friendly
energy. In the past, lots of efforts have been made on the development of
thermoelectric technology. Thermoelectric technology attracted so much attention
because it possesses many advantages compared with other forms of energy
generators. For example, its merits of high reliability, quiet operation, and less
toxicity or harness to both of the human body and the earth.
The dimensionless thermoelectric figure-of-merit (ZT) is used to evaluate the
working efficiency of a practical thermoelectric system. It is defined as 𝑍𝑇 =
𝑆 ! 𝜎𝑇/𝜅, where 𝑆, 𝜎, 𝑇 𝑎𝑛𝑑 𝜅 are Seebeck coefficient, electrical conductivity,
absolute temperature and total thermal conductivity, respectively. So far, people
developed numerous methods to realize high ZT, which can be mainly divided
into two different ways, improving the power factor (𝑃𝐹 = 𝑆 ! 𝜎𝑇) or reducing the
thermal transport. Unfortunately, it is difficult to optimize all of the related
parameters at the same time because of the well-known competing correlations
between each thermoelectric parameter. For example, a good electrical
conductivity usually accompanied by a high thermal conductivity, for the carriers
are responsible for both of the electrical and thermal transport.
Carbon, as a light atom with unique phonon state, which possesses high
thermopower and tunable electrical conductivity, and is also mechanical flexible,
offers a new perspective for modulating thermoelectric behavior via embedding in
the thermoelectric matrix as a secondary phase. So far, the mechanism of how the
introduced carbon works in the carbon/thermoelectric matrix mixture system
1

remains not well understood. There are two main aspects. One believes that
carbon could change the carrier concentration of the sample, resulting in a high
power factor. While the other point is that the carbon phase introduces interfaces
and defects into the matrix, so the chemical interaction between atoms from two
phases, and the huge phonon state mismatch contribute to a strong phonon
scattering. This thesis uses graphene as the carbon source, and provides a detailed
study of the graphene/thermoelectric matrix system on significant reducing of the
thermal conductivity as well as the enhancement of the thermoelectric
performance.
Chapter 1 presents a systematic literature review on the principles of
thermoelectric (TE) theory and the development of TE materials. The TE history
is outlined from the discovery of the three most important effects (Seebeck effect,
Peltier effect, and Thomson effect) to the current application of TE materials. The
important parameters of TE materials and their physical concepts are discussed.
The main-current methods to improve the thermoelectric behavior are
summarized and discussed. Besides, the reported TE works on SnSe and the
remained challenges to further improve the performance of SnSe are also
presented.
In chapter 2, the fabrication methods including solid state reaction and Spark
Plasma

Sintering

(SPS)

process

used

in

this

thesis

are

introduced.

Characterization methods such as X-Ray Diffraction (XRD), Scanning Electron
Microscope (SEM), and Scanning Transmission Electron Microscopy (STEM) are
briefly discussed. Besides, the Physical Properties Measurement System (PPMS)
and equipment for thermoelectric properties measurements are also introduced in
this chapter.
2

Chapter 3 reports the significant enhancement of figure-of-merit and ultralow
thermal conductivity in the SnSe matrix embedded with nano-sized graphene. The
graphene-reinforced SnSe exhibits an ultralow thermal conductivity of ~0.18 Wm1

K-1 and an enhanced ZT = 1.06 at 823 K. Structure characterization reveals that

nanostructured grains of SnSe with multilayer-graphene located at grain
boundaries can be observed. XRD results show only pure α-SnSe phase. The
enhanced figure-of-merit is attributed mainly to the reduced thermal conductivity,
which results from strengthened phonon scattering by the nano-sized defects.
Chapter 4 first gives a detailed introduction to the principles of neutron scattering.
Then reports the inelastic neutron scattering experiment results conducted on
graphene, SnSe+graphene and pure SnSe. As discussed in chapter 3, the
outstanding thermoelectric behavior of SnSe/graphene system comes from its
significantly reduced thermal conductivity, it is important to understand the
mechanism how graphene affects the phonons in this system. Thus the time-offlight neutron spectrum is used to clarify the phonon modes.
Chapter 5 reports the electric and thermoelectric properties of the vanadium
doped

polycrystalline

Bi1.08-xSn0.02Sb0.9Te2S

topological

insulator

system

(V:BSSTS), and discussed the contribution from both of the surface and bulk
states to the thermoelectric properties. V:BSSTS features a bulk insulator and
high surface state electronic mobility. Furthermore, the band gap can be tuned by
the doping level of V, which can be verified by magnetotransport measurements.
The linear magnetoresistance contributed by linear dispersed band structure is
observed in all samples. The excellent thermoelectric performance is also
obtained in V:BSSTS samples, e.g., the highest figure of merit ZT of ~ 0.8 is
achieved in the 2% V doped sample at 550 K. Our result demonstrates that
3

topological materials with unique band structures can provide a new platform to
seek new high performance TE materials.
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Chapter 1: Introduction to Thermoelectric Materials
Introduction
With the accelerated growth of the world’s population, economy, and industrial
production, energy consumption is increasing at an incredible speed. So far, fossil
fuels are still the world’s main energy resources. As we all know, the Earth’s
fossil fuel resources are limited, and the prospects for human civilization are
unimaginable once they have been used up. Likewise, the environmental impact
of global climate change due to the combustion of fossil fuels is becoming
increasingly grave. So, it is an urgent challenge to find alternative clean energy
sources, and constructing a sustainable society has become one of the main
themes around the world in the 21st century. Meantime, more than 60% of the
world’s produced energy is lost as waste heat in the low and moderate
temperature range, and a compelling need exists for high-performance
thermoelectric materials that can directly convert this heat to electrical power1.
Thermoelectric materials, because of their ability to directly convert thermal
energy into electric power and vice versa, can operate as waste heat harvesters
and power generators using the Seebeck effect or be utilized as coolers and
refrigerators through the Peltier effect. One of the largest obstacles that impede
large-scale applications of thermoelectric materials is the low conversion
efficiency. Other challenges also exist for thermoelectric materials such as their
high cost, as well as high toxicity of some of their component elements, poor
mechanical strength, difficult synthesis, etc. Therefore, research on finding out
new, low-cost thermoelectric materials and further optimizing their conversion
efficiency is of significant importance.
10

1.1 Fundamentals of thermoelectricity

1.1.1 Thermoelectric effects

There are three thermoelectric effects: the Seebeck effect, Peltier effect, and
Thomson effect2-3. The Seebeck effect was discovered in 1821 by T. J. Seebeck,
which is the theoretical basis of thermoelectric power generation. He showed that
an electromotive force could be produced by heating the junction between two
different conductors or semiconductors (A and B). The Seebeck effect can be
demonstrated by making a connection between the ends of A and B, while their
other ends are applied to the terminals of a sensitive voltmeter. If the junction
between A and B is heated, it is found that the meter records a small voltage. The
arrangement is shown in Fig. 1-1(a). The conductors or semiconductors A and B
are said to form a thermocouple. It is found that the magnitude of the
thermoelectric voltage (ΔV) is proportional to the difference between the
temperature at the thermocouple junction (𝑇" ) and that at the connections to the
meter (𝑇# ), and ΔV is given by

∆V = 𝛼"# (𝑇" − 𝑇# )

(1 − 1)

Here, 𝛼"# is the Seebeck coefficient, with the unit µV/K, given by

𝛼"# =

∆𝑉
∆𝑉
= lim
∆𝑇 ∆%→' ∆𝑇

11

(1 − 2 )

Fig. 1-1 Devices for (a) thermoelectric power generation based on the Seebeck effect, (b)
thermoelectric refrigeration based on the Peltier effect.

In 1834, the French scientist J. Peltier observed a second thermoelectric effect. He
found that the passage of an electric current through a thermocouple produces a
small heating or cooling effect depending on its direction. The heating or cooling
rate is proportional to the current applied in the circuit. As shown in Fig. 1-1(b),
the Peltier effect can be demonstrated by replacing the voltage meter with a direct
current source and placing a small thermometer on the thermocouple junction.
The differential Peltier coefficient is defined as 𝜋"# , which is equal to the ratio of
the rate q of heating or cooling at each junction to the electric current I,

𝜋"# =

𝑞
𝐼

(1 − 3 )

In 1851, the English scientist W. Thomson recognised that reversible heating or
cooling exists when both a flow of electric current and a temperature gradient are
applied to a homogeneous conductor or semiconductor, namely, the Thomson
effect. The Thomson coefficient, β, which shares the same unit with the Seebeck
coefficient, is defined as the rate of heating per unit length that results from the
passage of unit current along a conductor or semiconductor in which there is unit
12

temperature gradient. β is given by

𝑞 = 𝛽𝐼∆𝑇

(1 − 4)

The three thermoelectric effects are dependent on each other, and their
relationships can be described by the following equations

𝛼"# =

𝜋"#
𝑇

𝑑𝛼"# 𝛽" − 𝛽#
=
𝑑𝑇
𝑇

(1 − 5 )

(1 − 6)

Then, the absolute Seebeck coefficient of a homogeneous conductor or
semiconductor can be derived as

%

α=F
'

𝛽
𝑑𝑇
𝑇

(1 − 7 )

1.1.2 Basic parameters of thermoelectricity

The efficiency of thermoelectric modules is often evaluated by a dimensionless
figure-of-merit4-6

𝑍𝑇 =

𝛼 ! 𝜎𝑇
𝜅
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(1 − 8)

where α is the Seebeck coefficient, s is the electrical conductivity, T is the
absolute temperature, and 𝜅 = 𝜅( + 𝑘) is the thermal conductivity, constituted by
electronic 𝜅) and lattice 𝜅( contributions, respectively. Here, the power factor is
defined as PF = 𝛼 ! 𝜎𝑇. To screen thermoelectric materials with a high figure of
merit (ZT) at a specific temperature, high 𝛼 and 𝜎 (namely, a high power factor)
and low 𝜅 are required at the same time. Unfortunately, it is hard to optimize
these three parameters simultaneously because of the competing correlations (e.g.,
α, s, and k have inverse interactions through the carrier concentration (n)). For
thermoelectric devices, the maximum power generation efficiency (𝜂*+, ) and
refrigeration efficiency (ϕ*+, ) are defined to characterize their performance

𝑇- − 𝑇. P1 + 𝑍𝑇Q − 1
∙
𝑇P1 + 𝑍𝑇Q + 𝑇.
𝑇

(1 − 9)

P1 + 𝑍𝑇Q − 𝑇.
𝑇𝑇=
∙
𝑇- − 𝑇. P1 + 𝑍𝑇Q + 1

(1 − 10)

𝜂*+, =

-

∅*+,

The electrical conductivity s can be calculated from the carrier concentration n
and mobility μ, and the expressions for them are given below

(1 − 11)

σ = neµ

n = 2X

2𝜋𝑚∗ 𝑘# 𝑇 0
[
ℎ!

14

⁄!

𝐹234⁄! (𝜂)

(1 − 12)

µ=

4𝑒
3
𝜏
2 '
(
)
X𝑟
+
[
𝑘
𝑇
#
2
𝑚∗
3𝜋 4⁄!

(1 − 13)

where e is the elementary charge (𝑒 = 1.60 × 10546 C), 𝑘# is the Boltzmann
constant ( 𝑘# = 1.38 × 105!0 𝐽/𝐾 ), 𝑚∗ is the effective mass, h is Planck’s
constant, r is the scattering factor, and 𝜏' is the relaxation time of the carriers.
In this thesis, the single parabolic band (SPB) theory is used to explain the
electrical transport properties of the materials, by which the Seebeck coefficient α,
Fermi integrals 𝐹7 (𝜂8 ), and reduced Fermi energy 𝜂8 are given by

α=±

(𝑟 + 5⁄2)𝐹230⁄! (𝜂)
𝑘#
e𝜂 −
g
(𝑟 + 3⁄2)𝐹234⁄! (𝜂)
𝑒

9

𝑥 7 𝑑𝑥
𝐹7 (𝜂8 ) = F
' 1 + exp(𝑥 − 𝜂8 )

η=

𝐸8
𝑘# 𝑇

(1 − 14)

(1 − 15)

(1 − 16)

where EF is the Fermi energy. For ionized impurity scattering, 𝑟 = 3⁄2 , for
acoustic phonon scattering, 𝑟 = −1⁄2, and for the optical phonon scattering, r =
1⁄2. In this thesis, the scattering mechanism of the materials that I studied above
room temperature is mainly the acoustic phonon scattering, namely r = − 1⁄2.
By combining the above three equations, and using the SPB model, the Seebeck
coefficient can easily to be deduced as

15

8𝜋 ! 𝑘# ! ∗
𝜋 ! ⁄0
α=
𝑚
𝑇
n
o
3𝑒ℎ!
3𝑛

(1 − 17)

As talked above, the thermal conductivity k is given by the equation (1-18):

κ = 𝜅( + 𝜅)

(1 − 18)

where the lattice thermal conductivity κ( is given by

1
κ( = 𝐶: 𝑣𝑙
3

(1 − 19)

where 𝐶: is the heat capacity at constant volume, v is the average phonon velocity,
and l is the mean free path of the phonons. Generally, the 𝐶: of materials at high
temperature obeys the Dulong-Petit law.
The electronic thermal conductivity is decided by the Lorenz number L, the
electrical conductivity s, and the absolute temperature T,

𝑘) = 𝐿𝜎𝑇

(1 − 20)

The Lorenz number is usually not a constant, and it is related to the Fermi energy
and band structure

!
7
5
n𝑟 + 2o 𝐹23;⁄! (𝜂)
n𝑟 + 2o 𝐹230⁄! (𝜂)
𝑘#
L=X [ v
−w
x y
3
3
𝑒
n𝑟 + 2o 𝐹234⁄! (𝜂)
n𝑟 + 2o 𝐹234⁄! (𝜂)
!
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(1 − 21)

1.2 Review of the development of thermoelectric materials

It has been about 200 years since the discovery of the thermoelectric effects. In
the last five decades, researchers on thermoelectric materials have made a series
of major breakthroughs due to the theoretical development of the semiconductors4,
6

. Among the traditional thermoelectric materials, Bi2Te3 based compounds at

room temperature7-14, PbTe based compounds at middle temperature15-26, and
SiGe based alloys at high temperature27-34 are the most widely studied materials
systems. Fig. 1-2 provides a summary of the most popular thermoelectric
materials and their ZTs. Bismuth telluride and lead telluride possess relatively low
thermal conductivity and show excellent thermoelectric performance, so they are
regarded as very promising thermoelectric materials. Since 2010, research
focusing on these two materials and their related alloys has become mature and
highly valued. Bi2Te3 is now extensively used in the construction of
thermoelectric modules. The performance of these modules has steadily improved.
The Bi2Te3 system, including p-type BixSb2-xTe3 and n-type Bi2Te3-xSex, still
remain the best thermoelectric materials close to room temperature and have
achieved high ZT of more than 1. So far, most of the refrigeration devices are
using the Bi2Te3 based materials. The PbTe system, however, used around 500‒
900 K, has realized a maximum ZT of 0.8 and is mostly applied in thermoelectric
power generators, although obvious limitations exist. The element Te is rare on
earth and extremely expensive, while Pb is highly toxic. Therefore, developing
environmentally friendly thermoelectric compounds with less or no Te/Pb is quite
urgent. Nowadays, a series of new thermoelectric materials low are low-cost and
have low toxicity are attracting considerable attention, e.g. skutterudites35-39,
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MgAgSb40-49, chalcogenides50-55, Mg2Si56-59 and its alloys, and half-Heusler
alloys60-71. It is worth mentioning that the recently reported p-type single crystal
SnSe achieves a remarkable high ZT of ~2.6 at 923 K along the b-axis which is so
far the world record5. Such a high ZT value is mainly due to the combination of its
ultra-low intrinsic lattice thermal conductivity and its moderate power factor.
Hence, SnSe-based thermoelectric systems have become more and more popular
nowadays, and is now a promising global research topic.

hole-doped single crystal SnSe a axis
hole-doped single crystal SnSe b axis
hole-doped single crystal SnSe c axis
single crystal SnSe a axis
single crystal SnSe b axis
single crystal SnSe c axis
BiSbTe
MgAgSb
NaPbmSbTem2
GeTe0.8AgSbTe2

3.0

2.5

ZT

2.0

1.5

PbTe4SrTe2Na
polycrystalline SnSe
PbTe
Cu2Se

1.0

FeNbSb
Bi0.5Sb1.5Te3

0.5

Si0.8Ge0.2
0.0

YAGS
300

450

600

750

900

1050

1200

1350

Temperature (K)

Fig. 1-2 ZTs of the mostly widely studied thermoelectric materials so far5-6, 10-11, 15, 20-23, 27, 40-41, 62, 65,
83

.

1.3 SnSe-based thermoelectric materials

As mentioned above, single crystal SnSe has attracted considerable attention due
to its extremely low thermal conductivity and its remarkable high ZT of 2.6 along
the b-axis. Compared with materials with good thermoelectric performance such
as Bi2Te3 and PbTe, its component elements Sn and Se have abundant reserves
and are low-cost, making SnSe a promising environmentally friendly
thermoelectric material. Challenges exist, however. For example, the mechanical
18

properties of the single crystal SnSe remain bad, the cost for production stays
relatively high, and there are also many difficulties in crystal growth. The above
mentioned limitations make it difficult for single-crystal SnSe to be widely
applied. Hence, more and more research has focused on optimizing the
thermoelectric performance of polycrystalline SnSe. Since polycrystalline SnSe is
much easier to synthesize, it is expected to have better prospects of application
once a high enough ZT has been achieved.

1.3.1 Structural properties of SnSe

SnSe is an inorganic semiconductor, with a molar mass of 197.67 g mol-1, and the
theoretical density of which is 6.179 g cm-3 at room temperature, and it melts at
1134 K. SnSe crystallizes in a highly anisotropic layered orthorhombic (Pnma
group, α-SnSe) crystal structure below 800 K with lattice parameters a = 11.37 Å,
b = 4.19 Å, and c = 4.44 Å, and it undergoes a structural transition from Pnma to
Cmcm (β-SnSe) above 800 K5. The lattice parameters of the high-temperature
phase are a = 4.31 Å, b = 11.71 Å, and c = 4.42 Å. Fig. 1-3 shows the crystal
structures of α-SnSe and β-SnSe. As can be seen, the structures of both α-SnSe
and β-SnSe are layered. In α-SnSe, the layers are formed by strongly joined Sn
and Se atoms, with the form of two zigzag Sn-Se chains in two planes. The layers
pile up with a weak van der Waals coupling as well as long-range electrostatic
attraction along the a-axis direction. Bulk SnSe has an indirect band gap of 0.90
eV and a direct band gap of 1.30 eV. In β-SnSe, the Sn and Se atoms are also
strongly joined in plane with a higher crystal symmetry. Note that the inharmonic
bonding between Sn and Se is the key factor behind the ultralow k obtained in
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SnSe, because the inharmonicity results in imbalanced phonon transport, it
enhances the phonon-phonon scattering and, in turn, reduces 𝜅( 72.

Fig. 1-3 Crystal structures of (a) the low-temperature (Pnma) phase and (b) the high-temperature
(Cmcm) phase of SnSe. The black borders indicate the conventional unit cells of the two phases72.

1.3.2 The band structure and effective mass of SnSe

One of the common characteristics of IV-VI compounds is their narrow band gaps,
so I first discuss the band gap (𝐸< ) of SnSe73-81. In the 1980s, an indirect band gap
of 0.923 eV was obtained from optical absorption measurements of thin single
crystal SnSe wafers in its low temperature phase. As the modern computational
science and engineering developed rapidly, theoretical simulations such as density
functional theory (DFT) based first-principles calculations are more and more
used to calculate the band gaps and the electronic band structures. Table 1-1
shows the previously reported band gap of SnSe and the corresponding
calculations. As shown in Table 1-1, different values of the band gaps for α-SnSe
and β-SnSe are reported by different goups, with the band gap for β-SnSe much

20

smaller than that for α–SnSe. The reduction of the band gap is related to the
change in atom positions.

Table 1-1 Summary of band-gap data for SnSe and the corresponding calculation methods.
Structure

Bandgap

Method

Year

Ref.

First-principles DFT

2014

[5]

2015

[72]

2015

[74]

(eV)
α-SnSe,

0.61

β-SnSe

0.39

α-SnSe,

0.829,

First-principles calculations based on

β-SnSe

0.464

DFT

and

many-body

perturbation

theory
α-SnSe,

0.86

Full-potential Korringa-Kohn-Rostoker

β-SnSe

0.64

method

α-SnSe

0.59

First-principles DFT

2017

[79]

α-SnSe

0.923

Optical-absorption measurements

1981

[80]

α-SnSe

0.86

First-principles study and Boltzmann

2015

[75]

transport theory
α-SnSe

0.61

DFT

2019

[73]

α-SnSe

0.86

DFT

2015

[76]

α-SnSe

0.83

Boltzmann transport equation based on

2018

[81]

first-principles

calculated

electron-

phonon interactions

The calculated band structures of α-SnSe and β-SnSe, including quasiparticle and
spin-orbit coupling corrections, are shown in Fig.1-4 (a) and (b). The band gap of
α-SnSe was found to be indirect with a magnitude of 0.829 eV, while β-SnSe has
a direct band gap with a magnitude of 0.464 eV. It is interesting to note that both
of the two phases of SnSe have a very complex electronic structure, which is one
of the most important reasons for its good thermoelectric performance72. Table 121

2 summarizes the Brillouin-zone positions, energies, and multiplicities of the
band extrema of Pnma-SnSe and Cmcm-SnSe72. In the low temperature phase
(Pnma-SnSe), the VBM is located at (0.00, 0.35, 0.00) along the Γ-Y direction of
the first Brillouin zone. A local valence-band maximum is also found at (0.00,
0.42, 0.00). The conduction-band minimum (CBM) is at the position of (0.33,
0.00, 0.00) along the Γ-X direction. In the high temperature phase (Cmcm-SnSe),
the VBM and CBM are at the same position which is (0.34, 0.50, 0.00) along the
X-A direction. Both of the two phases show multiple local band extrema near the
band edges, which are ignorable when estimating the thermoelectric behaviors of
SnSe. The reported effective mass (𝑚∗ ) along different directions for both of the
two phases of SnSe can also be found in Table 1-2. Clearly, 𝑚∗ exhibits highly
anisotropy: the effective mass along the a-axis (𝑚+∗ ) is larger than that of the inplane effective mass (𝑚=∗ and 𝑚>∗ ). This is attributed to the layered nature of the
SnSe structure, the electron of which prefer transporting in-plane.

Fig.1-4 Band structures of (a) the low-temperature (Pnma) phase and (b) the high-temperature
(Cmcm) phase of SnSe72.

Table 1-2 Calculated values of the positions and energies of the conduction and valence band
extrema, and effective masses along the a, b, and c axes for the low-temperature (Pnma) and hightemperature (Cmcm) phases of SnSe.
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1.3.3 Research progress on single crystal SnSe

The SnSe single crystal is usually grown by the Bridgeman method. In 2014,
Zhao, et al.5 successfully grew undoped single crystal SnSe and discovered a
world-record high ZT along the b-axis at 923 K. The ZT along the c-axis was also
observed to have a relatively high value of 2.3. The ZT along the a direction is
much lower than in the other two directions, however, which is 0.8. The
thermoelectric behavior of the SnSe single crystal shows strong anisotropy, as
plotted in Fig. 1-5. The electronic and thermal transport measurements indicate
that the excellent thermoelectric performance of single crystal SnSe comes from
its extremely low thermal conductivity.
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Fig. 1-5 The dimensionless figure of merit ZT of SnSe single crystals along different axes5.

In order to clarify the origin of the intrinsically low thermal conductivity of SnSe,
Zhao, et al.5 calculated the phonon and Grüneisen dispersions using firstprinciples density functional theory (DFT) phonon calculations within the quasiharmonic approximation, and the results are shown in Fig. 1.6 (a) and (b),
respectively.

Fig. 1-6 Theoretically calculated phonon and Grüneisen dispersions. (a) Phonon dispersion. TA,
TA', transverse acoustic phonon scattering branches; LA, longitudinal acoustic phonon scattering
branch. (b) Grüneisen dispersion; inset, the average Grüneisen parameters along the a, b and c
axes5.
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As illustrated in Fig. 1-6(a), they found out that the Γ-X Brillouin zone direction
(a-axis) possesses softer acoustic modes than both the Γ-Y (b-axis) and the Γ-Z
(c-axis) directions. The soft acoustic modes in the Γ-X Brillouin zone indicate
weak interatomic bonding and probably strong anharmonicity. Fig. 1-6(b) shows
the plotted dispersions of the Grüneisen parameters of SnSe, and it can be seen
that the Grüneisen parameters have very large values, especially along the a-axis.
The average values of the Grüneisen parameters for the a, b, and c axes are 4.1,
2.1, and 2.3 respectively. The anomalously high Grüneisen parameter along the a
direction results from the weak bonding in SnSe, thus leading to the ultralow 𝜅( ,
which is 0.23 W m-1 K-1.
Inelastic neutron scattering (INS) measurements as well as first-principle
simulations were used to map the phonon dispersion of SnSe and further
demonstrated the origin of the anharmonicity82. Fig. 1-7 shows the transverse
acoustic and optical phonons, which reveal critical aspects of the lattice dynamics
of SnSe that lead to the ultralow thermal conductivity. It can be seen that the TA
modes are considerably softer along the Γ-X direction than those along the Γ-Y
direction. This matches with the much lower 𝜅( along the a-axis than along the band c-axes, indicating the anisotropic thermal transport. It is worth mentioning
that, in Fig. 1-7(e) and (f), the phonon dispersions along the Γ-X direction at
higher temperature show much more softening than those along the Γ-Y direction,
meaning that the degree of anharmonicity of the phonons also exhibits a strong
anisotropy.
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Fig. 1-7 (a), (b) Phonon dynamical structure factor, S(Q, E), calculated from first principles for
momenta along [H, 0, 2] and [0, K, 2] at T = 100 K. (c), (d) S(Q, E) measured with INS for the
same directions and temperatures as in (a) and (b), respectively. (e), (f) S(Q, E) as in (c) and (d)
but at 648 K82.

Although its thermal transport behavior is excellent, its relatively high electrical
resistivity, due to its low carrier concentration of ~1017 cm-3, is still one of the
most important disadvantages of pure single crystal SnSe. In addition, unlike the
facile doping behavior of Pb-based thermoelectric materials, doping SnSe is
difficult because of the layered anisotropic structure where each SnSe layer is two
atoms thick and there is locally distorted bonding around the Sn and Se atoms.
Moreover, an exceptionally high peak value of ZT is found in the hightemperature phase of SnSe (T > 800 K, β-SnSe), while the thermoelectric
performance of the low-temperature phase (T < 800 K, α-SnSe) is rather poor,
which greatly limits applications of this material. Thus, researchers have made
many efforts to introduce more carriers into the SnSe matrix and then optimize
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the electronic transport performance. Zhao, et al.83 successfully achieved holedoping in single crystals of SnSe using sodium as an effective acceptor, as shown
in Fig. 1-8(a). They demonstrated that hole doping pushes the Fermi level of SnSe
deep into the band structure and activates multiple valence band maxima that lie
close in energy, enabling enhanced Seebeck coefficients and power factors. A
record high average ZT ~ 1.34, ranging from 0.7 to 2.0 at 300-773 K, was
obtained.
In 2015, Peng, et al.84 fabricated p-type Na, Ag doped SnSe single crystals and
achieved excellent thermoelectric performance over a broad range of temperatures.
As shown in Fig. 1-8(b), an average ZT value of more than 1.17 measured from
300 K to 800 K and a maximum ZT value of 2.0 at 800 K were realized along the
b-axis in their 3 at. % Na doped sample (Sn0.97Na0.03Se). Based on the theoretical
estimates and the experimental data, the Fermi level was found to be shifted to the
desired range of energies through doping. The enhancement of the overall
thermoelectric performance makes SnSe single crystals useful over a very wide
temperature range. It was also found that the valence band edge is flattened, and
the number of carrier pockets was enlarged. Consequently, the electronic transport
and thermoelectric properties of the doped SnSe along the b-axis were optimized.
Two years later, Peng, et al.85 made another breakthrough. They reported a series
of record-high average ZT values of ~1.60 over a wide temperature range from
300 K to 923 K and a maximum ZT value of 2.3 at 773 K in SnxNa1-xSe0.9S0.1
single crystal, which was achieved through a synergistic band engineering
strategy. There were new multiple valence band extrema near the band edges in
SnSe0.9S0.1 compared with SnSe. The Fermi level was shifted towards the multivalley bands through Na doping, introducing extra carrier pockets to participate in
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electrical transport. The above-mentioned effects resulted in an optimized
ultrahigh power factor in their Na doped SnSe0.9S0.1 samples. Combined with the
ultralow thermal conductivity derived from the intrinsic anharmonicity and point
defect phonon scattering, a record high calculated conversion efficiency of 21%
over a wide temperature range was approached. The results are shown in Fig. 18(c).
In 2019, Qin et al.86 reported another record-high average ZT of ~1.6 at 300-793
K with maximum ZT values ranging from 0.8 at 300 K to 2.1 at 793 K in p-type
Sn0.98Na0.02Se1-xTex single crystals. The Te alloying improves the carrier mobility
by making the bond lengths more nearly equal and sharpening the valence bands,
resulting in enhanced electrical conductivity. Meanwhile, the Seebeck coefficient
remains large due to the multiple valence bands. Thus, the power factor obtained
is as dramatically high as ~55 μWcm-1K-2 at 300 K. It should also be noted that
the Te alloying promotes Sn atom displacement and leads to low thermal
conductivity. Comprehensively, the above-mentioned high thermoelectric
properties are achieved, as shown in Fig. 1-8(d).
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Fig. 1-8 ZTs of reported (a) hole-doped83, (b) Na, Ag doped84, (c) Na, S doped85, and (d) Te
alloyed and Na doped86 p-type single crystals.

For thermoelectric device applications, it is necessary to have n-type materials
with comparable ZT values. Duong, et al87. successfully synthesized n-type SnSe
single crystals by substituting Bi on Sn sites. It was found that the carrier
concentration increases with the Bi content and has a great influence on the
thermoelectric properties of the n-type SnSe single crystals. A maximum ZT value
of 2.2 along the b-axis was achieved at 733 K in the most highly doped n-type
SnSe with a carrier density of ~2.1 × 1019 cm-3, as shown in Fig. 1-9.
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Fig. 1-9 Thermoelectric properties of Bi-doped n-type single crystal SnSe87.

Wu et al.88 used sophisticated aberration corrected scanning transmission electron
microscopy to directly observe an a vast number of off-stoichiometric Sn
vacancies and Se interstitials, and they pointed out that the previously reported
ultralow thermal conductivity of SnSe single crystals is partly contributed by this
off-stoichiometric feature. By synthesizing and measuring the thermal transport
performance of the stoichiometric samples, they found that their lattice thermal
conductivity was much higher than that of the off-stoichiometric SnSe. This work
gives us a deeper insight into the origins of ultralow thermal conductivity in SnSe
single crystals. Fig. 1-10(a) shows the lattice thermal conductivity of
stoichiometric and off-stoichiometric SnSe single crystals.
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Jin et al.89 also grew large-size off-stoichiometric Sn1-xSe single crystals, and
excellent thermoelectric properties were achieved. ~0.3% Sn vacancies led to a
large hole density of ~1.2 × 1019 cm-3, and an optimized power factor of ~6.1 μW
cm-1K-2 at 793 K. The Sn vacancies induce obvious lattice distortions at the same
time, which were responsible for the low thermal conductivity of ~0.39 Wm-1K-1
at 793 K, as shown in Fig. 1-10(b), resulting in a high ZT value of ~1.24.

Fig. 1-10 (a) Lattice thermal conductivities in Wu et al.’s study88, (b) thermal conductivity in Jin et
al.’s work89.

1.3.4 Research progress on polycrystalline SnSe

Although single crystal SnSe possesses outstanding thermoelectric properties, it
still has many shortcomings. For example, single crystal SnSe has poor
mechanical properties, prospective high production costs, and also many
limitations in its crystal-growth techniques, making it difficult to apply in
thermoelectric devices. Considering these points, polycrystalline SnSe has been a
cost-effective approach. For large-scale applications, it is also desirable to achieve
high ZT in polycrystalline bulks. Subsequent experimental investigations on
polycrystalline SnSe, unfortunately, reported much lower ZTs at various
temperatures. For example, the ZT in un-doped polycrystalline p-type SnSe was
reported to be only 0.3-0.8 due to its poor electrical properties, and the large
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discrepancy between the single crystal and its polycrystalline counterparts has
inspired further research on the thermoelectric properties of SnSe. It is very
important to develop efficient and economical methods to achieve high ZT in
polycrystalline SnSe bulks. Researchers have worked for a long time to find some
efficient ways to improve the thermoelectric performance of polycrystalline SnSe.
The two main methods to achieve this are structural modification, such as
texturing and nanostructuring, and chemical doping.
1.3.4.1 Texturing
To achieve high ZT, various texturing routes such as cold-pressing and hotpressing, as well as SPS, have been tried in un-doped polycrystalline SnSe. For
example, the arc-melting method was used to synthesize SnSe in order to achieve
an enhanced Seebeck coefficient (S)90. This method has no sintering progress, and
a high S of ~660 µV K-1 at 395 K was obtained, as well as an ultralow k of 0.1-0.2
W m-1 K-1 at the same temperature. Unfortunately, a low s of ~0.16 S cm-1,
resulting from a low n of 7.95 × 1015 cm-3 at 395 K, in turn resulted in a low S2s,
as well as a low ZT. SnSe nanocrystals synthesized via the solvothermal route
showed an n of ~1× 1019 cm-3, although a low S of ~160 µV K-1 as well as a high

k of 1.4 W m-1 K-1 were obtained at 300 K. Consequently, the ZT was low91.
Therefore, it is still a challenge to decouple s, S, S2s, and k to realize high ZT for
un-doped polycrystalline SnSe.
It can be seen that the thermoelectric performances obtained from different
texturing approaches various a lot. When it comes to the cold-pressing route, both
the microstructure and the thermoelectric properties can be influenced by thermal
annealing via re-alignment of crystalline domains92. It has been hard to achieve
high ZT through this method, however, because of the low s92. A maximum ZT of
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only ~0.1 was achieved, even when cold-pressing was combined with annealing92.
As for hot-pressing, a polycrystalline SnSe ingot with highly textured structure
was synthesized, and the maximum ZT was 1.1 which resulted from the enhanced

s of 61.9 S cm-1 and S of ~366.3 µV K-1 at 873 K93, although a relatively high k
of ~0.66 W m-1 K-1 was obtained in this case93. When the solvothermal method
was combined with the SPS route, a peak ZT of 1.36 was achieved, which is so far
the highest value6. Fig. 1-11 summarizes the recently obtained thermoelectric
properties as functions of temperature for un-doped polycrystalline SnSe prepared
by different texturing routes92-97. It is obvious that most of the ZT values obtained
via texturing routes are still low, indicating that we are very much in need of new
methodologies.
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Fig. 1-11 Temperature-dependent thermoelectric properties of pure polycrystalline SnSe prepared
by melting + hot-pressing, melting + annealing + SPS, solvotherma l+ SPS, zone melting (ZM) +
SPS , melting + SPS, and cold-pressing + annealing: (a) σ, (b) S, (c) S2σ, (d) κ, and (e) ZT. (f)
Comparison of both average and peak ZT of different materials from 323 K to 873 K81.

1.3.4.2 Chemical doping
In order to achieve a high ZT in polycrystalline SnSe, the s, S, S2s, and k need to
be decoupled, and element doping is an effective way to control carrier density.
The most popular elements used for doping polycrystalline SnSe are alkali metals
such as K and Na79, 98-102, chalcogenide elements such as Te103-107, and precious
metals such as Cu and Ag102, 108-113, and high ZT values over 1.0 were achieved by
using these dopants. Most of the doped elements act as substitution on Sn sites to
tune carrier concentration, while elements like Te were introduced to replace a
part of Se. Fig. 1-12 shows a summary of the thermoelectric properties for
polycrystalline un-doped SnSe as functions of temperature and polycrystalline
SnSe doped with 1.5% Ag, 1% Te, 1% Ge, 1% Zn, 0.4% BiCl3 and 3% I79, 97, 105,
114-118

. It is easy to be found that most of the dopants can effectively optimize the

electrical transport behavior over a wide temperature range via controlling carrier
concentration. As result, an enhanced power factor S2s is achieved. Compared
with un-doped polycrystalline SnSe, most of the dopants can also reduce k
effectively. The above-mentioned dopants can also introduce numerous defects
and/or nano-sized boundaries and secondary phases. Therefore, the phonon
scattering is enhanced, resulting in a decreasing of kl. In a word, doping is a
promising approach to optimize the thermoelectric behavior of the polycrystalline
SnSe.
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Fig. 1-12 Temperature-dependent thermoelectric properties for pure and doped polycrystalline
SnSe with 1.5% Ag, 1% (Na, K), 1% Te, 1% Ge, 1% Zn, 0.4% BiCl3, and 3% I: (a) σ, (b) S, (c)
S2σ, (d) κ, and (e) ZT. (f) Comparison of both average and peak ZT of different materials from 323
K to 873 K81.

1.3.4.3 Phase separation
Tang, et al.119 fabricated phase-separated Sn1-xPbxSe materials for the first time by
hydrothermal synthesis and demonstrated that the introduction of a PbSe second
phase into SnSe can simultaneously optimize the power factor and significantly
reduce the thermal conductivity, resulting in a high thermoelectric performance.
The PbSe second phase, together with nanoscale precipitates and mesoscale grains
effectively scattered phonons, leading to low lattice thermal conductivity111, 119-120.
A remarkably high thermoelectric performance with ZT ~ 1.7 at 873 K was
achieved for the SnSe + 1% PbSe sample along the pressing direction119. Fig. 135

13(a) and (b) shows the phase map of SnSe + 1% PbSe and its temperaturedependent ZT along both directions, which are parallel and perpendicular to the
pressing direction, respectively. Later, Liu et al. demonstrated that extremely low
thermal conductivity and high thermoelectric performance in polycrystalline SnSe
could be achieved via phase separation. They doped Pb and Zn into the SnSe
matrix and successfully introduced PbSe as a secondary phase, which contributed
to remarkable enhancement of the electrical conductivity and power factor. Luo,
et al.111 fabricated Ag/Na co-doped polycrystalline SnSe and observed Ag8SnSe6
nanoprecipitates in the matrix. The dispersion of the Ag8SnSe6 nanoprecipitates
caused the SnSe matrix to become nanostructured and further strengthened the
scattering of phonons. Therefore, ~20% reduction of the lattice thermal
conductivity was realized at 773 K.

Fig. 1-13 (a) Phase map of SnSe + 1% PbSe, (b) figure of merit ZT along directions parallel and
vertical to the pressing direction119.

The above induced second phases are either expensive or toxic, however, and
some of them are even highly dangerous. Recently, Zhao et al.121 reported that the
thermoelectric performance of the Cu2Se system over a wide temperature range
was significantly enhanced through using various types of solid carbon. They also
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demonstrated that graphite introduced nanostructures with interspacing between
Cu2Se nanoscale grains and also contributed to a high density of interfaces, both
of which were responsible for their significantly enhanced ZT of 2.4 at 850 K. Fig.
1-14 shows the microstructures of graphene-incorporated Cu2Se, and it can be
seen in Fig. 1-14(i) that the thermal conductivity was significantly reduced by
graphene incorporation. El-Asfoury et al. also used graphene with incorporation
of Bi85Sb15 compound to successfully decouple the κ and σ of SnSe. In this work,
graphene was incorporated into the microstructure of polycrystalline SnSe to
decorate the grain boundaries and prevent crystal growth. Also, the decrease in
electrical conductivity was compensated by increasing the carrier concentration (n)
via the graphene doping. Based on these previous research efforts, graphene can
be regarded as a very promising substance that can actas a second phase to
decouple the κ and σ, and reduce the lattice thermal conductivity through
incorporation with the thermoelectric matrix. There are not many studies focusing
on graphene/thermoelectric materials systems, however, and not on the
SnSe/graphene system either. Inspired by this, introducing graphene as the carbon
source, which is inexpensive, non-toxic and highly efficient, into the p-type
polycrystalline SnSe matrix is worth trying to achieve enhancement of the
thermoelectric performance.
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Fig. 1-14 (a) Scanning electron microscope (SEM) backscattered image and associated energy
dispersive spectroscopy (EDS) maps for ion beam polished Cu2Se/0.45 wt% graphene nanoplates
(GNPs). Scanning transmission electron microscope (STEM) (b) bright field (BF), and (c) highangle annular dark field (HAADF) images showing the presence of a dispersion of large angular
carbon inclusions and smaller rounded voids. (d) High-resolution transmission electron
microscope (HRTEM) image showing the allocation of nanosized sublattices. (e) STEM BF image
of graphitic inclusions lying on a Cu2Se grain boundary. (f) STEM BF image of a multi-layered
graphene particle embedded in the Cu2Se matrix (dark). (g) STEM BF image of the interface
where Cu2Se has nucleated on graphitic carbon (bottom), triggering enlargement of the lattice
constant near the interface. (h) Schematic diagram of the nucleation process leading to small grains.
(i) Ultralow thermal conductivity achieved by incorporation of graphene nanoplatelets121.

1.3.4.4 Nanostructuring and other strategies
As discussed above, it is a quite mature technology to improve the carrier
concentration by doping other elements such as Na into the SnSe matrix, and the
higher density of carriers leads, in turn, to better electrical conductivity as well as
a better power factor, although the thermal transport properties are often harmed
simultaneously. Nanostructures possess a high intensity of interfaces and grain
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boundaries, which are responsible for effective phonon scattering, and as a result,
lead to low thermal conductivity. Therefore, introducing nanostructures into the
thermoelectric materials has the full potential to enhance ZT. Luo et al.111
discovered an effective strategy for significantly reducing the thermal
conductivity

in

p-type

polycrystalline

SnSe

by

introducing

Ag8SnSe6

nanoprecipitates. The SnSe matrix becomes nanostructured with dispersed
nanoprecipitates of the Ag8SnSe6, which strengthens the scattering of phonons.
Finally, ~20% reduction of the lattice thermal conductivity is realized. Combined
with the high power factor induced by Na/Ag codoping, a peak ZT of 1.33 at 773
K and a high average ZTave value of 0.91 in the 423-823 K temperature range are
achieved.
Shi, et al122. designed a facile solvothermal route to fabricate nanoporous p-type
polycrystalline SnSe, and a high ZT of 1.7 ± 0.2 at 823 K was reported. They
firstly induce InSey nanoprecipitates in the SnSe matrix, and then successfully
introduced nanopores through decomposition of the nanoprecipitates during the
sintering process. Fig. 1-15 illustrates the formation of the nanoporous structure.
From Fig. 1-15(a) and (b), it can be seen that InSey is distributed homogeneously
in the SnSe matrix. Fig. 1-15(c) shows that the InSey phase decomposes during
sintering, after which, nanopores can be observed in Fig. 1-15(d).
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Fig. 1-15 (a) SEM image of the SnSe matrix with 4% InSey microplates, (b) corresponding EDS
maps taken from (a), (c) thermogravimetric analysis (TGA) curves of the SnSe samples under
vacuum with and without 4% InSey. (d) SEM image with magnified SEM image in the inset of
SnSe-4% nanopore pellets122.

Chandra et al.123 synthesized two-dimensional nanoplates of Ge-doped SnSe via
the hydrothermal route, and then sintered them into pellets by spark plasma
sintering. They achieved a high ZT of 2.1 at 873 K and demonstrated that this is
an efficient method to fabricate polycrystalline SnSe thermoelectric materials by
SPS using nanostructured powder.
In addition, different researchers developed various methods and often combined
some of them to promote the thermoelectric behaviour of polycrystalline SnSe.
For example, Asfandiyar et al.107 prepared Sn0.985S1-xSex solutions combined with
mechanical alloying and SPS to introduce dislocations, grain boundaries, and Sn
vacancies in order to realize high ZT. Ag was then used as a dopant to further
enhance the carrier concentration. Shi et al.96 observed a high carrier density of
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1.5 × 1019 cm-3 in microsized and self-doped Sn0.98Se, resulting in a high power
factor. The thermal conductivity was reduced by its strengthened phonon
scattering via anharmonic bonding and scattering sources such as grain
boundaries. Zhang et al.124 reported an optimized ZT through oxygen absorption.
Moreover, by large-atom doping, such as with Cd125 and rare earths (Re)126, the
carrier concentration can be obviously improved, and large amounts of point
defects can be introduced at the same time, resulting in good electrical
conductivity and low thermal conductivity.
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Chapter 2: Experimental Methods and Procedures

2.1 Bulk sample preparation

2.1.1 Solid-state reaction
The solid-state reaction method is mostly used for fabricating polycrystalline
compounds from solid raw materials. The solid raw materials usually do not react
at room temperature, so the synthesis processes often occur at high temperature,
for example around 1000 ℃ or higher. The factors on which the feasibility and
solid-state reaction speed depend include the reaction conditions, structural
properties of the reactants, contacting surface areas of the solids, their reactivity,
and the thermodynamic free energy change associated with the reaction. No
solvent is used in the solid-state reaction process, which makes it economically
and environmentally friendly.
In the beginning, the raw materials are usually well ground and mixed by hand
using a mortar or by ball milling. The mixture is then sealed in an evacuated
quartz tube using an oxyacetylene torch if necessary, in order to avoid oxidation.
Finally, the sealed raw materials are heated in a furnace with a set heating
program to form the desired compounds.

2.1.2 Spark plasma sintering (SPS)
The compound powder fabricated by solid-state reaction then needs to be hotpressed into pellets for further physical properties measurements. In this thesis,
the spark plasma sintering (SPS) method was used. Generally, during the SPS
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process, the powder is first loaded into a graphite die, and pressing and heating
then take place while the current passes through both the die and the powder
under vacuum, resulting in achieving near theoretical density. SPS is able to
achieve very high heating or cooling rate, meaning that the sintering is very fast,
usually a few minutes. The high speed of the process makes it possible to densify
powders with nano-sized structures. Fig. 2-1 shows the SPS equipment in our
laboratory.

Figure 2-1 Spark plasma sintering equipment.

2.1.3 Struers Accuton-50 and Struers Rotopol Grinder
The pellets were cut and polished to satisfy different requirements of the
measurements using the Struers Accuton-50 and Struers Rotopol Grinder
respectively. In this thesis, I used rectangular samples for electrical conductivity
and Seebeck coefficient measurements, and thin disks for thermal diffusion
measurements as shown in Fig. 2-2.
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Figure 2-2 Schematic diagram of sample cutting for electrical and thermoelectric measurements.

2.2 Structural and physical characterization of the samples

2.2.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is one of the most important structural characterization
methods which gives information on the lattice parameters of a crystalline
structure and phase composition of crystalline materials. For polycrystalline
samples, X-ray powder diffraction is used. Finely ground and homogeneously
mixed powders are required for X-ray powder diffraction experiments.
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Figure 2-3 Photograph of the X-ray powder diffraction instrument (Model: GBC MMA).

The polycrystalline ingots were carefully ground into fine powder and loaded into
the sample holder. The surface of the powder was kept flat and the powder was at
the same height with the holder rim. Fig. 2-3 shows the photograph of a GBC
MMA diffractometer, which is equipped with a Cu-Kα radiation source (λ = 0.154
nm). All of the XRD experiments of the samples in this thesis were conducted on
this instrument. The data was collected in the 2θ range from 10° to 80°, and a step
width of 0.02º was set.
The principle of X-ray diffraction in this thesis is based on Bragg’s law1. When a
crystal with an interplanar spacing d is irradiated by a monochromatic X-ray beam
with a comparable wavelength λ at a specific angle θ, the X-ray diffraction, the
constructive interference between elastically scattered X-ray beams, can be
observed at 2θ when Bragg’s law is satisfied

nλ = 2d sin 𝜃

(2 − 1)

Where n is any integer. In most diffractometers the X-ray wavelength λ is fixed
and the diffraction angle θ is measured by a goniometer, so the crystal lattice
constants can be decided by the above equation.
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Figure 2-4 Schematic diagram of Bragg’s law conditions.

When the phases or crystal structures of a sample are complex, Rietveld
refinement is usually used to acquire a high-quality XRD pattern, so that the
lattice parameters of the unit cell can be studied in detail. The peak shape function
can be calculated by the Pseudo-Voigt and Pearson Ⅶ functions, which are
combination of Gaussian and Lorentzian functions. Fig. 2-5 shows an example of
peak shapes calculated based on Gaussian and Lorentzian functions respectively.

Figure 2-5 Difference in calculated peak shapes based on Gaussian and Lorentzian functions.

2.2.2 Scanning electron microscopy (SEM)

Compared with optical microscope, the SEM uses electrons as a replacement of
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light to get information at the surfaces of the samples. The incident high-energy
electrons interact with samples, and the derived signals can give details of the
sample structure. For example, the SEM can effectively identify the texture,
element composition, size of grains of the sample. Typically, the electrons are
focused on a selected surface area of the sample, and the information is collected
on a two-dimensional image.
The incident electrons are decelerated when interact with the samples, and a
variety of signals will be generated during this progress. The secondary electrons
(SE) and backscattered electrons (BSE) are the most common used signals in a
SEM. The SE provides information on the surface morphology, while the BES is
sensitive to atomic number so that it is used for illustrating contrasts in
composition of samples with multiphase. SEM analysis is a "non-destructive"
characterization method so it is very convenient if the same samples need to be
analyzed repeatedly2-3.

Figure 2-6 Photograph of field emission scanning electron microscope (FESEM) (Model: JSM7500FA) used in this thesis.
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Fig. 2-6 shows the field emission scanning electron microscope (FESEM) (Model:
JSM-7500FA) used to obtain morphology and structure of the polycrystalline
samples in this thesis. The JSM-7500F is an ultra-high resolution FESEM
equipped with a high brightness conical field emission (FE) gun and a low
aberration conical objective lens (semi-in-lens). Images of the grain boundaries
and layered structure can be obtained from the cross-sections of the samples. The
JSM-7500F is stable enough to observe specimens at magnifications up to
1,000,000 × with a resolution of 1 nm. Fine surface morphology with
nanostructures are further guaranteed by the energy filter.

2.2.3 Scanning transmission electron microscopy (STEM)

A scanning transmission electron microscope (STEM) is one type of transmission
electron microscope (TEM). In a traditional TEM, electrons pass through the
specimen to form images, while in STEM, the electron beam is focused to a fine
spot (with a typical spot size of 0.05 – 0.2 nm) which is then scanned over the
sample in a raster illumination system constructed so that the sample is
illuminated at each point with the beam parallel to the optical axis. The rastering
of the beam across the sample makes STEM suitable for analytical techniques
such as Z-contrast annular dark-field imaging, and spectroscopic mapping by
energy

dispersive

X-ray (EDX)

spectroscopy,

or

electron

energy

loss

spectroscopy (EELS). These signals can be obtained simultaneously, allowing
direct correlation of images and spectroscopic data4.
High resolution scanning transmission electron microscopes require exceptionally
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stable room environments. In order to obtain atomic resolution images in STEM,
the level of vibrations, temperature fluctuations, electromagnetic waves, and
acoustic waves must be limited in the room housing the microscope. Since the
invention of the spherical aberration corrector, the resolution of STEM can reach
sub-Ångstrom levels. High spatial resolution imaging and high energy resolution
spectroscopy can be achieved simultaneously through the combination of STEM
and EELS4. In this thesis, STEM is a great help in determining the distributions of
the doping elements, second phases and dislocations in my samples which are
important for the thermoelectric properties that I studied.

2.2.4 Energy-dispersive X-ray spectroscopy (EDS)

EDS is an analytical capability coupled with SEM, and is used to analyze the
element and phase distributions of selected small sample areas. The interactions
between the electron beam and the sample generate X-rays, which are identified
signals of the elements in the sample. Therefore, EDS can be used to map out the
lateral distribution of elements5-6.
The accuracy of an EDS are determined by many factors. Many elements have
overlapping peaks (e.g., Ti Kβ, V Kα, Mn Kβ and Fe Kα), making these elements
hard to recognize one from each other. Besides, X-rays generated by atoms in the
specimen that are excited by the incoming beam can be emitted in random
directions, so some of them may not able to escape the specimen thus will not be
detected. This will make the accuracy in inhomogeneous and rough samples lower
5-6

. All of the EDS measurements in this thesis were conducted on the supplied

EDS system coupled with the JEOL-7500A FESEM equipment.
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2.3 Physical Property Measurement System (PPMS-9T)

Figure 2-7 Quantum Design PPMS® DynaCool™.

The PPMS is an automated low-temperature measurement system for the
determination of material properties such as specific heat, magnetic AC and DC
susceptibility, thermal expansion and both electrical and thermal transport
properties. All measurements can be done in a wide range of magnetic fields and
temperatures, including the millikelvin range. Its advanced expandable design
combines many features in one instrument, which make the PPMS the most
versatile system of its kind. In this thesis, the PPMS was used for measuring the
Hall coefficient of my polycrystalline bulks to calculate the carrier density and
mobility, both of which are important parameters revealing the electrical
properties of the samples. Room-temperature electrical conductivity (DC
resistivity) was also measured on the PPMS when necessary.
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Figure 2-8 (a) Resistivity puck, (b) sample wiring test station

Before conducting the measurements, the samples are first cut into small, thin
rectangles, then put on the resistivity puck. The DC resistivity can be measured
via either 2- or 4-wire. For samples with good conductivity, the 4-wire mode is
usually adopted to reduce contributions from contacts resistances (illustrated in
Fig. 2-9 (a)). There are typically 3 channels in a standard resistivity puck, so up to
3 measurements can be conducted at the same time. The Hall coefficient can also
be measured in 4-wire mode on this puck (shown in Fig. 2-9 (b)).

Figure 2-9 (a) Four-probe contact, (b) standard Hall bar

2.4 Thermoelectric properties measurement system

2.4.1 Differential scanning calorimetry (DSC)
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Figure 2-10 (a) Differential scanning calorimetry (DSC) device (Model: Netzsch 204F1). (b)
Differential scanning calorimetry (DSC) device (Model: TA Q100). Schematic diagram of (c) the
principle of DSC and (d) the temperature profile.

DSC is a thermal analytical technique which can determine the heat capacity (Cp)
of the sample. Different amount of heat is required for a sample and a reference
when trying to increase and maintain the same temperature of them. Generally,
the sample holder is linearly heated as a function of time. The reference sample
often have a well-defined heat capacity, and in this thesis, Al2O3 is used as the
reference sample. DSC is mainly used in studying phase transitions, heat capacity
and thermal stability. Basically, there are two types of DSCs: the heat flux DSCs
and the power-compensated DSCs. The heat flux DSCs is the technique in which
the temperature of the sample unit, formed by a sample and reference material, is
varied in a specified program, and the temperature difference between the sample
and the reference materials is measured as a function of temperature
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[5-9]

. The

power-compensated DSC is a technique in which difference of thermal energy
that is applied to the sample and the reference material per unit of time is
measured as a function of the temperature to equalize their temperature, while
temperature of the sample unit, formed by the sample and reference material, is
varied in a specified program.
The Cps of the samples in this thesis were measured on the heat flux DSC
instruments, the Netzsch 204F1 (Fig. 2-10 (a)) and the TA Q100 (Fig. 2-10 (b)).
The sample was cut into small and thin flake when doing the measurement, and
the bottom side of the sample which contacted the crucible directly was flat so
that a good heat transport could be ensued. The crucibles used in this thesis were
made from Aluminum. The furnace was heated linearly, and the thermoelectric
disk was used to heat the sample and reference pan. The ratio method was
introduced to calculate the Cp.

2.4.2 Electrical conductivity and Seebeck coefficient measurements

Figure 2-11 (a) System used to measure the high temperature electrical conductivity and Seebeck
coefficient (Model: Rz2001i). (b) Sample preparation procedure.
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The Ozawa system showing in Fig. 2-11 can measure the electrical conductivity
and the Seebeck coefficient from 300 K to 1000 K simultaneously using a DC
method. The sample to be measured was cut in to a rectangular shape, and
prepared according to the four probes method as illustrated in Fig. 2-11 (b). The
width, thickness and the distance between the two Pt wires were recorded. The
sample was then coated with BN to avoid evaporation during heating, and the two
sides of the sample were cleaned using ethanol. The chamber was vacuumed first
and then filled with a small amount of Helium to prevent oxidation.

2.4.3 Thermal conductivity measurements

Figure 2-12 (a) Schematic diagram illustrating the measurement system for thermal diffusivity
(Model: LFA 1000). (b) Schematic diagram illustrating the determination of thermal diffusivity.
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The thermal diffusivity of the samples were measured using the equipment shown
in Fig. 2-12. The sample to be measured was cut and polished into a small disk
with a thickness of about 1 mm. The sample was then coated with graphite to
avoid reflecting of the laser. A highly intensified laser pulse was used to irradiate
on the front surface of the sample during the measurement and the increase of the
rear face temperature was recorded. The thermal diffusivity value can be
calculated by the thickness of the sample and the time required when the rear face
temperature reaches a certain percentage of its maximum value. The measurement
need to be repeated at each temperature in order to get the accurate thermal
diffusivity value.
The laser flash method is the most popular method to determine the thermal
diffusivity of a bulk material. To calculate thermal conductivity, the thermal
diffusivity D, the specific heat Cp, and the density 𝜌 are required. The following
formula shows this relation7:

𝜅(𝑇) = 𝐷(𝑇) ⋅ 𝐶? (𝑇) ⋅ 𝜌(𝑇)

(2 − 12)

For adiabatic conditions, D is determined by the following equation:

𝐷 = 0.1388 ∙
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𝐼!
𝑡'.;

(2 − 13)

where D is the thermal diffusivity in cm2/s, I is the thickness of the test specimen
in cm, and 𝑡'.; is the time at 50% of temperature increase measured at the rear of
the specimen in seconds.
The thermal diffusivity data for all the samples in this thesis was measured on a
Linseis LFA 1000 system (Fig. 2-12) under vacuum conditions in the temperature
range from 300 K to 1000 K with a heating/cooling gradient of 50 K.
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Chapter 3: Graphene Inclusion Induced Ultralow
Thermal Conductivity and Improved Figure of Merit in
p-type SnSe

3.1 Abstract

The concept of composite material has been increasingly applied for the
significant improvement on the thermoelectric performance because of the
predictable effective medium properties and the unique interfacial correlated
thermal and electrical transport mechanism. Herein, we report that the graphene
inclusion can lead to significant reduction in thermal conductivity and improve
the overall thermoelectric figure-of-merit in SnSe. We demonstrate a systematic
investigation on the microstructures, electrical and thermoelectric properties of
the SnSe/graphene composite. HRTEM reveals uniform distribution of graphene
nanosheets in the SnSe matrix, forming sharp interface with refined SnSe grain
sizes and defects nearby the interfaces. Thermal conductivity decreases with
graphene addition and can significantly reduce to as low as ~0.18 Wm-1K-1,
resulting in an enhanced figure of merit (ZT) of SnSe/graphene composite by at
least 50% compared with pristine SnSe. The significant reduction on thermal
conductivity is attributed to the phonon scattering by the densely distributed phase
interfaces as well as defects and grain boundaries. The carbon element is also
believed to potentially reducing long-range tin diffusion by acting as a
confinement barrier to restrict heat and ion diffusion. Our work proves that
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graphene secondary phase could enhance the ZT of SnSe matrix, which might
pave ways for achieving high-performance thermoelectric in carbon-induced
composite materials.

3.2 Introduction

Thermoelectric technology, which can directly convert waste heat into electrical
energy, has been actively considered for a variety of energy harvesting and
thermal management applications1-3. The efficiency of thermoelectric modules is
often evaluated by a dimensionless figure-of-merit 𝑍𝑇 = 𝑆 ! σ𝑇/𝜅 , where S is
Seebeck coefficient, σ is electrical conductivity, T is the absolute temperature, and
𝜅 = 𝜅) + 𝜅( is the thermal conductivity, constituted by electronic κe and lattice κl
contributions, respectively4. To screen thermoelectric materials with high ZT, both
high power factor ( 𝑆 ! σ ) and/or low 𝜅 are needed. So far, significant
breakthroughs have been made in improving 𝑆 ! σ via resonant state doping5-6,
band convergence7-8, quantum confinement9-10, and minority carrier blocking11-12.
The thermal conductivity κ can also be significantly reduced via strengthening
phonon scattering by hierarchical architecturing13-15, nanostructuring16-17, and
introducing nanoprecipitates and defects to the matrix18-19. However, some
competing correlations (e.g. S, σ and κ are inversely interacted through carrier
concentration (n)) preventing these parameters from being unlimited optimized20.
IV-VI binary compounds have been considered as ideal mid- and hightemperature thermoelectric materials due to their appropriate semiconducting gap
and/or phase transition phenomenon. Historically, symmetric rock-salt structured
(Fm3Qm) IV-VI compounds such as PbTe21-23, PbSe24-26, GeTe27-28, SnTe29-32, and
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their derivatives or alloys have been substantially studied because they usually
have large band degenerancy (𝑁A ) and effective mass (𝑚∗ ), securing high quality
factor B ( B is the material quality factor that related only with the inherent
material properties) which determines high ZT. However, environmental and/or
economic issues prohibit them from mass-market application. During last decade,
studies of another series of IV-VI compounds having highly anisotropic layered
orthorhombic structure (Pnma), such as SnSe17, 33, SnS34-36 and GeSe37-38, have
flourishingly emerged. Recently, record-high ZT has been reported in single
crystal SnSe, namely ~2.6 at 923 K along the b-axis of p-type vacancies doped
SnSe33. An impressive energy conversion efficiency can be predicted over 16 % if
applying 500 K temperature difference to a thermoelectric module consisting of
as-reported materials39, which stimulates renewed interests in the SnSe-based
thermoelectric materials. Compared with single crystal SnSe suffering from
reported poor mechanical robustness and prospective high production,
polycrystalline SnSe bulks are more feasible for practical application. Cuttingedge studies have considered the microstructural factors28, 40-42 (e.g. preferential
orientation and texture) and influence on the electron and phonon tensors
denoting thermoelectric performance43-45, while mainly stressed in optimizing the
aforementioned n and 𝜅 to enhance ZT. Documented effective strategies towards
enhancing ZT of polycrystalline SnSe include resonant doping4,

46-47

, band

structure engineering12, 48, and nanostructuring17.
More studies for enhancing ZT also focus on extrinsically embedding alien phase
in thermoelectric matrix to form composite materials. The thermoelectric
properties of acquired composite can be roughly estimated according to the
effective medium theory49-50 (despite the interfacial influence is underestimated),
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and can show some anomalous behaviour depending on the intrinsic properties of
the embedded phase51-52. The recent independent researches show significant
enhancement of ZT of Cu2Se to over 2.4 by incorporating graphitic phase, such as
carbon nanotube and graphene, to Cu2Se matrix53-56. The significant enhancement
of ZT is attributed to the great suppress of phonon propagation when heat
vibration passes through the phase interfaces. It is also found that the graphitic
phase can act as “ionic filter” which can enhance the stability of thermoelectric
materials.57 Later on, enhanced ZT have also been achieved in other
thermoelectric materials, such as Bi2Te358, Cu2S57, etc. These works jointly
confirm that graphitic phase can slightly affect the 𝑆 ! σ, while drastically reduce
the 𝜅 , leading to enhanced ZT of composite materials. Analogously, it is
reasonable to predict an enhanced ZT in SnSe/C composite materials considering
the scientificity and universality of this strategy.
In this work, graphene incorporated SnSe thermoelectric materials was
successfully

synthesized

via

spark

plasma

sintering.

The

as-acquired

SnSe/graphene composites show enhanced ZT at arbitrary temperature compared
with pristine SnSe, reaching a peak value of 1.06 at 823 K. The enhanced ZT is
primarily governed by the ultralow thermal conductivity down to ~0.18 Wm-1K-1,
which is attributed to the phonon scattering by the densely distributed phase
interfaces as well as defects and grain boundaries. The carbon element is also
believed to potentially reducing long-range tin diffusion by acting as a
confinement barrier to restrict heat and ion diffusion53. This work proves that
graphene secondary phase could enhance the ZT of SnSe matrix, which might
pave ways for achieving high-performance thermoelectric in carbon-induced
composite materials.
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3.3 Synthesis and Measurements

The different graphene-concentration samples were prepared by directly mixing
SnSe and different weight fraction of graphene in an agate mortar with ethanol,
then grinding the mixture into fine powders. The SnSe and graphene were mixed
in the weight ratios of 1: x (x = 0.1%, 0.3%, 0.5%, and 1%), respectively. The
powders were then loaded in a graphite die in diameter of 20 mm and densified by
spark plasma sintering (SPS) at 773 K for 5 min under a uniaxial pressure of 45
MPa. The obtained polycrystalline bulks were cut into round disks and
rectangular bars and polished for thermal and electronic measurements along the
direction of the SPS pressure, respectively.
The crystal structure was investigated by X-ray diffraction (XRD) performed on a
MAC Science system using Cu Kα radiation within the 2θ range from 20o to 60o at
room temperature. Scanning electron microscopy (SEM) and scanning
transmission electron microscopy (STEM) were then used to further deduce the
morphology of graphene in the SnSe bulks.
The

Seebeck

coefficient

and

electrical

conductivity

were

measured

simultaneously using a commercial RZ2001i system from room temperature to
830 K under vacuum. Thermal conductivity was determined in the 300-830 K
temperature range by combining the thermal diffusivity D, specific heat Cp, and
density d according to the relation 𝜅 = 𝐷𝐶? 𝑑, where κ = κL + κe is the total
thermal conductivity, and κL, κe are the lattice and electron contribution
respectively. The thermal diffusivity (D) was measured by the laser flash
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technique (LINSEIS LFA 1000) under vacuum conditions. The specific heat (Cp)
was determined by differential scanning calorimetry on a DSC-204F1 Phoenix
under argon atmosphere with a flow rate of 50 ml/min. The sample density (d)
was calculated from the measured mass and dimensions and was considered
temperature-independent. All the electrical conductivity and thermal diffusivity
measurements on the as-prepared polycrystalline bulks were repeated several
times to confirm their reproducibility.
The room temperature Hall carrier concentration (nH) was measured using a
Quantum Design Physical Properties Measurement System (PPMS). The fourcontact Hall-bar geometry was used for the measurements. The carrier
concentration (n) and carrier mobility (µ) were calculated from the formula
n=1/(eRH) and µ=sRH, where e and s are the electron charge and the electrical
conductivity, respectively, and RH is the Hall coefficient.

3.4 Results and discussion
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Figure 3-1 XRD patterns of SnSe samples with different graphene concentrations. Inset is the
synthesis procedure, schematic diagram of inner structure and sample cutting for thermal
diffusivity (D), and Seebeck (S) and electrical conductivity measurements, respectively.

Fig. 3-1 shows the room-temperature XRD patterns of the SnSe samples with
various graphene concentrations. All diffraction peaks can be well indexed to the
orthorhombic SnSe phase with the space group Pnma (JCPDS card, 48-1224),
indicating that graphene does not introduce any additional impurity phases and
forms composite with SnSe. Fig. 3-2 (a) is the SEM backscattering
characterization on SnSe sample with 0.5 wt.% graphene, and the inset picture of
Fig. 3-2 (a) shows the SEM image on the fractography of the same sample. The
fractured surface shows a highly compacted structure. Fig. 3-2(b), (c), (d) are the
elemental mapping results for the area of the sample in Fig. 3-2 (a), where the
elements Sn and Se are distributed uniformly, and the carbon is also mixed well
with SnSe, with preferred aggregation near the grain boundary. No large carbon
clusters were observed in our samples. All these results indicate that the graphene
is incorporated into the SnSe matrix, forming a carbon-phase reinforced
nanocomposite structure.
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Figure. 3-2 (a) SEM backscattering characterization on SnSe sample with 0.5 wt% graphene, inset
is the SEM image of fracture section on the same sample. (b), (c), (d) SEM elemental mapping
results of the area in (a).

Figure 3-3 (a) TEM image of nano-sized SnSe/graphene interfaces in 0.5 wt% graphene
incorpotated SnSe sample. (b) BF image of the circled area in (a).

Fig. 3-3 (a) is the transmission electron microscope (TEM) image of the
SnSe/graphene interface in the 0.5 wt.% graphene incorporated SnSe sample,
from which the SnSe/graphene nano-sized boundaries can be observed. Fig. 3-3(b)
is the transmission electron microscope image at high resolution (HRTEM) of the
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circled area in Fig. 3-3 (a) in the bright field (BF) mode, in which the interplanar
lattice spacings of 5.75 Å and 3.03 Å along the [200] and [011] crystallographic
directions of SnSe can be found, respectively. The bright area next to SnSe in Fig.
3-3 (b), which shows layered structure, is determined to be graphene. The above
results indicate that the interface of 0.5 wt.% graphene incorporated SnSe sample
contains only one phase of SnSe and that the interface is formed by SnSe and
graphene, which means that the carbon does not go into the SnSe lattice, but
mixes with the matrix and contributes to the formation of many boundaries for
phonon scattering. These results are in good agreement with the XRD analysis. It
is clear that the graphene is indeed dispersed in the SnSe matrix to form the
heterogeneous interfaces. It is suggested that the incorporated graphene could
suppress atom diffusion during sintering and restrict the grain size. It should also
be noted that some cracks are found to be distributed along the grain boundaries,
which should be attributed to the great difference between the thermal expansion
parameters of carbon and SnSe.
According to the representative areas shown in Fig. 3-3, there are many nanoscale
boundaries between SnSe and graphene. Such specific nanostructures are
proposed to be formed due to the combined effects of the graphene network and
the nature of the processing. In fact, complex nanostructures are often observed in
other materials synthesized by SPS or other fabrication methods such as
mechanical alloying (MA)55,

59

. Nevertheless, such nanostructures can exhibit

certain advantages, for instance, increased phonon scattering and electron filtering
at grain boundaries, better mechanical properties, and improved isotropy53. These
are proved by our extremely low thermal conductivity and relatively high ZT.
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Figure 3-4 Temperature dependent (a) electrical conductivity, inset is details at high temperature,
(b) Seebeck coefficient, (c) power factor, and (d) thermal conductivity for SnSe samples with
different graphene content, respectively. The dashed line in (d) is thermal conductivity for pure
polycrystalline SnSe plotted from reference work60.

The temperature dependences of the electrical conductivity (σ), Seebeck
coefficient (S), power factor (PF), and thermal conductivity (κ) are shown in Fig.
3-4 (a), (b), (c), and (d), respectively, and the inset of Fig. 3-4 (a) shows details of
electric conductivity at high temperature. On one hand, the electrical conductivity
σ shows an overall increase with increasing temperature for all the samples,
indicative of semiconducting behaviour. On the other hand, σ decreases slightly in
the 0.1 wt.% and 0.3wt% graphene doped SnSe samples, then clearly increases for
the other two high-level graphene-doped samples, compared with undoped SnSe.
The reduction of electrical conductivity in low-doped SnSe is regard as a result of
defects introduced by the dopant, while the enhancement of σ in the high-level
doped samples is contributed mostly by the improved carrier mobility (Fig. 3-5
(a)).
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The values of S are positive over the whole temperature range, suggesting that
holes are the majority charge carriers (Fig. 3-4 (b)), so the samples are p-type. For
pure SnSe, the Seebeck coefficient is 516 μV K-1 at 326 K, and it increases to 572
μV K-1 at 402 K, at which point it starts to decrease rapidly with increasing
temperature up to 573 K. It then increases slightly up to 673 K and finally
decreases. Our pure SnSe sample has a similar maximum Seebeck value and trend
in its temperature dependence to previously reported p-type SnSe60. The Seebeck
coefficient decreases gradually with increasing graphene concentration. It drops
from 516 μV K-1 in pure SnSe to 319 μV K-1 in 1 wt.% graphene added SnSe at
325 K. All the graphene-added samples show a similar trend of the Seebeck
coefficient with temperature.
Fig. 3-4 (d) shows the temperature dependence of the total thermal conductivity κ
with graphene addition. The κ values of all samples are lower than that of the pure
SnSe. The lowest κ is achieved in the 0.5 wt.% graphene added SnSe sample, with
the values of 0.44 W∙m-1 K-1 at 294 K and 0.18 W∙m-1 K-1 at 823 K, respectively.
The latter is much lower than that in single-crystal SnSe, which has a κ of 0.23 ±
0.03 Wm-1 K-1 at 973 K33. Compared to state-of-the-art thermoelectric compounds,
this thermal conductivity value is exceedingly low61. Also, this remarkably low
value is lower than those obtained even by nanostructuring and all-scale
hierarchical architectures of PbTe-based thermoelectric materials13. The presence
of graphene in SnSe leads to a decrease in the total thermal conductivity.
Obviously, this is because the phonon scattering is enhanced due to the formation
of multiple defects as well as interfaces and boundaries between the SnSe matrix
and graphene at the nanoscale level. Previous studies have proved that, the
generalized phonon density of states (GDOS) of graphene and SnSe are quite
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different from each other, e.g., for SnSe, the phonons are mainly populated below
~ 25 meV62; for graphene, the phonons populate to above 200 meV63. In the
present SnSe/graphene composite, the nanoscale interfaces provide good
combination between two lattices. However, the lattice vibration can only pass the
interface with low efficient because of the widely divergent lattice dynamics, thus
the heat cannot spread efficiently in the composite, resulting in low thermal
conductivity. Such defects, interfaces, and boundaries induced by graphene
doping were also observed in Cu2Se systems53

Figure 3-5 (a) Carrier density and mobility for all of the SnSe/graphene composite samples at
room temperature. (b) Temperature dependent ZT values for SnSe samples with different graphene
contents, the dashed line is previously reported pure polycrystalline SnSe60.

In order to understand the behaviour of electronic transport, room temperature
Hall-effect measurements have been performed on all of the SnSn/graphene
composite samples to measure the carrier density. The carrier concentration (n)
decreased from 4.9×1017 cm-3 to 2.3×1016 cm-3 with the increasing graphene
content. The Pisarenko line was also plotted based on the calculation of the single
parabolic band (SPB) model64-65 using the equation S =
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kB is Boltzmann constant, h is the Planck constant, and m* is the band effective
mass. Fig. 3-5 (b) presents the temperature dependence of the ZT values for all the
samples in this work as well as that reported in previous studies on polycrystalline
p-type SnSe60(shown as dashed line in Fig. 3-5 (b)). The ZT of our pure SnSe
sample was very close to that in the previous work, and a highest ZT of 1.06 at
823 K was achieved in the 0.5wt% graphene added SnSe, with an enhancement
ratio of 125%, indicating that graphene addition is a promising environmentallyfriendly, economical, and efficient method to improve the thermoelectric
performance of polycrystalline SnSe.
Furthermore, the nano-carbon refined thermoelectric materials have proved their
capability in great performance enhancement, such as carbon nano tube added
CoSb366, carbon nano tube or graphene added Cu2Se55-56, and the present
graphene doped SnSe. The improvement in thermoelectric behavior are mainly on
two aspects: 1) during material synthesis/moulding, the nano-size carbon restricts
the grain size to form more boundaries, 2) carbon materials possess very steep
acoustic phonons and extra high optical phonons (150 – 250 meV), which
mismatches the phonon modes of current thermoelectric materials, and thus limit
the heat spreading via lattice dynamics. In the present work, we observed both of
the effects: the fine-tuned nano structures in the composite, as well as the
decreased thermal conductivity, which reasonably increases the ZT value by
~125%. On the other hand, carbon is one of the most common and cheap element
in the world, which benefits the commercialization of nano-carbon refined
thermoelectric materials/devices. Besides, the complicate but interesting interface
lattice dynamics may also inspire more fundamental studies like inelastic Xray/neutron spectroscopy investigations. Based on the great ZT enhancement in
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graphene added SnSe composite, we are confident to expect the extensive use of
nano-carbon materials in thermoelectric industry.

3.5 Conclusion

In summary, p-type polycrystalline SnSe incorporated with graphene was
prepared by spark plasma sintering. The graphene had a significant effect on the
electrical as well as thermal performances. 1) The thermal conductivity decreased
greatly with graphene incorporation. An ultra-low thermal conductivity of 0.18
W∙m-1 K-1, which is lower than that in single crystal SnSe, was realised at 823 K
in the SnSe sample with 0.5 wt.% graphene added in. 2) The Seebeck coefficients
were also reduced by graphene, which corresponded with the enhanced electrical
conductivity. 3) The electrical conductivity was obviously enhanced with
graphene doping over the whole temperature range. As a result of the competition
among the above parameters, the highest ZT of 1.06 was obtained at 823 K in 0.5
wt.% graphene-added SnSe. Compared with intrinsic polycrystalline SnSe, the
performance is enhanced by 125 percent excitingly. This graphene added SnSe
method would also be generalized to other nano-carbon materials, and other
thermoelectric materials, to inspire fundamental dynamics researches, as well as
to better sever the energy industry.
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Chapter 4: Vibrational Density of States for
Nanoparticles Embedded in a Thermoelectric Matrix

4.1 Introduction and Theory of Neutron Scattering

4.1.1 Why do neutron scattering?

Neutrons were discovered in 1932, not long after which, people believed that
neutrons could be a powerful tool to investigate the microstructure of materials.
According to the wave-particle duality, the wavelength of a neutron can be given
by the de Broglie relation:

λ = ℎ⁄𝑝 = ℎ⁄(2𝑚𝐸 )4⁄!

(4 − 1 )

Where h is the Planck constant (6.626×10-34 J s), E is the kinetic energy of the
neutron. The intrinsic mass of the neutron m is 1.675 × 105!G kg. Therefore, the
neutron wavelength can be given by

λ (nm) = 0.0286⁄…𝐸 (𝑒𝑉)†

4⁄!

(4 − 2)

A wavelength range of 0.1-1 nm can be estimated for neutrons with energy of
about 1-100 meV (thermal neutrons) according to Equation (4-2), which is
comparable to both the interatomic spacing and the elementary excitations
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(phonons, molecular vibrations, etc.) in general substances. These peculiar
properties make neutron scattering a very powerful method for studying both the
structure and the fluctuations of the atomic positions in condensed matter.
Compared with other characterization methods, such as those involving X-rays
and electrons, neutron scattering has significant advantages: 1) X-rays are not
sensitive to light elements such as C, H, and O, while neutrons show no obvious
difference when scattering in elements with various atomic numbers (as shown in
Fig. 4.1). (2) It is hard to recognize elements with similar atomic numbers with Xrays. (3) Neutron scattering can easily distinguish isotopes. (4) The neutron has
magnetic moment, so it can be used to detect the magnetic structure and spin
dynamics. (Fig. 4.2 show the detailed scattering mechanisms between neutrons
and materials, X-ray and materials, and electrons and materials.) (5) The neutrons
penetrate deeper than X-rays and electrons, making it possible to measure bulk
properties and contained samples. (6) The energies of the 1 Å X-ray photons are
typically in the keV range, much higher than the kinetic energy of atoms and
molecules (meV range), allowing the detection of atomic dynamics, while thermal
neutrons with comparable energy in the meV range, are perfect for investigating
the microdynamics. Neutron scattering is a low flux technique, however, which is
one of the most important limiting factors. As a consequence, the resolution of a
beamline in terms of energy or momentum transfer is, in general, much less than
that could be done with equivalent instruments using X-ray or optical
spectroscopy. Also, the sample quantity required for neutron experiments is much
larger than for the other spectroscopic techniques, which makes the preparation of
samples quite challenging, for example, in the case of single crystals that can only
be grown in very small sizes. In addition, some elements, such as Cd, B, and Gd,
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strongly absorb neutrons, meaning that investigations on these elements cannot be
conducted by neutron scattering.
There is no need to developing the whole theory of neutron scattering, instead, the
basic principles that will be used in the rest of this thesis are provided with
reference to the general textbooks on condensed matter physics and neutron
scattering1-3.

Figure 4-1 Thermal neutrons, 8 keV X-rays, and low energy electrons: penetration depth in the
matter as a function of atomic number..
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Figure 4-2 Interaction mechanisms of neutrons, X-ray, and electrons with condensed matter.

4.1.2 Basic principles of neutron scattering-elastic scattering

We first assume that the equilibrium positon of atoms in condensed matter in
space is rigid and fixed. The recoil effect during the interaction between neutrons
and matter is completely transferred to the sample, so that the energy change of
neutrons during the interaction can be ignored. This scattering process can be
regarded as an elastic neutron scattering process. Occurrence must be
accompanied by a change in neutron energy, and this change in energy is often
caused by the excitation of condensed matter or the scattering of neutrons by
fluctuations. Therefore, the change in neutron energy is also related to the
characteristic energy of the matter. Here, the elastic neutron scattering method is
initially discussed, and then discuss the inelastic neutron scattering method. Fig.
4-3 shows a schematic diagram of the neutron scattering experiment.
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Figure 4-3 Schematic diagram of the neutron scattering experiment.

Here, it is necessary to first make a Fraunhofer approximation to the scattering
process, that is, that the size of the sample material is much smaller than the
distance between the sample and the neutron source and the distance between the
sample and the detector. In addition, it is assumed that the neutron source emits
neutrons of a certain energy, so-called monochromatic neutrons. Then, the wave
incident on the sample materials can be regarded as a plane wave, which can be
represented by a wave vector k, and the wave incident on the detector can also be
represented by a wave vector 𝑘 H . Under the limited conditions of elastic neutron
scattering, the following equation is obtained

‰⃑ ˆ = ˆ𝑘
‰⃑ H ˆ = 𝑘 H =
k = ˆ𝑘

2𝜋
𝜆

(4 − 3 )

The scattering vector is defined as

‰⃑ H − 𝑘‰⃑
‰⃑ = 𝑘
𝑄

(4 − 4)

ℏQ represents the momentum transfer that occurs during the neutron scattering
88

process, and the momentum of the particle corresponding to the wave with the
wave vector 𝑘‰⃑ can be determined by the formula 𝑝⃑ = ℏ𝑘‰⃑ . The size of the
scattering vector can be calculated using the wavelength λ and the scattering angle
2θ:

‰⃑ ˆ = P𝑘 ! + 𝑘 H ! − 2𝑘𝑘 H cos 2𝜃 ⇒ 𝑄 =
𝑄 = ˆ𝑄

4𝜋
sin 𝜃
𝜆

(4 − 5)

For the elastic neutron scattering experiment, the core content of the measurement
is the variation of the neutron scattering intensity distribution with the scattering
‰⃑, that is, a function of the scattering vector 𝐼(𝑄
‰⃑). The scattering intensity
vector 𝑄
is proportional to the neutron scattering cross-section. A schematic diagram of the
neutron scattering cross-section is shown in Fig. 4-4.

Figure 4-4 Schematic diagram of the neutron scattering cross-section.

It is assumed that under the scattering angle 2θ, 𝑛H neutrons with the energy range
between 𝐸 H and 𝐸 H + 𝑑𝐸 H are scattered every second and enter the 3D detection
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angle dΩ of the detector. Then the double differential section can be defined by
the following formula:

𝑑! 𝜎
𝑛H
=
𝑑Ω𝑑𝐸 H 𝑗𝑑Ω𝑑𝐸 H

(4 − 6 )

In this formula, j is the flux of the incident neutron beam, which can be expressed
by the number of neutrons passing through a unit area in a unit time. If we are not
interested in the energy change during the scattering process, then the differential
cross-section can be directly used to express the angular dependence of the
scattering process:

9

𝑑𝜎
𝑑! 𝜎
=F
𝑑𝐸 H
H
𝑑Ω
𝑑Ω𝑑𝐸

(4 − 7 )

'

In this way, one can also get the total scattering cross-section, which is related to
the total scattering probability but has nothing to do with the changes in energy
and scattering angle.

IC

σ=F
'

𝑑𝜎
𝑑Ω
𝑑Ω

(4 − 8)

Cross-sections are given in barn units (1 barn=10-24 cm2).
The task then becomes to determine the distribution of atoms in the sample
material according to the scattering cross-section 𝑑𝜎⁄𝑑Ω . Under the Born
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approximation conditions, the refraction of the incident beam and the outgoing
beam in the sample material, multiple scattering phenomena, and the extinction of
the primary beam can be ignored. Therefore, the relationship between the
scattering intensity and the structure of the sample material is very simple. Under
this approximate condition, the phase difference between the origin of the
coordinate system A and point D at position 𝑟⃑ (Fig. 4-5) can be expressed as

ΔΦ = 2π ∙

‰‰‰‰‰⃑ − 𝐶𝐷
‰‰‰‰‰⃑ †
…𝐴𝐵
‰⃑ ∙ 𝑟⃑
= ‰‰‰⃑
𝑘 H ∙ 𝑟⃑ − 𝑘‰⃑ ∙ 𝑟⃑ = 𝑄
𝜆

(4 − 9 )

Figure 4-5 The phase difference between the origin of the coordinate system A and point D at
position 𝑟⃑.

The scattering amplitude at position 𝑟⃑ is proportional to the scattering density
𝜌J (𝑟⃑) at that position, and 𝜌J (𝑟⃑) depends on the interaction between the neutron
beam and the sample material. Here, 𝜌J (𝑟⃑) is directly proportional to the
interaction potential energy. If I assume that a transversely coherent neutron beam
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is incident, then the total scattering amplitude is obtained by the superposition of
the coherent scattering of all points in the sample:

A = 𝐴' ∙ F 𝜌J (𝑟⃑) ∙ 𝑒 7KL⃑2⃑ 𝑑 0 𝑟

(4 − 10)

:$

Where A0 represents the amplitude of the incident wave field, and the above
Equation (4-10) also shows that the scattering amplitude can be related to the
scattering density through a simple Fourier transform. Therefore, as long as I
‰⃑ , then I can obtain a
know the scattering amplitude of all scattering vectors Q
unique scattering density through the Fourier transform. The scattering density
contains information on the microstructure of the sample material that I hope to
obtain through the neutron scattering experiment. The actual operation is not that
simple, however. On the one hand, it is very difficult to determine the scattering
‰⃑ values. On the other
cross section corresponding to all momentum transfer ℏ𝑄
hand, the fundamental problem is that I can only measure the intensity of the
scattering but not the amplitude of the scattered wave.

I~|𝐴|!

(4 − 11)

The lack of phase information prevents us from reconstructing the scattering
density through a simple Fourier transform, which is the phase problem for the
structure analysis of the scattering method that is often mentioned. The phase
issue is also the core issue in the X-ray analysis of complex structures. Although
there is a phase problem in neutron scattering, one can still obtain much key
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information from neutron scattering experiments, which will be briefly discussed
below. In addition, choosing the appropriate neutron wavelength in an elastic
neutron scattering experiment is also the key to obtaining the required real spatial
resolution. If you want to obtain structural information on a material with a length
scale of L, you must have a phase difference of about Q⋅L ≈ 2 π, since otherwise,
according to Equation (4-9), there will be no significant difference between k' and
k. At the same time, the typical scattering angle corresponding to Q ≈ 2π / λ
(generally 2θ = 10 ‒ 140°) also needs to be considered. Considering these factors
together, one can obtain the value of wavelength λ that is suitable for the length of
the real space of the object investigated. For example, under the premise that the
neutron wavelength is 1 Å, the neutron scattering experiment can have an atomicscale spatial resolution.
Briefly, according to the Green function (4-12) and its solution (4-13), the
scattering of a point scatterer is a scattered spherical wave, as shown in the Fig. 46 below.

(∆ + 𝑘 ! )G…𝑟⃑, 𝑟‰‰‰⃑H † = δ…𝑟⃑ − ‰‰‰⃑
𝑟H†

G…𝑟⃑, ‰‰‰⃑
𝑟H†

(4 − 12)

LLLL⃑% N
⃑52

=

𝑒 7DN2

4𝜋ˆ𝑟⃑ − 𝑟‰‰‰⃑H ˆ
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(4 − 13)

Figure 4-6 The scattering from a point scatterer is a scattered spherical wave.

Further, the pair correlation function can be determined through the neutron
scattering experiment. In an inelastic coherent neutron scattering experiment, one
‰⃑ , 𝜔), which is the Fourier transform of the space-time correlation
can measure 𝑆(𝑄
function:

39

𝑑! 𝜎
1
‰⃑, 𝜔† =
~𝑆…𝑄
F 𝑑𝑡𝑒 57OP F 𝑑 0 𝑟𝑒 7KL⃑2⃑ 𝐺(𝑟⃑, 𝑡)
𝑑𝜔𝑑Ω
2𝜋ℏ

(4 − 14)
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The scale factor is determined by the interaction potential of the studied material
system and neutrons. The time-space pair correlation function depends on the
nature of the studied material system:

𝐺 (𝑟⃑, 𝑡) =

1
¢ F 𝑑 0 𝑟 H 〈𝛿 n𝑟‰‰‰⃑H − 𝑟‰Q⃑(0)o ∙ 𝛿 n𝑟‰‰‰⃑H + 𝑟⃑ − ‰𝑟⃑(𝑡)o〉
R
𝑁
7S

=

1
F 𝑑 0 𝑟 H 〈𝜌…𝑟‰‰‰⃑H , 0†𝜌…𝑟‰‰‰⃑H + 𝑟⃑, 𝑡†〉
𝑁

(4 − 14)

The pair correlation function can be expressed as the correlation between the
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positions of N point particles, or as the correlation between the densities of
different positions and different times in the sample material. For a magnetic
material system, one can observe the magnetic scattering signal through the
neutron scattering experiment, which corresponds to the Fourier transform of the
spin-pair correlation function.

4.1.3 Basic principles of neutron scattering-inelastic scattering

Condensed matter systems are systems composed of a large number of particles,
where there are strong interactions between the particles. The static structure of
matter is determined by the ground state of the system, and the dynamic
properties of matter are related to its excited state. In the previous part, I discussed
the elastic neutron scattering method applied in studying the crystal structure and
magnetic structure of condensed matter. Here, I will discuss the inelastic neutron
scattering method to study the dynamic properties of condensed matter. The
dynamic properties of condensed matter are usually manifested as collective
excitation phenomena, and they are directly related to physical properties such as
thermal properties and magnetic properties. This is an important foundation for
in-depth understanding of structural phase transitions, magnetic phase transitions,
and temperature-dependent phenomena. The dynamic properties of matter can be
directly obtained through experimental research on the elementary excitations of
the system. The inelastic neutron scattering method is an important experimental
method to study the elementary excitation in condensed matter, including phonon
excitation, spin wave excitation, and crystal field excitation.
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Figure 4-7 Main elementary excitations in condensed matter.

As discussed above, the process in which neutrons do not change in energy when
scattered by the system is elastic scattering, and the inelastic scattering process
inevitably accompanies energy transfer. In the elastic neutron scattering process,
the direction of the incident vector ki and the exit vector kf are different but equal
in magnitude (Fig. 4-8 (a)). In the inelastic neutron scattering process, there is
energy transfer between the neutron and the system, and the scattering vector
relationship changes accordingly (Fig. 4.8(b)). The relationship between the
incident vector, the exit vector, the scattering vector, and the energy is:

Q = 𝑘T − 𝑘7

(4 − 15)

𝑄! = 𝑘7! + 𝑘T! − 2𝑘7 𝑘T cos 𝜙

(4 − 16)

ℎ! ! !
…𝑘 −𝑘 †
2𝑚 7 T

(4 − 17)

ℏω = 𝐸7 −𝐸T =
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Figure 4-8 Schematic diagram of (a) elastic and (b) inelastic scattering.

The range of momentum transfer and energy transfer that can be measured by
the inelastic neutron scattering method is closely related to the energy of the
incident neutron. Therefore, under the condition that the instrument hardware is
not limited, it is necessary to ensure that the incident vector, the exit vector and
the scattering vector can be connected. To form a triangular closed loop,
secondly, it is necessary to ensure that the expected energy transfer can be
achieved in a specific Brillouin zone. Application of the inelastic neutron
scattering method, especially its application in spin wave excitation, can be
realized by two types of spectrometer devices: the three-axis neutron
spectrometer and the time-of-flight neutron spectrometer.

4.1.4 Coherent and incoherent scattering

U! V

The double differential cross section UWUO can be separated into a coherent and an
incoherent part as a consequence of the peculiar neutron-nuclei interactions so
that it can be written in the following form:
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𝑘T
𝜕!𝜎
𝜕!𝜎
𝜕!𝜎
‰⃑ , 𝜔†
=©
ª +©
ª = 𝑆…𝑄
𝜕Ω𝜕𝜔
𝜕Ω𝜕𝜔 >XE
𝜕Ω𝜕𝜔 7F> 𝑘7

(4 − 18)

‰⃑, 𝜔† = 𝑆>XE …𝑄
‰⃑ , 𝜔† + 𝑆7F> …𝑄
‰⃑ , 𝜔†
𝑆…𝑄

(4 − 19)

With

Where ki (Ei) is the incident wavevector (energy), and kf (Ef) is the scattered
wavevector. Here we have the energy transfer ℏ𝜔 = 𝐸7 − 𝐸T , and the momentum
‰‰‰⃑R − 𝑘
‰‰‰‰⃑T from the neutron to the sample.
‰⃑ = 𝑘
transfer ℏ𝑄
‰⃑, 𝜔), contains the complete
The total dynamical structure factor of the system 𝑆(𝑄
information on the sample state. It can be separated into a coherent and an
incoherent part too, each of which can be further divided into an elastic and an
inelastic part. From the coherent part of the elastic scattering the information on
the structure of the sample can be derived, while the inelastic part of the
incoherent scattering can be used to analyse the spectroscopic signatures of
different hydrogen atoms.
When a neutron interacts with a nucleus, it can be either absorbed or scattered.
The relatively low energy of the thermal neutrons (see Table 4-1 for the energies
of different neutrons) in a neutron scattering experiment avoids excitations of the
internal nuclear levels and core electronic states, but there is sensitivity of the
neutrons to the global dynamics of the nuclei. A scattering length b is used to
quantify the capacity of an isotope to interact with the neutron beam. The
scattering length varies from one isotope to another. For a given isotope i, the
coherent scattering length is defined as 𝑏7>XE = 𝑏¬R , and the incoherent scattering
98

!
QQQ
¬!
length is 𝑏77F> = -𝑏
R − 𝑏R . The coherent and incoherent cross-sections are

defined as 𝜎7>XE = 4𝜋(𝑏7>XE )! , and 𝜎77F> = 4𝜋(𝑏77F> )! , respectively. For isotopes
!
QQQ
¬!
which satisfy 𝑏
R = 𝑏R , the incoherent part disappears. This happens to those

isotopes that have an even atomic number Z and A, for example, 4H, 12C, 16O, 20Ne,
etc. Therefore, the scattering for the above isotopes has no incoherent scattering
component. Table 4-2 shows the values of 𝜎>XE and 𝜎7F> in some representative
isotopes. It is worth noting that 1H has the largest neutron cross-section among the
periodic table of the elements, most of which is contributed by the incoherent
scattering. So, if I want to control the relative proportions of coherent and
incoherent scattering, it is a good solution to monitor the ratio of H and D in the
sample. From Table 4-2, it is easy to understand that vanadium is often used for
sample containers in diffraction experiments and as calibration for energy
resolution, while aluminium is used for windows and sometimes containers as
well.
In summary, the elastic and inelastic scattering cross sections have an intuitive
similarity. The intensity of elastic, coherent neutron scattering is proportional to
the spatial Fourier transform of the pair correlation function, G(r), i.e.; the
probability of finding a particle at position r if there is simultaneously a particle at
r = 0. The intensity of inelastic coherent neutron scattering is proportional to the
space and time Fourier Transforms of the time-dependent pair correlation function,
G(r, t). I.e. the probability of finding a particle at position r at time t when there is
a particle at r = 0 and t = 0. For inelastic incoherent scattering, the intensity is
proportional to the space and time Fourier transforms of the self-correlation
function, Gs(r, t), i.e., the probability of finding a particle at position r at time t
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when the same particle was at r = 0 and t = 0.

Table 4-1 The energy and the corresponding temperature and wavelength ranges of cold, thermal
and hot neutrons.

Table 4-2 Values of 𝜎&'( and 𝜎)*& in some representative isotopes.

4.1.5 Applications of neutron scattering

Elastic neutron scattering methods include elastic neutron nuclear scattering and
elastic neutron magnetic scattering, which correspond to the determination of
crystal structure and the analysis of magnetic structure, respectively. Different
diffraction methods such as powder neutron diffraction and single crystal neutron
diffraction methods can also be selected according to the different morphologies
of the sample material and the needs of the experiment. As mentioned in the
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preface, neutron scattering is very suitable for studying material systems
containing hydrogen and elements such as lithium and oxygen.
4.1.5.1 Diffraction
Neutron diffraction is used to measure the differential cross section 𝑑𝜎⁄𝑑Ω and
hence the static structure of materials including crystalline solids, liquids and
amorphous materials as well as large-scale structures. Like X-ray diffraction,
neutron diffraction obeys Bragg’s law. Depending on the scattering angle, the
structure on different length scales, d, is measured:

2𝜋⁄𝑄 = 𝑑 = 𝜆⁄2 sin 𝜃

(4 − 20)

Although neutrons are uncharged, they carry a magnetic moment, and therefore
interact with magnetic moments, including those arising from the electron cloud
around an atom. Neutron diffraction can therefore reveal the magnetic structure of
a material on a microscopic scale.
For crystalline solids (either single-crystal or polycrystalline) and liquids, wideangle diffraction is used. For large structures such as polymers, colloids, and
micelles, small-angle neutron scattering is used. The latter will be discussed in the
next section.

4.1.5.2 Small angle neutron scattering (SANS)
Small-angle neutron scattering is an experimental technique that uses elastic
neutron scattering at small scattering angles to investigate the structure of various
substances on a mesoscopic scale of about 1-100 nm. Small-angle neutron
scattering is, in many respects, very similar to small-angle X-ray scattering
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(SAXS). The advantages of SANS over SAXS are its sensitivity to light elements,
the possibility of isotope labelling, and the strong scattering by magnetic
moments.

4.1.5.3 Reflectometry
Below an angle of incidence called the critical angle, neutrons are perfectly
reflected from a smooth surface. Neutron reflectometry is a neutron diffraction
technique for measuring the structure of thin films, similar to X-ray reflectivity.
The technique provides valuable information relevant to a wide variety of
scientific and technological applications, including investigations of chemical
aggregation, polymer and surfactant adsorption, structures of thin film magnetic
systems, biological membranes, etc.

4.1.5.4 Three-axis spectrometer
In the process of inelastic scattering, the energy and momentum of the neutron are
changed, or the energy and momentum transfer between the neutron and the
sample is measured. Therefore, to obtain kinetic information on the sample, it is
necessary to measure the angular distribution of the emitted neutron energy after
it is scattered by the sample. Based on different neutron sources, the instruments
are mainly divided into neutron triple-axis spectrometers and neutron time-offlight spectrometers.
A neutron triaxial spectrometer was first built by Bertram Brockhouse at the
Chalk River Atomic Energy Laboratory in Canada. The neutron triaxial
spectrometer is suitable for reactor neutron sources with a stable neutron beam
current. Fig. 4-9 is a schematic diagram of a neutron triaxial spectrometer. The
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three-axis distribution in a three-axis spectrometer refers to the three axes that
rotate around the monochromator, sample, and analyzer. Both the monochromator
and the analyzer use the Bragg scattering law to select a single neutron incident or
exit energy. The crystal orientation of the sample can be achieved by rotating the
angle around the sample axis. Only neutrons that meet a specific energy and
momentum relationship can finally enter the detector. The wave vectors of the
incident (ki) and outgoing (kf) neutrons determine the final change of the
momentum (Q) and energy (E), which are related to the angle of rotation of the
three axes. Changing these three angles allow experiments to scan along different
momentum-energy (Q-E) spaces.

Figure 4-9 Schematic diagram of a neutron triaxial spectrometer.

4.1.5.4 Time-of-flight spectrometer
Since the energy of a neutron is proportional to the square of its velocity, neutrons
at different flying speeds have different energies. After the neutrons are scattered
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by the material system, one can obtain the energy of the scattered neutrons by
measuring the flight times of the neutrons scattered by the sample at a known
fixed distance between the sample and the detector, and then find the energy
transfer between the neutrons and the sample, realizing the energy analysis of
inelastic neutron scattering. The neutron pulses used in the time-of-flight method
are all on the microsecond scale, and the next neutron pulse can only start to fly
after the first neutron reaches the detector. Therefore, this method is more suitable
for a pulsed spallation neutron source. The reactor-style steady-state neutron
source can also be used with a Fermi chopper to allow a time-of-flight neutron
spectrometer to be used, but the neutron utilization efficiency is lower. The timeof-flight neutron spectrometer has two settings, one is the direct geometry setting,
and the other is the indirect geometry, or inverse geometry. In the direct
geometric

non-elastic

spectrometer,

the

incident

neutrons

are

first

monochromatized by a chopper and then detected by detectors with different
scattering angles after being scattered from the sample. The detector records the
angular positions of the scattered neutrons and the time of arrival at the detector,
and then obtains the wave vector and energy of the scattered neutrons based on
this. In the indirect geometrical spectrometer, wide-band neutrons are directed at
the sample, and then the energy of the scattered neutrons is analyzed through a
series of analysis crystals. In this thesis, I used the PELICAN instrument in the
Australian Nuclear Science and Technology Organization (ANSTO) to conduct
the time-of-flight experiments, which used the direct geometry setting. Fig. 4.10
shows ae photograph of the PELICAN.
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Figure 4-10 Photograph of PELICAN instrument.

4.2 Scientific Background of the Topic in this Chapter

A few years ago, a world-record ZT of ~2.62 was achieved in SnSe single crystals,
owing to their ultralow thermal conductivity (( 𝜅( ) ~0.23 Wm-1K-1) along a
specific crystal axis4. Detailed neutron spectroscopy subsequently established that
the force field interactions are strongly anharmonic, causing temperaturedependent mode softening and short lifetimes for the phonons4-5. Despite this
promising result, polycrystalline forms of SnSe are required for industrial
applications, and here only moderate ZT of ~1 has been reported. There are
ongoing efforts to improve the performance of polycrystalline SnSe using a
variety of strategies, including chemical doping, nanostructured grains, and
embedded nanoparticles. Incorporating nanoparticles is a particularly effective
strategy that is now widely used for many thermoelectric composites to decrease
their thermal conductivity whilst preserving their electrical conductivity6-8. The
mechanism is generally attributed to the strong phonon scattering at interfaces,
but the underlying physics is still being debated. In the past work of my group,
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dilute amounts of insoluble carbon nanostructures embedded in a Cu2Se
thermoelectric material (Fig. 4.11) were explored, and it was shown that this
could lead to a nearly 50% increase in ZT9. Neutron spectroscopy measurements
demonstrated that the generalized density of states (DOS) of the composite only
showed very subtle differences from pure Cu2Se. I thus proposed that the drop in
thermal conductivity was mainly related to the phonon transmission coefficient 𝛼4
between the two phases, which, according to a model by Schwarz10, at high
temperature, depends on the angular-averaged phonon density of states (DOS) in
each phase via the relationship:
𝛼4 …𝜔S † =

∑S 𝐺! …𝜔S †𝑐4,S
∑7,S 𝐺7 …𝜔S †𝑐7,S

(4 − 21)

Where 𝐺4 (𝜔7 ) is the DOS in the main phase for phonons with energy 𝜔S in
material i (i = 1, 2) and dispersion 𝑐4,7 , while 𝐺! (𝜔S ) is the DOS for the secondary
phase. Owing to the low concentration of carbon (< 1 atom %) in the Cu2Se,
however, it was challenging to directly detect the contribution of the graphitic
phase [𝐺! (𝜔S )] in the neutron measurements. Recently, I found that using carbon
nanostructures is also an effective way to reduce the thermal conductivity of SnSe,
and this matrix supports higher nanoparticle concentrations (x > 10%). This
development should enable us to study the mechanism in more detail, with the
aim of directly resolving the contribution of the nanoparticle fraction in
composites and revealing the hidden vibrational density-of-states. Neutron
spectroscopy is the only technique capable of resolving the vibrational features
for the buried nanoparticle phonon fraction in the optically-opaque matrix.
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Figure 4-11 High-angle annular dark-field (HAADF) transmission electron images of various
types of carbon allotropes embedded in a thermoelectric matrix, including (a, b, c) nanographite
and (d, e, f) carbon graphite fibers. (g) Schematic illustration of the two possible phonon scattering
processes at an interface: specular reflection and diffuse scattering. (h) Neutron spectroscopy
measurements of the generalized DOS (GDOS) for pure Cu2Se, C:Cu2Se, and graphite,
highlighting the mismatch in the phonon bands.

Based on the above discussions, I proposed to measure the phonon density of
states for carbon nanographitic particles (“multilayer graphene”) buried in a
polycrystalline SnSe matrix. The measurements in the composite would be
sensitive to the total density of states (labelled Gs-c). I thus also aimed to perform
control measurements on the pure SnSe DOS (labelled G1) and the pure
nanographite DOS (labelled G2) in order to test whether new modes emerge in the
composite (i.e., whether (1 − 𝑥)𝐺4 + (𝑥)𝐺! = 𝐺J5> where x is the scattering
power of the nanoparticle volume fraction). If present, these new modes would be
a direct indication of the elusive phonon-interactions between the two phases.
Testing whether new modes emerge will establish whether it is valid to use the
non-interacting DOS as a first approximation to the phonon transmission in
Equation (4-1), which would then offer an attractive simplified way to design
heat-resistant thermal composites from first principles. Using embedded carbon
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particles/flakes (e.g., graphene) has been widely explored to decrease the thermal
conductivity of composite thermoelectrics, but the mechanism is unclear. In part,
this is because very little is known about the vibrational states of the embedded
nanoparticles. With its highly penetrative nature, neutron spectroscopy is an ideal
technique to detect the vibrations of embedded nanostructures in the bulk of an
optically-opaque material. While several groups, including our own11, have
demonstrated neutron spectroscopy of nanopowders with total masses of ~1 g, so
far no work, to the best of our knowledge, has reported the spectra for
nanoparticles embedded in a bulk matrix. Here, I will deploy SnSe matrices at
high masses (> 10 g) with a high volume fraction (> 10%) of nanoparticles in
order to allow the nanoparticle fraction to be detectable.

4.3 Experiment Details

Time-of-flight spectroscopy is an ideal tool to measure the angular-averaged
phonon density of states 𝐺7 (𝜔7 ), which is the central quantity of interest for this
topic. I measured the angular-averaged phonon density of states of SnSe, nanographite, and a composite containing the nano-graphite particles embedded in
SnSe, with a high fraction of carbon (14:86 in terms of atomic percent C: SnSe). I
used a temperature of 500 K to resolve energy transfers up to 60 meV in energygain mode, using a neutron wavelength of 4.75 Å. The neutron scattering crosssections are all similarly low for Sn:Se:C (4.87:8.3:5.550 barn respectively), so I
expected that a substantial fraction of the signal would arise from the carbon
nanostructure. As the 10% threshold length for multiple neutron scattering is
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~0.65 cm, I was able to measure high sample masses of ~15 g, where a total of >
1.0 g would have been from the nanoparticle fraction, giving a large carbon atom
percentage to enhance the signal.

4.4 Exploring the Phonon States in Nano-Graphite plates via
Time-of-Flight Neutron Spectrometer

Commercial graphene products have become more and more popular recently,
due to their good electrical and thermal conductivity. A special application of
graphite nanoplates (GNP), or multilayer graphene acts as a phonon scatterer in a
thermoelectric matrix. Either the excellent thermal conductivity or the strong
mismatch of phonons between GNP and thermoelectric materials requires an
experimental phonon study of GNP. I therefore proposed a time-of-flight inelastic
neutron scattering experiment to study the phonon dispersion and density of states
of GNP. The observed phonon modes agree well with theoretical calculations.
Graphene is a one-atom-thick sheet of carbon atoms in a hexagonal lattice, which
is the single building-block of graphite. Since the first advent of graphene, its
unique electronic band structure, as well as its excellent optical, electrical, and
mechanical properties have appealed to researchers in materials science. Although
studies of its intrinsic physical properties favor “real” graphene in perfect
single=layer form, the major industrial applications based on graphene focus on
cheaper multilayer graphene (nano-graphite plates). The nano-graphite plates are
also contributing to emergent “graphene” studies all over the world. In scientific
research, the nano-graphite plates are widely employed in rechargeable lithium
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batteries, thermoelectric matrices, and other functional materials. In industry, the
commercial products of nano-graphite plates are also used in ski boards, wheels,
and fishing rods because of their excellent performance in terms of high
mechanical strength and high thermal conductivity. Due to the wide application of
nano-graphite plates, it is very important to study their physical properties to
provide a better understanding of their dynamics. Recently, nano-graphite plates
have been added into thermoelectric materials, e.g., SnSe12 and Cu2Se9, to
construct composites, which showed great enhancement of the thermoelectric
figure of merit ZT.
In particular, graphene itself has been investigated as a thermoelectric material,
due to its high electrical conductivity and sizeable Seebeck coefficient of ~ 100
µV/K.

13-15

At room temperature, the overall power factor of graphene (~ 5´10-3

W/m×K2)15 could be higher than usual for semiconductors. The thermal
conductivity of graphene is also extremely high (~ 3000 W/m×K), however, which
means that the room temperature ZT of graphene is around 10-4 in magnitude.
Defect engineering by oxygen plasma treatment15 could effectively reduce the
thermal conductivity and enhance the ZT to 10-3, which is still lower than for
practical thermoelectric materials (ZT ~ 1). Theoretically16, structure engineering
of graphene could increase the ZT to ~ 1. In few-layer graphene, the Seebeck
coefficient will increase as the layers build up, but the ZT is still restricted by the
high thermal conductivity.17 Instead, graphene (nano-graphite plates, NGP) can be
a magic powder when sprayed uniformly in traditional thermoelectric
semiconductors. In NGP:Cu2Se material9, the inelastic neutron scattering
spectrum shows that the major phonon modes are present below 40 meV and
contributed by Cu2Se. The phonons of NGP are distributed in a much larger
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energy range (0 – 200 meV). The mismatch of phonon modes in Cu2Se and NGP
produces strong phonon scattering at the interfaces, which results in low phonon
transmission (10 – 20%) for a wide range of phonon energies below 40 meV.
Therefore, the thermal conductivity with NGP could be ~0.4 W/m×K, and the
obtained ZT was ~2.44.9 Similarly, drastic thermoelectric performance
enhancement can be also found in NGP:SnSe12, in which the thermal conductivity
is also much lower than for pure SnSe, due to the phonon scattering mechanism at
interfaces.
The phonons and thermal behavior in graphene, NGP, and graphite have been
studied both theoretically and experimentally in the last decade18-24. The phonons
in a material belong to several modes: longitudinal acoustic (LA) and optical (LO)
modes, and transverse acoustic (TA) and optical (TO) modes. Usually, the
acoustic phonons near the Brillouin sone (BZ) center show a linear dispersion
relationship from zero energy. The optical phonons, on the contrary, are much
less dispersed, and exhibits non-zero energy at the BZ center. In layered materials
such as graphite, with anisotropy of the bonding forces between in-plane and outof-plane, there are specific features of phonon spectra, e.g., quadratic dispersion
behavior of the vibrations propagating in the layer plane with a displacement
vector perpendicular to the layers (the ZA mode). Due to the special disperse
relationship of ZA phonons (w ~ q2), the group velocity vanishes as q ~ 0. It is
natural to assume that the ZA phonons carry little heat25-26, but in the most recent
picture22, it is argued that the ZA phonons dominate the lattice thermal
conductivity kL. The interaction between graphene layers breaks the graphene
selection rule on phonon-phonon scattering and leads to a substantial reduction in
the ZA phonons’ contribution.20, 22, 27 Experimentally, in single- and multi-layer
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graphene, the thermal conductivity kGraphene is ~ 600 – 5800 W/m×K28-30, which is
larger than that in graphite kGraphite ~ 2000 W/m×K31. Further, Yo Machida et al.32
found that, in 8.5 µm graphite plate, the thermal conductivity could be 4300
W/m×K, which is due to the emergent hydrodynamic phonon transport behavior.
In the aforementioned thermoelectric matrix, GNP was employed to efficiently
decrease the total thermal conductivity, which is due to the phonon scattering at
thermoelectric material – GNP interfaces. Therefore, it is important to study the
phonon density of states (DOS) in GNP experimentally, to further understand the
commercial graphene-based materials.
Here, I proposed a time-of-flight (TOF) inelastic neutron spectroscopy study in
commercial GNP powder produced by a physical method (thickness ~ 5 nm and
basal plane dimensions ~ 15´15 µm2), to study the phonon dispersion and DOS.
Physical method graphene products are known for their good heat and electrical
conductivity, and are commonly used in composite materials. I employed room
temperature X-ray diffraction (XRD), Raman spectroscopy, and low-resolution
transmission electron microscopy (TEM) to characterize the GNP sample.
Moreover, neutron spectroscopy was performed using the cold neutron TOF
spectrometer (PELICAN)33 at the Australian Nuclear Science and Technology
Organization operating at incident wavelength of 4.690 Å. The samples were
mounted in an aluminum can, and the empty can signal was subtracted at each
temperature. From the TOF spectrum, the phonon dispersions were obtained, as
well as the generalized density of states (GDOS) up to 200 meV. Since the GDOS
was obtained from neutron energy gain scattering, the experiment was conducted
at a relatively higher temperature (500 K).

112

Figure 4-12 (a) Room temperature X-ray powder diffraction patterns of GNP sample, and neutron
diffraction patterns measured at 200 K and 400 K. (b) Room temperature Raman spectrum of GNP
sample.

The XRD pattern is shown in Fig. 4-12 (a), in which the (002) peak is still strong
and sharp enough to exhibit the 2H graphite feature (standard card PDF#41-1487).
In addition, two impurity peaks are found on the low-q shoulder of the (002) peak,
which may be a secondary phase from the manufacturing process. The two
shoulder peaks are invisible in neutron diffraction (ND) measurements, however,
probably due to the low total mass of impurity, as shown in Fig. 4-12 (a). The
elastic scattering patterns were obtained in the TOF spectrum, with energy
transfer DE = 0 meV, in which I only observed the (002) peak due to the long
neutron wavelength. Another interesting point in the ND patterns is that one more
impurity peak was detected at q = 1.3 Å-1, which is not observed in XRD patterns.
Although there was a clear secondary phase in the GNP sample, I still obtained
phonon information on GNP, due to the small total mass of impurity.
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Figure 4-13 TEM images of a GNP sample. (a) Multiple flat sheets form a stacking structure. (b)
Multiple sheets with bent edges. (c) Large sheets with winkles and bent edges. (d) Thin edges of
several sheets. (e) Magnified image of an edge.

The morphology of the GNP sample is measured via TEM, as shown in Fig. 4-13,
in which some of the typical features and stacking can be observed. In Fig. 4-13
(a), several large sheets of GNP with lateral size of several micrometers are found
on the top of the grid, where it can be seen that there are sharp edge structures
(areas with more transparency) in the images. A magnified image of such an edge
is shown in Fig. 4-13 (e), in which one can see the clear layered feature, and ~
300 nm thickness on the thinner side. In Fig. 4-13 (b), a 0.8 ´ 0.3 µm2 area with
interference patterns is observed with relatively thick GNP stacking, which is the
feature of double membrane vesicles constructed from bent graphene. In
graphene-based materials, wrinkled areas have an intrinsic nature and stabilize the
2D or quasi-2D structure. This can be observed from Fig. 4-13 (c), in which the
bent area with less transparency indicates the wrinkles. In Fig. 4-13 (d), part of
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the graphene sheet shows a relatively flat morphology with low contrast, which is
an indication of few-layer thickness.

Figure 4-14 The phonon spectrum measured by inelastic neutron scattering in the Γ-A zone at 500
K. Since the sample is in polycrystalline form, both longitudinal mode and transverse modes are
observed in this spectrum.

Figure 4-15 The high symmetry points in the Brillouin zone of graphite.

In Fig. 4-14 we present an energy-momentum space color map of the
experimentally measured neutron spectrum showing the phonons in the Γ-A zone,
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as indicated in Fig. 4-15. Due to the long wavelength of the incident neutrons
(4.69 Å), only the (002) Bragg peak is shown in the spectrum. The acoustic
phonons that were observed near the (002) peak are propagating along the (00L)
direction (LA mode) and propagating perpendicular to the (00L) direction (TA
modes), due to the polycrystalline form of the GNP sample. The relatively larger
q allows us observe clear enough phonon dispersions from the background. In
agreement with the previously reported calculation in graphite34, I observed the
acoustic phonons (LA and TA modes), and traces of optical phonons (LO and TO
modes). Due to the plate shape of the samples, a preferential c-orientation of the
GNP sample exists in the mounted sample, which therefore results in stronger
longitudinal modes than transverse modes. This preferential orientation also
provides more Γ-A zone phonon density in the total GDOS, as shown in Fig. 4-16.

Figure 4-16 Experimental GDOS of GNP from inelastic neutron scattering and calculated35
phonon DOS of graphene and graphite. The inset shows GDOS of GNP measured at different
temperatures.
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Figure 4-17 Double linear fitting of GDOS in the low energy range. The crossover point indicates
the highest contribution of the TA mode.

The measured GDOS of GNP at different temperatures is shown in Fig. 4-16,
together with the calculated phonon DOS of graphene and graphite, from which
many features showing agreement between experiments and theory can be
observed. In the inset graph of Fig. 4-16, the GDOS at three measurement
temperatures are plotted together. The data collection times for measurements at
200 K, 400 K, and 500 K are ~ 8 h, 3h, and 13h, respectively. With increased
heating, there is a greater population of phonons, which provides more details in
neutron energy gain measurements. Compared with the 200 K and 400 K data, the
500 K data exhibit more details and better statistics. There are two identical broad
peaks in the 200 K and 400 K data at ~20 meV and ~80 meV, respectively, which
are contributed mainly by the optical phonons and acoustic phonons in the Γ-M
and Γ-K zones, respectively. In all three spectra, the low-energy phonons (0 – 20
meV) in the Γ-A zone are more dominant than in theory, which is due to their corientation preference. In the low energy region, the slope of the GDOS curve
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changes significantly at ~ 3 meV, as shown in Fig. 4-17 by double linear fitting,
below which, the TA phonons in the Γ-A zone are contributing to the total GDOS.
The first peak at ~ 15 meV shows the LA and LO phonons in the Γ-A zone, which
is exactly the same as in the theoretical calculations35. In the higher energy region,
the ZA phonons in the Γ-M zone contribute to the ~ 55 meV peak, TA and ZO
phonons in the Γ-M zone contribute to the ~ 80 meV peak, and the ZO phonons
near the Γ point contribute to the ~ 100 meV peak, respectively.18 Those peaks are
wider in experiments. At ~ 150 eV, one can still identify a broadened peak
contributed by LA phonons in the Γ-K zone, above which, the GDOS curve
becomes featureless. Since the phonon DOS of graphene and graphite are similar
to each other, the observed GDOS of the GNP sample agrees with the main
features of both materials. I deduce that the phonon properties of GNP (multilayer
graphene) are between those of graphene and graphite.
It is well known that the thermal conductivity in graphene (graphite) based
materials is highly anisotropic: there is huge thermal conductivity in basal plane,
and poor conductivity between the layers. Theoretical studies18, 22 have suggested
that the LA, TA, and ZA phonons all contribute to the in-plane thermal
conductivity of single- or multi-layer graphene but with different layer
dependence: LA and TA phonons are layer number independent in heat transport,
ZA phonons show strong layer-dependence in heat transport, e.g., they carry ~75%
of the heat in single-layer graphene and no more than 40% when the number of
layers is greater than 6. Experimentally, the thermal conductivity of graphene
based materials depends on the thickness, in-plane size, and edge roughness of the
material, which is related to the different phonons and the different phonon
scattering mechanisms.18 In my experiments, the LA, TA ,and ZA phonons are all
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observed as peaks on the GDOS curve, which means that the in-plane heatcarrying phonons all exist in the GNP sample and contribute to the thermal
behavior. Because graphene-like thermal conductivity still exists in micrometerthick graphite material32, I argue that the in-plane hydrodynamic phonon transport
behavior is dominant in the GNP sample. Since the in-plane heat-carrying phonon
dispersions are in high energy (50 -150 meV) range, strong phonon scattering
occurs due to the mismatch between GNP and typical thermoelectric materials
(several meV of acoustic phonon energy), so that there is a decrease in the total
thermal conductivity.
To summarize, I conducted a time-of-flight inelastic neutron scattering
experiment in common commercial multilayer graphene produced by a physical
method (graphite nanoplates, GNP) material. The XRD and Raman spectra show
that the GNP material is similar to multilayer graphene or graphite. The
PELICAN experiments on GNP present clear acoustic phonon modes in the Γ-A
zone, which agree well with previous calculations. Moreover, the GDOS of the
GNP sample measured at 500 K shows details of the phonon modes: TA and LA
modes in the Γ-A zone, and LA, TA, LO, and ZA modes in the Γ-M zone. The
peak positions are consistent with theoretical calculations, although the widths are
broadened in measurements. The GNP sample could be a good in-plane thermal
conducting material due to its phonon structure.

4.5 Exploring the Phonon States in the SnSe/nano-graphite system
via Time-of-Flight Neutron Spectrometry
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As the previous work in Chapter 3 demonstrated12, the thermal conductivity of the
SnSe system is significantly reduced by introducing nano-sized graphene into the
matrix as a second phase, which leads to an enhancement of the phonon scattering.
In this part, the TOF neutron scattering results for SnSe/nano-graphite and pure
SnSe are provided. Fig. 4-18 shows the XRD patterns of the GNP, pure SnSe and
SnSe/20 GNP (SnSe mixed with 20 wt. % GNP) samples respectively. No other
phases exist in the SnSe/20 GNP mixture except for its two components.

Figure 4-18 XRD patterns of GNP, pure SnSe, and SnSe/20 GNP.
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Figure 4-19 Phonon spectra measured by inelastic neutron scattering in the Γ-A zone at 500 K for
the (a) GNP, (b) pure SnSe, and (c) SnSe/20 GNP samples.
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Figure 4-20 Experimental GDOS of GNP, SnSe and SnSe/20 GNP from inelastic neutron
scattering, respectively. The inset shows details in the energy range of 2-25 meV.

Figure 4-21 (a) Phonon dispersions of SnSe from DFT simulations with either local-density
approximation (LDA) or generalized-gradient approximation (GGA) exchange-correlation
functionals (relaxed unit cells), compared with experimental INS data at 300 K. (b)Phonon
density of states calculated from DFT for relaxed (a0 b0 c0) and stressed (a↑ b↑ c↓ and a↓ b↓ c↑)
unit cells36.

Fig. 4-19 shows an energy-momentum space color map of the experimentally
measured neutron spectrum. Fig. 4-20 presents the GDOS of the three samples,
with the inset showing details in the energy range of 2-25 meV. As discussed
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above, the thermal transport behavior of GNP is mainly attributed to its in-plane
phonons, which are dispersed at high energy. In SnSe, however, previous
experimental and density functional theory (DFT)-calculated results, as shown in
Fig. 4-21, indicate that the phonons in SnSe have much lower energy36. It can be
seen in the inset of Fig. 4-20 that the SnSe/20 GNP initially has less phonons than
pure SnSe when the energy transfer is lower than 10 meV, but it finally has more
phonons when energy transfer goes close to 20 meV. By doing subtraction, the
difference shows the same trend with the GDOS of the GNP, meaning that the
phonons in the mixed sample are composed of contributions from both GNP and
pure SnSe. Strong phonon scattering takes place due to the mismatch between
GNP and SnSe in the mixture, and therefore results in a decrease in the total
thermal conductivity.
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Chapter 5: High Thermoelectric Performance in the
Bulk-Insulating Topological Insulators VxBi1.08xSn0.02Sb0.9Te2S

5.1 Abstract

As one of the most important n-type thermoelectric (TE) material, Bi2Te3 has
been studied for decades, with efforts to improve it based on element doping,
band engineering, etc. In this study, a novel bulk-insulating topological material
system is reported as a replacement for n-type Bi2Te3 materials: V doped
Bi1.08Sn0.02Sb0.9Te2S (V:BSSTS) . V:BSSTS is a bulk insulator with high surface
state electronic mobility. Furthermore, the band gap can be tuned by the doping
level of V, which is verified by magnetotransport measurements. The linear
magnetoresistance contributed by linear dispersed band structure is observed in all
samples. The excellent thermoelectric performance is also obtained in V:BSSTS
samples, e.g., the highest figure of merit ZT of ~ 0.8 is achieved in the 2% V
doped sample (denoted as V0.02) at 550 K. The high thermoelectric performance
of V:BSSTS can be attributed to two synergistic effects: (1) the grain boundaries
scatter phonons to achieve relatively low thermal conductivity; and (2) the
electrical conductivity is increased due to the high-mobility topological surface
states at the boundaries. In addition, by replacing one third of costly tellurium
with abundant, low-cost, and less-toxic sulfur element, the newly produced
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BSSTS material is inexpensive but still has comparable TE performance to the
traditional Bi2Te3-based materials, which offers a cheaper plan for the electronic
and thermoelectric industries. The results demonstrate that topological materials
with unique band structures can provide a new platform in the search for new high
performance TE materials.

5.2 Introduction

Topological insulators (TIs) are materials with insulating bulk states, as well as
time-reversal-symmetry-protected conducting boundary states. In the past decade,
TIs have demonstrated many excellent electronic and optical properties, such as:
ultrahigh mobility1-3, nearly dissipationless boundary transport4-6, and ultrabroadband plasmon excitations.7-8 Very importantly, many three-dimensional (3D)
TIs have been found to be good thermoelectric (TE) materials, which can directly
convert waste heat into electric power, due to their similar properties to heavy
elements and their narrow bulk band gaps. A large number of popular TIs have
already been proved to show excellent thermoelectric behavior and are making
enormous contributions to thermoelectric research and industry, e.g., Bi2Se3,
Bi2Te3, Sb2Te3, and SnTe.
Another important topic is how the novel topological states contribute to the
thermoelectric performance, which can be described by the figure of merit ZT
(𝑍𝑇 =

sZ ! %
,
k

where s is the electrical conductivity, S is the Seebeck coefficient, T

is the absolute temperature, and the thermal conductivity k is the sum of
contributions from electrons ke and lattice vibrations kL). To improve the ZT, one
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should reduce the thermal conductivity while maintaining high values for the
electrical conductivity and Seebeck coefficient. In a TI, the promising
topologically protected boundary states can work as conducting channels, because
they possess lower physical dimensions than the bulk states.9 Moreover,
theoretical predictions indicate that the gapless surface states can lead to a sizable
anomalous Seebeck effect due to the strong energy dependence of the scattering
time, which is caused by the boundary-bulk interactions, when the Fermi level is
located around the bulk band edges. S. -C. Zhang et al.10 have predicted that in a
TI, the ZT is highly dependent on the microscale size of the material, and the size
parameter can be tuned to enhance ZT to be significantly higher than 1. Therefore,
excellent thermoelectric performance is expected in new TI families through
introducing nanostructures.
The topological insulator Bi2Te3 and its alloys are the most widely developed
thermoelectric materials at room temperature, and they are generally used for
energy generation, especially in equipment that requires high precision.
Thermoelectric materials are divided into two types: n-type, in which electrons
are the dominant conducting carriers, and p-type, in which holes are the majority
carriers. So far, p-type Bi2Te3 has been studied in depth, as reported in previous
works11-15. The ZT of n-type Bi2Te3 is still lower than that of its p-type
counterpart, however16-20. When making a thermoelectric device for application,
both n-type and p-type materials are required to work together, so it is important
to further study as well as achieve enhanced thermoelectric behavior in n-type
Bi2Te3 alloys. Recently, F. Hao et al. successfully optimized the thermoelectric
performance of n-type Bi2Te2.4Se0.6 alloys at elevated temperatures by introducing
excess Te or doping with I at Te sites, and a maximum ZT of 1.0 at 400 K has
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been realized21. X. L. Shi et al.22 also reported enhanced thermoelectric properties
in n-type Se, Lu-codoped Bi2Te3 nanopowders, and a maximum ZT of 0.85 at 420
K was achieved in their Lu0.1Bi1.9Te2.7Se0.3 sample.
Recently, single-crystalline V, Sn codoped Bi1.1Sb0.9Te2S (V:BSSTS) have been
proved to be a family of wide band-gap TIs, in which Sn can stabilize the
structure, as well as tune the bulk carriers’ density, and V doping further controls
the bulk band gap.23-24 In these materials, the bulk band gap can be tuned to ~0.34
eV with a 3D n-type carrier density lower than 2 ´ 1015 cm-3, while the
topological surface states can still present quantum oscillations above 50 K.23
Such good topological insulating properties might give evidence of the predicted
surface-enhanced thermoelectric performance. Moreover, sulfur is a more
abundant, cheaper, and less toxic element than Se or Te, providing more industrial
benefits in thermoelectricity. Since the thermoelectric behavior of this system still
remains unstudied, I fabricated polycrystalline VxBi1.08-xSn0.02Sb0.9Te2S (x = 0,
0.02, 0.08) samples and conducted the comprehensive measurements on this
V:BSSTS system.

5.3 Synthesis and Experiments

Synthesis: Stoichiometric raw powders of V, Sn, Bi, Sb, Te, and S were mixed
and sealed in high-vacuum quartz tubes. The starting materials were heated up to
1100 °C with a 24 h dwell time, then naturally cooled to room temperature. The
obtained samples, which were single-crystal-like ingots with shiny surfaces and
layered features, were ground via ball milling.
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Fabrication of Bulk Samples: The powders were then loaded into a graphite die
10 mm in diameter and densified by spark plasma sintering (SPS) at 350 °C for 5
min under a uniaxial pressure of 50 MPa. The obtained TI bulks were cut into
round disks and rectangular bars, and polished for thermal and electronic
measurements, respectively.

Characterization: The Seebeck coefficient and electrical conductivity were
measured simultaneously using a commercial RZ2001i system from room
temperature to 550 K under vacuum. The thermal conductivity was determined in
the 300-550 K temperature range from the thermal diffusivity D, the specific heat
Cp, and the density d according to the relation 𝜅 = 𝐷𝐶? 𝑑, where κ = κL + κe is the
total thermal conductivity, and κL and κe are the lattice and electronic
contributions, respectively. The thermal diffusivity (D) was measured by the laser
flash technique (LINSEIS LFA 1000) under vacuum conditions. The specific heat
(Cp) was determined by differential scanning calorimetry on a DSC-204F1
Phoenix under argon atmosphere with a flow rate of 50 ml/min. The sample
density (d) was calculated from the measured mass and dimensions and was
considered temperature-independent. All the electrical conductivity and thermal
diffusivity measurements on the as-prepared V:BSSTS bulks were repeated
several times to confirm their reproducibility. Scanning electron microscopy
(SEM) was also used to study the morphology and microstructure of the
V:BSSTS bulks.
The electronic transport properties between 3 K and 380 K, based on the
magnetoresistance (MR) and the Hall effect, were measured using a Quantum
Design Physical Properties Measurement System (PPMS). The five-contact Hall130

bar geometry was used for the measurements. The carrier concentration (n) and
carrier mobility (µ) were calculated from the formula n =1/(eRH) and µ =sRH,
where e and s are the electron charge and the electrical conductivity, respectively,
and RH is the Hall coefficient.

5.4 Results and Discussions

Previous report on V:BSSTS revealed that V can tune the bulk band gap to make
it dramatically more insulating, e.g., the band gap of single crystals varies from
0.11 eV (V0.02) to 0.34 eV (V0.08).23 As sketched in Fig. 5-1 (a), the bulk band gap
is probably increased by more V doping, indicating a lower bulk carrier
concentration, while the surface states are of the same magnitude among the three
samples. Since the bulk band gaps of all the samples are much higher than the
thermal energies of the studied temperatures, e.g., 0.11 eV is roughly 1270 K, I
assume that the bulk and surface states both contribute to the conductivity. To
achieve high thermoelectric performance, the powders were first ball milled and
then sintered via SPS to build more grain boundaries. As schematically illustrated
in Fig. 5-1 (b), the grain boundaries possess better conductivity than the bulk due
to the topological surface states, while scattering the phonons to reduce the
thermal conductivity. Fig. 5-2 (a), (b) and (c) shows cross-sectional SEM images
of the V0.00, V0.02, and V0.08 samples, respectively. These pictures show clearly
that my samples are layered and finely densified. Fig. 5-2 (d) contains the energy
dispersive spectroscopy (EDS) mapping images of the V0.02 sample, from which it
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can be seen that V-rich areas exist, which are considered to be responsible for the
enhanced phonon scattering.

Fig. 5-1 (a) The band structure sketch of V:BSSTS, with different V doping. (b) The
demonstration of how electronic current and heat flow through the grain boundary.

Fig. 5-2 (a), (b), (c) Cross-section SEM images of the V0.00, V0.02 and V0.08 samples, respectively.
(d) EDS mapping of (b).
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Fig. 5-3 (a) shows the electrical conductivity as a function of temperature (s-T)
for the V:BSSTS system with three different vanadium doping levels in the 3-550
K temperature range. Although n-type Bi2Te3 and the V:BSSTS system are both
topological insulators, they have a significant difference: the s-T curve of Bi2Te3
indicates metal-like behavior, while V:BSSTS shows semiconductor-like
behavior. Note that the Fermi level of n-type Bi2Te3 penetrates into the bulk
conduction band, but in V:BSSTS, the Fermi level is still in the bulk band gap,
which is responsible for the large Seebeck coefficients of these samples.
Therefore, compared with metallic topological insulators, the bulk-insulating
topological insulator is a better system to study the surface-enhanced
thermoelectric behavior. Let us focus on the V0.00 sample, in which the total
conductivity decreases monotonically from 550 K to ~30 K, suggesting that the
insulating bulk carriers dominate the transport behavior in this temperature region.
With further cooling, the conductivity shows a plateau below 30 K, meaning that
the metallic surface carriers contribute to the s-T behavior. In the V doped
samples, the bulk-dominant conductivity behavior is much weaker: 1) in the V0.02
sample, the high temperature conductivity shows less temperature dependence,
and the low temperature (< 30 K) conductivity shows a sign of an upturn; 2) in
the V0.08 sample, with a band gap of ~ 0.34 eV, as reported by a single crystal
study23, the conductivity below ~150 K shows an upturn, indicating that the
surface carriers contribute more to the total transport property than in the undoped
and low doped samples. The phenomenon that I found in polycrystalline samples
agrees well with previous single crystal results23, suggesting that the good
topological insulating properties, e.g., wide bulk gap, high surface state survival
temperature, exist in the polycrystalline thermoelectric samples fabricated via SPS.
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Fig. 5-3 Electronic transport properties of V:BSSTS samples. (a) The temperature dependent of
conductivities of three samples, measured by PPMS (3-380 K) and thermoelectric equipment
(330-550 K). (b) The carriers’ density and mobility between 3 and 380 K, obtained from the Hall
effect measurements.

Furthermore, Hall effect and magnetoresistance (𝑀𝑅 =

[(#)5[(')
[(')

) measurements

were also conducted on the V:BSSTS samples with magnetic field up to 14 T
perpendicular to the current, and the results are shown in Fig. 5-3 (b), and Fig. 5-4
(a)-(c), respectively. Based on the Hall effect results, the carrier concentrations
and mobilities were obtained and are presented in Fig. 5-3 (b). The carrier
densities of all three samples are between 3 ´ 1018 and 1.5 ´ 1019 cm-3, with weak
temperature dependence. The total carrier density decreases with V doping, which
shows similar behavior to the s-T curves, and is sensitive to the bulk band gap.
Moreover, the mobility of the carriers in three samples at ~380 K is between 250
and 400 cm2/Vs, which is close to the reported Bi2Te3 data.25 Note that, in the
V0.00 sample, the carrier density and mobility are both the highest among the three
samples. In the V0.00 sample, the MR curve shows a linear feature (especially in
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the low-field region) without any sign of saturation, reaching a value of ~13% at 3
K and 14 T. On heating up, the maximum MR value decreases monotonically to
~5.2% at 300 K and 14 T. The low-field linear feature of the MR curves remains
up to ~ 100 K, above which, it shows parabolic-like behavior. In the strong field
region, however, e.g., > 3 T, the MR curves are have a linear appearance, even at
300 K. In the V doped samples, the 14 T MR values are higher than for the V0.00
sample, e.g., ~ 27% for the V0.02 sample at 3 K and 14 T, and ~37% for the V0.08
sample at 3 K and 14 T. The linear-like MR features, generally and at high
temperatures only in strong fields, are observed also in the V doped samples. It
should be noted that the MR behavior in the polycrystalline samples made by SPS
is quite similar to that in single crystals, but with relatively smaller MR values.
Similar room-temperature linear-MR behavior was also reported for Bi2Te3
nanosheets, in which, at 300 and 340 K, the MR curves show low-field-paraboliclike and strong-field-linear-like behavior, due to the linear dispersion of the band
structure. In our case, the band structure is quite similar to that reported for Bi2Te3
nanosheets, while the material itself (as shown in Fig. 5-2 (b)) can be compared
with high-density, mosaic-like, nanoscale TI sheets. The MR behavior is a good
evidence that the topological surface states exist in our V:BSSTS, at least at room
temperature.
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Fig. 5-4 Magnetoresistance of V:BSSTS samples at various temperature from 3 to 300 K.

Fig. 5-5 (a) shows the electrical conductivity curves from room temperature to
550 K, which has been discussed in connection with Fig. 5-3 (a) together with the
low temperature conductivity. Fig. 5-5 (b) shows the temperature dependence of
the Seebeck coefficient for our V:BSSTS samples. The negative Seebeck
coefficient values indicate that our samples are n-type, in which electrons are the
major carriers. The Seebeck coefficient values of the V0.00 and V0.02 samples
increase at first and then decrease with increasing temperature. This is because
from 300 K to about 425 K, the increasing Seebeck coefficient is mainly
attributable to the enhanced phonon-electron interaction with increasing
temperature. As the temperature further increases, the valence band and the
conduction band will experience thermal excitation of the charge carriers, thereby
generating electrons in the conduction band and holes in the valence band, and the
Seebeck coefficient then decreases due to the bipolar effects. Interestingly, the
Seebeck values of the V0.08 sample do not change much when temperature is
below 380 K, but above that, it decreases significantly. According to a previous
report on the V:BSSTS single crystals, both n-type bulk carriers and p-type
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surface carriers can coexist. In the undoped and low V-doped single crystals V0.00
and V0.02, the bulk carriers are dominant, so they are n-type, while the highly Vdoped single crystal V0.08 shows p-type behavior due to the significant
contribution of its surface carriers23. In my V0.08 polycrystalline sample, however,
the bulk carriers are still dominant due to the high defect level. The n-type bulk
carriers and p-type surface carriers contribute to different Seebeck effects10 and
therefore, to unconventional Seebeck behavior. The power factors calculated from
𝑃𝐹 = 𝑆 ! 𝜎 are shown in Fig. 5-5 (c), in which it can be seen that the V0.08 sample
has the lowest power factor as a result of low electrical conductivity and a low
Seebeck coefficient. The V0.02 sample possesses the highest PF among all of the
three samples over the whole temperature range due to its proper bulk band gap,
as well as its topological surface contributions.
Fig. 5-5 (d) illustrates the thermal conductivity of the three samples as a function
of temperature. It can be seen from that the thermal conductivity is effectively
reduced by a higher vanadium doping level. In order to obtain a deeper insight
into the thermal transport behavior, the lattice and electronic parts of the total
thermal conductivity were calculated, as shown in Fig. 5-5 (e). Based on the
Wiedemann-Franz law26, the electronic thermal conductivity (κe) is determined by
the electrical conductivity via 𝜅) = 𝐿𝜎𝑇, where L is the Lorenz number. The
Lorenz number for the Bi2Te3 system was calculated using a single parabolic band
(SPB) model. The lattice thermal conductivity (κL) then can be calculated by 𝜅^ =
𝜅 − 𝜅) . As shown in the inset of Fig. 5-5 (e), the electronic contribution (κe) to the
total thermal conductivity of the V:BSSTS samples increases with increasing
temperature. On the other hand, κL obviously decreases with increasing doping
level, due to the enhanced phonon scattering by the increasing number of defects.
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The calculated ZT values of the three samples are presented in Fig. 5-5 (f). The
temperature-dependent behavior of ZT of the two doped samples show that ZT
first decreases with increasing temperature, and then increases, finally achieving a
maximum ZT of ~0.8 for V0.02 at ~450 K. The ZT in the undoped sample shows
similar behavior to the doped samples when the temperature is below 450 K, and
the highest ZT value of ~0.6 is obtained at 450 K. The ZT goes down again when
heated above 450 K, and the value of ZT was reduced to ~0.5 at ~550 K. This was
because the thermal conductivity of the undoped sample kept increasing at high
temperature, while those of the two doped samples remained flat. The ZT
behavior of the undoped, low vanadium doped, and high vanadium doped samples
revealed that, compared with the undoped sample, V0.02 sample presents the most
appropriate band gap and strong surface states, resulting in the best thermoelectric
behavior in the V:BSSTS system.
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Fig. 5-5 Temperature-dependent thermoelectric properties of the V:BSSTS samples: (a) electrical
conductivity; (b) Seebeck coefficient; (c) power factor; (d) thermal conductivity; (e) lattice
thermal conductivity kL, and inset is electronic thermal conductivity ke; (f) figure of merit ZT.

Besides the high peak ZT value, a high average 𝑍𝑇+A) of 0.68 for the V0.02 sample
over the whole measurement temperature range (297K-550K) is also obtained.
The 𝑍𝑇+A) values are calculated based on the relationship

𝑍𝑇+A) = %
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where 𝑇E and 𝑇> are the hot-side and cold-side temperatures, respectively. Thus
high 𝑍𝑇+A) value is relevant to thermoelectric device fabrication and practical
applications. This is because the thermal-electric conversion efficiency η of a
thermoelectric power generator is given by

η=

𝑇E − 𝑇> P1 + (𝑍𝑇)+A) − 1
𝑇E P1 + (𝑍𝑇)+A) + 𝑇> ⁄𝑇E

(5 − 2)

5.5 Conclusion

We synthesized V:BSSTS samples by the melting-cooling method, and then
employed SPS to make condensed pellets of samples with different V doping
levels: 0.00, 0.02, and 0.08, based on the band structure from a previous single
crystal study23. A comprehensive magnetotransport study was carried out on the
polycrystalline samples, which suggested that resistivity curves of the SPS
samples share similar temperature and magnetic responses. Specifically, bulkinsulating behavior was observed in the s-T curves, as evidenced by decreasing
conductivity with cooling, which are, more or less, interrupted by the surface
contributions, e.g., the conductivity shows a plateau in V0.00 sample below 30 K,
an upturn below ~30 K in the V0.02 sample, and an upturn below ~150 K in the
V0.08 sample. With a perpendicular magnetic field, the magnetoresistance shows a
roughly linear increase in all the samples, even at room temperature, which is
strong evidence that the linearly dispersed topological surface states contribute to
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the

transport

behavior.

We

thus

measured

the

surface-state-enhanced

thermoelectric behavior, and found: 1) among the three samples, the V0.02 sample
presents the best thermoelectric performance; 2) the maximum Seeback
coefficient of 172 µV/K was obtained in the V0.02 sample at ~450 K, together with
the largest power factor of ~9.5 µW/K2cm; 3) the thermal conductivity of V0.02
sample is close to that of the non-V-doped sample, but is decreased in the V0.08
sample, showing the lowest thermal conductivity of ~ 0.4 W/m K. The best ZT in
this system is ~0.8, which was found in the V0.02 sample at ~450 K, along with
𝑍𝑇+A) of 0.68 in the temperature range of 297 K ‒ 550 K. We obtained excellent
thermoelectric performance in a sulfur substituted n-Bi2Te3-based bulk-insulating
topological insulator material, which offers another avenue to achieve high
performance with cheaper materials. Moreover, the bulk-insulating system also
provides a good platform to explore the dynamics in surface-state-enhanced
thermoelectric performance.
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Chapter 6: Conclusions

In this thesis, the thermoelectric behaviors of SnSe-based thermoelectric material
systems were studied in depth. By embedding nanosized graphene into a p-type
polycrystalline SnSe matrix, ultralow thermal conductivity of ~0.18 W m -1K-1
was achieved. Hence an outstanding ZT of ~1.08 was realized in this system. In
order to further study the origins of this ultralow thermal conductivity, time-offlight inelastic neutron scattering was conducted on pure SnSe, commercial multilayer graphene, and SnSe + 20 wt. % graphene, respectively. The neutron
spectrum indicates that the phonons responsible for thermal transport in SnSe and
graphene are dispersed in energy ranges as low as several meV in SnSe while as
high as hundreds of meV in graphene. The difference in energy of the phonons in
these two phases make it hard for phonons to transfer from one phase to another,
thus resulting in the decreased thermal conductivity. Besides of the SnSe-based
system, the thermoelectric properties of the n-type vanadium doped VxBi1.08xSn0.02Sb0.9Te2S

(V:BSSTS) system was also studied, the conducting surface of

which has been proposed to contribute to its electrical conductivity. The results
showed that the sample with 2 wt. % V doping (V0.02) achieved high electrical
conductivity as well as low thermal conductivity at the same time, reaching a high
ZT of ~0.8.
Challenges still exist: 1) The electric conductivity of the SnSe/graphene system
remains low. Various methods are expected to be found to improve it, however,
for example, through alkali metal doping such as with Na and K. 2) No obvious
new phonon spectrum derived from the interface of SnSe and graphene has been
observed yet. Further steps, such as ball milling and pressing the powder into
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ingots, should be introduced to create more interfaces in SnSe/graphene mixtures
so that the contributions from the interfaces can be measured. 3) The development
of new thermoelectric materials needs to be ongoing.
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