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Abstract

Thermoelectric materials enable the direct conversion between heat and electricity through the
Seebeck effect. The efficiency of energy conversion is governed by a dimensionless figure of
merit (zT) as: zT = S2oT/k, where S, a, k, and T is the Seebeck coefficient, electrical conductivity,
thermal conductivity, and operating temperature, respectively. By fabricating thermoelectric
materials into pellets or thin films, they can be facilely integrated with wearable electronics to
harvest human body heat at the low temperature, acting as the energy-autonomous,
maintenance-free and emission-free power sources. To this end, developing high-performance
multi-dimensional low-temperature thermoelectric materials is of vital significance.

So far, the best low-temperature (200-400 K) thermoelectric materials are bismuth telluride
(Bi2Tes) and its compounds, where promising zT can be achieved from enhanced power factor
(S20) and suppressed lattice thermal conductivity (x1). With the combination of several
strategies including point defect, texture and nanostructure engineering, zT of Bi2Tes-based
thermoelectric pellet has been improved up to 1.5. On the other hand, studies on Bi2Tes-based
thermoelectric thin films mainly focus on the optimizations of inorganic film crystallinity and
defects, and interface engineering in inorganic/organic hybrids, showing record zT up to 0.89.
In order to further boost zT of Bi2Tes-based thermoelectric pellets and thin films, there are at
least four issues deserving to be further explored. (1) Carrier concentration (n) of Bi2Tes pellets
still deviates from the predicted optimal value, leading relatively low S2o. (2) Further x
reduction of Bi2Tes pellets is desired, considering current studies have pushed x close to
predicted amorphous limit. (3) Interfacial carrier transports between Bi2Tes-based inorganic
fillers and conductive polymers are impeded by high interfacial contact resistances, leading
poor o in Bi2Tes-based inorganic/organic thermoelectric films. (4) Low crystallinity of
conductive polymers and poor interfacial carrier transports lead poor carrier mobility (u) in
Bi2Tes-based inorganic/organic thermoelectric films. Given aforementioned four issues,
corresponding studies have been conducted in this PhD project, which are summarized in the
following.

i.  Nanostructured n-type Bi2Tes pellet was fabricated through solvothermal synthesis
followed by spark plasma sintering (SPS), where n was modulated by non-equilibrium
fast reaction to approach the optimal value calculated by single parabolic band (SPB)
model. Te vacancies were found to be effectively suppressed, leading reduced n from

pristinely ~1 x 1020 to ~6 x 1019 cm-3 and generating a decent S2c of 12.84 pyW cm-1 K-
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2 at 320 K. Meanwhile, the decreased electronic thermal conductivity (xe) due to
deteriorated o enabled a very low x of 0.48 W m-1 K-1, which ultimately secured a
promising zT of ~1.1 at 420 K and an outstanding average zT of ~1 from 320 to 470 K.
(Chemical Engineering Journal, 2019, 391: 123513)

Nanostructured n-type Bi2Tes pellet with porous structure was fabricated using
solvothermal synthesis and SPS techinique. Homogeneously distributed pores and
dense grain boundaries were successfully introduced into the Bi2Tes matrix, causing
strong phonon scatterings. As a result, an ultralow i1 of < 0.1 W m-1 K-1 was achieved.
With the well-maintained decent S2o of 10.57 uW cm-1 K-2, a promising zT value of
0.97 was secured at 420 K. (ACS Applied Materials & Interfaces, 2019, 11: 31237-
31244)

Interfacial carrier transports in Bio.5Sb1.5Te3/PEDOT:PSS flexible thermoelectric films
were optimized by coating BiosSbi.sTes fillers with highly conductive CuTe layer,
using facile electroless plating method. Highly conductive CuTe layer can render
carriers to travel within CuTe layers or through Bio.sSbi.sTesfillers, rather than being
scattered. Consequently, interfacial contact resistances were significantly reduced.
Meanwhile, highly crystallized conductive polymer PEDOT:PSS with microstructure
of lamella stacking was prepared by DMSO-H2SO4 double treatments, where insulating
PSS was effectively depleted. Optimized interfacial carrier transports and highly
crystallized PEDOT:PSS synergistically contributed to significant boost of p from
pristinely ~0.77 to ~18.82 cmz2 V-1 s-1, resulting in outstanding ¢ of ~2300 S cm-1and
record-high room-temperature Szo of 312 pW m-1 K-2 in BiosSbi1.5Te3s/PEDOT:PSS
flexible thermoelectric films. Accordingly, a home-made flexible thermoelectric device
was fabricated using as-prepared composites, generating a promising open-circuit
thermovoltage of ~7.7 mV with the human wrist as the thermal source. (Chemical
Engineering Journal, 2020, 397: 125360)
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Chapter 1 Introduction

In this chapter, the background of implantable and wearable electronics, as well as brief
introductions of thermoelectric materials are demonstrated, where the advantages of Biz2Tes-
based thermoelectric materials as the power sources are highlighted. The aims and objectives

of this thesis are then presented, followed by the description of the thesis outline.
1.1 Background

Advances in miniaturization and integration of electronics have recently stimulated the
dramatic progress in the development of implantable and wearable electronics. In response to
the increasing practical needs, the worldwide market value of implantable and wearable
electronics has been predicted to grow up to US$115.8 billion in 2020 and US$51 billion in
2022, respectively.1,2 Conventional batteries have limited applications in wearable and/or
implantable electronics due to their requirements for frequent replacement/recharge and extra-
maintenance,s therefore, developing maintenance-free and energy-autonomous power sources
could have a profound impact on the expansion of the number of applications for the wearable
and/or implantable electronics.4 As an emission-free power source, thermoelectric materials
can meet the above requirements by stably and directly converting body heat into electricity
through the Seebeck effect,s,6 and acting as solid-state power sources without any vibration.s7s
Especially, Bi2Tes-based thermoelectric materials have been widely reported to present
outstanding thermoelectric performances in the low-temperature range.o-11 Therefore,
developing high-performance Bi2Tes-based thermoelectric materials is of vital significance.

Bi2Tes-based thermoelectric materials can be fabricated into either pellets or thin films
according to the practical applications. Among which, pellets possess the advantages such as
decent thermoelectric performances and stability, while thin films are favoured by flexibility,
light weights, and conformal contact with curved heat sources in order to maximize heat
harvesting. Both dimensions could be appealing for thermoelectric devices considering various

working environments, and therefore deserve further studies.
1.2 Aims and Objectives

In this project, we aim to develop high-performance Bi2Tes-based thermoelectric materials
with multi-dimensions for efficient low-temperature energy harvesting and generation. For
Bi2Tes-based thermoelectric pellets, texture, nanostructure, and point defect engineering
guided by the single parabolic band model will be utilized to synergistically optimize the power

factor by modulating the carrier concentration, and supress the thermal conductivity via



inducing intense phonon scatterings. For Bi2Tes-based thermoelectric thin films. Interface
engineering will be employed to boost the interfacial carrier transports between inorganic
Bi2Tes-based fillers and conductive polymers. With highly conductive polymers prepared,
outstanding power factor is anticipated to be realized in the inorganic/organic hybrid system.
The objectives of this project can be summarized as below:

iv. To fabricate nanostructured Bi2Tes pellet with porous structure through facile
solvothermal synthesis, in order to induce strong phonon scatterings at pores and dense
grain boundaries, leading effectively reduced lattice thermal conductivity and improved
zT.

v. To fabricate nanostructured Bi2Tes pellet with optimized carrier concentration,
approaching the calculated optimal value, by manipulating the intrinsic point defects
(i.e. Te vacancies for n-type Bi2Tes pellets). Boosted power factor is expected, which
could contribute to high zT.

vi.  To fabricate Biz2Tes-based filler/conductive polymer hybrid thermoelectric thin film
with optimized interfacial carrier transports, by applying surface engineering to
inorganic fillers, which aims to lower the interfacial contact resistance. Meanwhile, to
develop highly crystallized conductive polymer with decent electrical conductivity,

leading outstanding power factor in the hybrid system.
1.3 Thesis Outline

This thesis is carefully organized following the below outline:

Chapter 1 is the introduction of this project, where research background and objectives are
clarified.

Chapter 2 reviews the literatures of Bi2Tes-based thermoelectric pellets and thin films,
including the fundamentals of thermoelectric effects, research progresses and optimization
strategies of Bi2Tes-based thermoelectric pellets and thin films, respectively. The literature
review aims to establish a comprehensive understanding of Bi2Tes-based multi-dimensional
thermoelectric materials, which may guide studies of this project.

Chapter 3 summaries the methods and technigues involved in this project, in terms of the
sample synthesis, fabrication, characterizations and property measurements. Synthesis
mechanisms and working principles are introduced in detail.

Chapter 4 presents the achievement of nanostructured n-type Bi2Tes pellet with porous
structure. In this chapter, one published journal paper is included, with the title of “High
Porosity in Nanostructured n-Type Bi2Tes Obtaining Ultralow Lattice Thermal Conductivity



(ACS Applied Materials & Interfaces, 2019, 11: 31237-31244)”. This study provides the
insight of realizing ultralow lattice thermal conductivity by synergistic phonon scatterings of
pores and nanostructure in the n-type Bi2Tes-based thermoelectric materials.

Chapter 5 describes the modulation of carrier concentration in n-type nanostructured Bi2Tes
pellet by effectively supressing the Te vancancies. In this chapter, one published journal paper
is included, namely “Extraordinary Thermoelectric Properties of Nanostructured n-Type
Bi2Tes by Suppressing Te Vacancy through Non-equilibrium Fast Reaction (Chemical
Engineering Journal, 2019: 123513)”. This study provides a new insight into manipulating
intrinsic point defects in nanostructured Bi2Tes thermoelectric materials for achieving higher
zZT.

Chapter 6 presents the realization of superhigh-performance BiosSb15Tes/PEDOT:PSS
flexible thermoelectric film via boosting interfacial carrier transports, as well as the home-
made flexible thermoelectric device. In this chapter, one submitted manuscript is included,
namely “Superhigh-Performance BiosSb15Tes/PEDOT:PSS Flexible Thermoelectric Film and
Device via Boosted Interfacial Carrier Transports (Submitted, 2020)”. This study addresses the
significance of interfacial carrier transport, hinting the bright prospects of Bi2Tes-based
thermoelectric thin films as the effective power source of wearable electronics.

Chapter 7 provides the thesis conclusion and perspectives of Bi2Tes-based thermoelectric

pellets and thin films.



Chapter 2: Literature Review

In this chapter, we overview the mechanisms of thermoelectric energy conversions and the
principles of thermoelectric devices from the fundamental point of view, followed by the
introduction of Biz2Tes-based thermoelectric materials, including their crystal structure,
thermoelectric parameters, and primary characteristics affecting their thermoelectric
performances. Then, research progresses and corresponding optimization strategies of Bi2Tes-
based thermoelectric pellet and thin films are summarized, respectively. Finally, challenges
and opportunities to further improve the thermoelectric performances of Bi2Tes-based

thermoelectric pellets and thin films are provided.
2.1 Mechanisms of thermoelectric energy conversions and devices

2.1.1 Thermoelectric effects

During more than two hundred years of developments, thermoelectric materials have been
known for their direct conversions between thermal energy and electricity, which can be
covered by three fundamental thermoelectric effects, namely, Seebeck effect, Peltier effect and
Thomson effect. In 1821, German physicist Thomas Johann Seebeck discovered Seebeck effect
that when two wires of different metal were twisted together with different temperatures
presented at the two ends, a tiny current could be induced within the wire.12 The discovery of
Seebeck effect indicates the ability of thermoelectric materials to generate electric energy from
thermal energy, and its mechanism is explained by Figure 2.1(a). When no temperature
gradients exist at the two ends of thermoelectric materials, the charge carries (i.e. electrons for
n-type and holes for p-type thermoelectric materials) move randomly. With the temperature
gradients presented, charge carriers tend to be driven to diffuse towards low-temperature end,
forming high electric potentials at high-temperature and low-temperature ends of n-type and
p-type thermoelectric materials, respectively. In this way, if one close circuit is provided, as-
generated potential differences can drive carriers to form currents, which may power external
electronics. Peltier effect is the reverse effect of Seebeck effect, which was firstly discovered
by French watchmaker J. Peltier and describes the ability of thermoelectric materials to
generate temperature differences at the two ends, with the presence of external currents.12 The
mechanism of Peltier effect is similar to Seebeck effect but reversed, as shown in Figure 2.1(b).
Thomson effect can be understood as the combination of Seebeck effect and Peltier effect,
which was discovered by W. Thomson in 1855.12 Its phenomenon is depicted in Figure 2.1(c),

showing that reversible Seebeck and Peltier effects (i.e. heating and cooling) can be induced in



one homogenous semiconductor with the simultaneous presences of temperature gradients and

external currents.
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Figure 2.1 Schematic demonstrations of (a) Seebeck,13 (b) Peltieriz and (c) Thomson effects.

2.1.2 Figure of merit zT
The performance of a given thermoelectric material is governed by the dimensionless figure of

merit zT, which is expressed as:14,15

S20T

zT = — (2-1)

where S, o, x and T are the Seebeck coefficient, electrical conductivity (o = nue, where n, xand
e are the carrier concentration, carrier mobility, and electron charge, respectively), total thermal
conductivity and absolute temperature, respectively.is Sz2o is the power factor and « is
principally constituted by the electronic conductivity (xe =LoT, where L is the Lorenz number)
and lattice thermal conductivity («1), i.e. k = k1 + xe. S can be illustrated by the Pisarenko
relation:s

S = 8m2k3
3eh?

m'T()*3, (2-2)
where kg, h and m* are the Boltzmann constant, the Planck constant, and the density of states
(DOS) effective mass, respectively.17 In order to achieve high zT, materials should possess high
o, high S and low x. However, these three key parameters are strongly interrelated and are
conflicted with each other.18 As introduced above, increasing n can lead to an increase in o and
ke, along with a decrease in S. This could eventually be detrimental to zT. It is still a significant
challenge to decouple and optimize these parameterss,i9,20 in order to secure high zT, making

thermoelectric materials competitive in the market.



2.1.3 Thermoelectric power generation and refrigeration

Based on thermoelectric effects, thermoelectric devices can realize the effective power
generation and refrigeration.21 Figure 2.2(a) illustrates the structure of one typical
thermoelectric device, composed of the substrate, TE legs, connecting electrodes, and bonding
interfaces.22 Among which, substrates are insulating in order to guarantees interference-free
carrier transport within the TE legs; The TE legs can be in the form of either pellets or thin
films, which can be adapted based on practical usages; electrodes are applied to connect n- and
p-type TE legs in series; and the bonding interfaces stabilize the TE legs and electrodes.22
Moreover, the Seebeck effectzs is the primary enabling physical phenomenon which facilities
the function of thermoelectric devices as potential body-temperature monitors by transferring
body temperature changes into output voltage signal.2s By using the Peltier Effectis,
thermoelectric devices can also be applied in temperature control systems, which can be used
in microclimate system that maintains the body-temperature in extreme conditions,2s medical
devices such as cooling blankets,2s and emerging portable electronic devices, which require
cooling for portable electronic devices.27,28 Although their applications as power implantable
devices are still controversial with concerns about their toxicity, there is clearly a bright future
therein.

The Seebeck and Peltier effects provide the underlying physics which enables both power
generation and refrigeration function of thermoelectric devices, and their efficiency can be

expressed as:s,29

_ Tp-T, 1+2zTye—1 i
M = Th 1/1+zTave+Tc/Th]' and (2-3)
T, [J1+zZTaye~Tn/Tc (2-4)
Ne = Th=Tc | 1+2zTaye+1 |’

where 7p, 7c, Th and Tc are the power generating efficiency, refrigeration efficiency,
temperature at the hot and cold ends, respectively; and zTave is the average dimensionless figure
of merit (zT) of both the n- and p-type legs, which is calculated by integrating and averaging

the zT curve between Th and Tc:30,31

ZTpye = —— [ " 2TdT. (2-5)

Th—Tc Tc

Therefore, highly efficient thermoelectric power generation and cooling rely on thermoelectric
materials that exhibit high zTave. Typically, as shown in Figure 2.2(b), for thermoelectric
materials with zTae of 1, 7p ~ 4% can be expected under AT = 70 K.32 Although each
thermoelectric unit provides relatively low #p, output power can be enhanced by connecting a

larger number of units.3s34 As a result, microwatt even milliwatt-scale output power can be
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achieved with AT of 10 Ks4 or 20 Kss (such a AT value can be provided between human body
and environment), which satisfies the power requirement of many wearable electronics, such

as wrist watches or hearing aids.3s
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Figure 2.2 (a) Typical structure of the thermoelectric device composing of the substrate, TE
legs, connecting electrodes and bonding interfaces. (b) Power generating efficiency () of

thermoelectric devices as a function of average figure of merit (zT), zZTave of materials.

2.2 Chief characteristics of Bi2Tes-based thermoelectric materials

2.2.1 Crystal and electronic band structures

Bi2Tes has attracted intense attentions as one of the best low-temperature thermoelectric
materials.31,37-40 The crystal structure of Bi2Tes belongs to rhombohedral tetradymite, with the
space group of R3m.41 The crystal structure of Bi2Tes is schematically depicted in Figure 2.3,
where the unit cell is composed of five monatomic layers stacking along c-axis in the sequence
of -Te(1)-Bi-Te(2)-Bi-Te(1)-Te(1)-Bi-Te(2)-Bi-Te(1)-. These layers are also known as
quintuple layers and different numbers have been used to denote anions (Te), which are based
on their bonding environments. Specifically, the bonding effects between adjacent Te(1) layers
are weak van der Waals forces, while Bi and Te(2) layers are primarily connected by covalent
bonding, with a tiny ionic contribution.s2 Due to such a crystal structure, Biz2Tes typically

possess layered structure with heavy atoms, which is potentially beneficial for low «.
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Figure 2.3 (a) Front view, (b) top view and (c) side view of BizTes crystal structure, with the
quintuple layer highlighted containing five monatomic layers stacking along c-axis in the
sequence of -Te(1)-Bi-Te(2)-Bi-Te(1)-.5

In terms of the electronic band structure, Bi2Tes shows narrow band gaps (~0.15 eV) and
relatively high band degeneracy,4s as shown in Figure 2.4. Six valleys are calculated by pseudo
potential model to exist at both the highest valance band and lowest conduction bands, the
energy separations of the second conduction and valence band are 30 meV and 20 meV,
respectively.44 Since narrow band gaps may contribute to decent o, while high band degeneracy

can lead high Sz20, Bi2Tes s anticipated to exhibit intrinsically splendid electrical properties.
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Figure 2.4 Typical electronic band structure of Bi2Tes.44

2.2.2 Strong anisotropy

Due to the layered crystal structure of Biz2Tes, the lattice parameter along the c-axis (~3.045
nm) is much larger than that along the a, b-axis (~0.438 nm),42 which act as the essential reason
to result in the strong anisotropic behaviours of Biz2Tes. Specifically, o and « in the a-b plane,
which is the plane perpendicular to c-axis, can be roughly four and two times larger than that
in the ¢ plane.ss With modified synthesis and fabrication technique, such anisotropy ratios may
be even higher.4s,47 On the other hand, S doesn’t show obvious anisotropic behaviours, showing
similar values in both a-b plane and c plane. The strong anisotropy of Bi2Tes can be mitigated
by nanostructure engineering,31,37 where nanosized grains are expected to distribute randomly

in the pellet. However, this meanwhile may deteriorate S2o.



2.2.3 Intrinsic point defects
Intrinsic point defects including anti-site defects and vacancies widely exist in Bi2Tes-based
thermoelectric materials, which are on a par with extrinsic point defects to impact n.4s-s0 As
discussed above, thermoelectric parameters o, S and «e are strongly correlated with each other
by n. Therefore, considerations on intrinsic point is necessary and might play a pronounced
role in boosting thermoelectric performances. For Biz2Tes-based thermoelectric materials, the
stoichiometry is barely retained during the fabrication, due to the facile evaporation or
precipitation of Te, leading Bi excess.s152 To this end, anti-site defects of Bi at Te sites (Bir,)
and Te vacancies (V5. ) are two predominant intrinsic point defects of Biz2Tes-based
thermoelectric materials, which correspond to the generations of p- and n-conduction types,
respectively. The mechanism of x mol Vi, to generate n-type semiconductors is shown below:
Bi,Te; = 2Big; + (3 — x)Tef, + xTe(g) T +xVy, + 2xe™, (2-6)
where Big; and Tet, stand for original Bi and Te atoms without the point defects, Te(g)
represents the evaporation of Te. It can be found that x mol V3, can produce 2x mol extra
electrons.
On the basis of this, y mol Bip, tend to generate y mol extra holes and transform
semiconductors towards p-type, whose mechanism can be revealed by the following equation:
Bi,Te; = (2 — y)Big; + yBite. + (3 — x)Tefe + xTe(g) T +(x — y)Vye + 2xe™ + 3yh™. (2-7)
It should be noted that Bit, dominates in Bi2Tes single crystal or ingots with coarse grain sizes,
therefore they are intrinsically p-type. For nanostructured or polycrystalline Bi2Tes with fine
grains, small grains lead increased number of dangling bonding at the grain boundaries due to
Te deficiency, which can be considered as Vg, contributing extra electrons. Hence,
nanostructured BizTes or polycrystalline Bi2Tes with fine grains are typically n-type.
The formations of intrinsic point defects can be motivated by the electronegativity and covalent
radius of cations and anions.s3s4 Specifically, the closer electronegativity and covalent radius
are, the easier anti-site defects tend to be formed; the more different electronegativity and
covalent radius are, the more vacancies tend to be generated. Specially, the formation energy
of Bir, in cation-rich Bi2Tes can be estimated using below equation deriving from statistical

thermodynamics:ss

n,.r
Egir = —kyTp (m NB‘Te + 1), (2-8)

Te

where kb is the Boltzmann constant, Tm the melting point, nBi'TeiS the number of Bip, per cms,

and N, is the number of available Te sites per cms, respectively. Typically, the formation

energy of anti-site defects in Bi2Tes is 0.5 eV.s55,56
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Apart from the impacts on n, point defects may also reduce x by scattering high-frequency
phonons.s7,58 With point defect engineering, properly designed point defects hold full potential
to optimize zT of Bi2Tes-based thermoelectric materials. In spite of these advantages, the
generation and manipulation of point defects are still challenging to be qualitatively controlled,
which may potentially cause the irreproducibility.

Besides aforementioned characteristics, Bi2Tes-based thermoelectric materials also possess
bipolar effect at relatively high temperatures, where minor carriers tend to be thermally excited
to neutralize major carries and in turn effect S and «.59 Since this project aims to develop high-
performance Bi2Tes-based thermoelectric materials for energy harvesting and generations at
the low temperature, bipolar effect is not elaborated. Relevant studies are recommended

here.e0,61

2.3 Progresses and optimization strategies of Bi2Tes-based

thermoelectric pellets

In this section, progresses and optimization strategies of Bi2Tes-based thermoelectric pellets
are summarized, which include point defect and texture engineering, as well as phonon
scattering strengthening.

2.3.1 Point defect engineering

Since point defects prevalently exist in Biz2Tes-based thermoelectric pellets and may
significantly affect their thermoelectric performances, manipulating point defects, namely
point defect engineering, is of vital significance, which can be implemented during pre-
synthesis, in-synthesis and post-synthesis periods.

During the pre-synthesis period, compositional controls using isoelectron extrinsic dopants or
heteroelectron extrinsic dopants have been evidenced to be effective strategies to effect the
formations of point defects. Specifically, for isoelectron extrinsic dopants, the general principle
is that substitutions of cations and anions with more electronegative or smaller atoms tend to
promote the formations of anti-site defects and vacancies, respectively. Since anti-site Bit, can
contribute extra holes and V. can provide extra electrons, isoelectron extrinsic doping can
transform semiconductors towards p-type or n-type conduction.s2,63 Two typical examples are
p-type Bi2xSbxTesss and n-type Bi2Tes-xSex,65 which currently serve as two best commercial
low-temperature thermoelectric materials. As shown in Figure 2.5(a) and (b), substituting Bi
with increasing Sb in Bi2xShxTes can effectively improve nh from initial ~1x1019 to ~9x1019
cm-3,64,66,67 While substituting Te with smaller Se or S can realize the transformation of Bi2Tes

from p-type to n-type, obtaining growing ne with increasing Se or S.e7-69 In terms of
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heteroelectron extrinsic dopants such as Cu,70 Ag,71 Pb,72 173 and Mn,74 the doping has been
found to alter the formation energy of point defect, therefore changing n and possibly shifting
the peak-performance temperature of the material.4s One typical example is Cu doped n-type
Bi2Te27Seo.3, where tiny amount of Cu can increase the formation energy of V3, and in turn

prevent Te escaping, which ultimately boost peak zT from 0.85to 1.1.75
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Figure 2.5 Isoelectron extrinsic doping of p-type Bi2Tes to manipulate point defects formation,
with (a) Sb to form p-type Bi2-xShxTesss 57,58 and (b) Se or S to transform into n-type Bi2Tes-
x(Se,S)x.58-60

Point defects can be also manipulated during the synthesis by controlling the synthesis
environment. For zone-melted (ZM) p-type BiosSb1.5Tes, it is found that excess Te can increase
the formation energy of anti-site defects, and in turn suppress the generation of anit-site
defects.s1 On the other hand, excess Bi can boost the formation of Bit, in ZM p-type BizTes

ingot, which consequently lead increased nn.7s
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Figure 2.6 Donor-like effect of Bi2Tes to generate extra ne, induced by (a) balling milling77,78

and (b) hot deformations.s4,79,80

Lastly, point defects are also possible to be manipulated during the post-synthesis period
through the mechanical deformationsi,s2 or post-annealing,s4,65,80 where donor-like effect and
recovery effect have been proposed to uncover the mechanism, respectively. For the donor-
like effect of mechanical deformations, it describes the production of extra V. induced by non-
basal slip after the plastic mechanical deformation, whose process can be expressed as:

2Vg{ + 3Vy, + Bite = Vi + Big; + 4Vy, + 6e7. (2-9)
Specifically, non-basal slip can generate extra Vg; during the deformation process, which can
subsequently inhibit Bit, by inducing Bi atoms to diffuse from Te sites back to their initial
sites.79 In this way, extra Vg, is generated and in turn contribute to increased ne. Donor-like
effect can be induced by various methods, including grinding, ball milling (BM), extrusion and
hot deformation (HD). Figure 2.6(a) shows the donor-like effect in Bi2Tes7s and
Bi2Sh279Teo2177 induced by ball milling. Both Bi2Tes and Bi2Te279Seo21 realize the
transformation from p-type to n-type due to the generation of extra Vy,. The increased ne with
balling milling time indicates the occurrence of intensified donor-like effect. Besides, hot
deformation was also reported to trigger the donor-like effect, as shown in the cases of
Bi2Te2Sei1s4 and Bi2Te2.79Seo.2180 in Figure 2.6(b). Even though the boost of ne is visible, the
promotion is not as significant as ball milling. This might because of the milder deformation
brought by hot deformation than that of the ball milling. In terms of the recovery effect in
Bi2Tes-based thermoelectric materials leaded by post-annealing, it depicts the annihilation of
Vgi with the dislocation climb and array formation during the annealing process.s: With the
dampened Vgi, the donor-like effect is countered, which therefore contribute reduced ne.
Similar to intensified donor-like effect induced by heavy plastic deformation, more significant
recovery effect may occur with higher annealing temperatures.ss,s3
2.3.2 Texture engineering
Bi2Tes-based thermoelectric materials have intrinsic strong anisotropy, which could cripple S2o
and improve x in some cases. Manipulating the crystalline alignment using the texture
engineering hold the potential to prevent above issues and therefore optimize zT. So far, texture
engineering has been applied to p-type Bi2-xShxTes,s4 n-type Bi2Tesss and Bi2Tes-xSexss to boost
their zT. However, different mechanisms are proposed. For p-type BiosShisTes,s4 texturing

engineering is employed by hot forging as-sintered pellet to weaken the strong anisotropy (i.e.
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oriented textures). Consequently, additional defects can be generated, as shown in Figure 2.7(a)
and (b), leading reduced nn from 4.56 x 1019 to 3 x 1019 cm-3 and in turn improved S and Szc.
Meanwhile, extra defects induce intensified phonon scatterings and decreased «x, ultimately
achieving peak zT of 1.3 at the room temperature.ss

Figure 2.7 Texture engineering towards Bi2Tes family with improved zT, where (a) texture of

p-type BiosSbhisTes is weakened (b) after hot forging,ss texture of n-type Bi2Te27Seos is

weakened (b) after sample repressing.ss

In regards to n-type Biz2Te27Seo.3,s6 it was found that enhancing the texture can dramatically
elevate ¢ in spite of the slightly increased x. Enhanced texture can be achieved by repressing
as-sintered pellet in the furnace under the protective nitrogen gas, using larger graphite die than
the initial sintering. As a result, as shown in Figure 2.7(c) and (d), plate-like grains are clearly
observed from the top-view scanning electron microscope (SEM) image of the plane
perpendicular to the sintering direction, indicating the preferential texture. Effective zT

improvement of 22% has been witnessed from n-type Bi2Te2.7Seo.3, with peak zT from 0.85 to
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1.04 at 125 °C.ss Although texture engineering presents effects on ¢ and « of Bi2Tes-based
thermoelectric materials, S is found to be rarely changed, showing the isotropic feature.

2.3.3 Phonon scattering strengthening

Reducing « serves as another effective strategy to improve zT. By strengthening phonon
scattering, x1 of Bi2Tes-based thermoelectric pellets has been reported to be significantly
inhibited. In this section, strategies to strengthen phonon scattering are mentioned, which
include nanostructure engineering, ball milling and melt spinning.

For nanostructured thermoelectric pellets, strong phonon scattering can be induced at the dense
grain boundaries, which in turn lower xi. In Bi2Tes-based thermoelectric family, different
nanostructures such as nanoplates,s73s nanowires,s7,ss nanosheet,ss nanoflower,00 and Te-
Bi2Tes hierarchical nanostring-cluster nanostructuresi,92 have been reported, where
significantly reduced « is obtained, 50% less than that of the ingot,s3 as shown in Figure 2.8.
During the synthesis of nanostructures, surfactant such as polyvinylpyrrolidone (PVP) is often
used to modulate the surface tension and realize the preferential crystal growth. This
meanwhile brings the potential issue of residual surfactant, which may deteriorate electrical
properties of the final thermoelectric pellet. This to some extent can be prevented by thorough
deionized water or ethonal washing during the sample collection. Besides, exploring

nanostructure synthesis without surfactant is a promising path deserving future studies.
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Figure 2.8 Significant decreased (a) x and (b) x1 of nanostructured Bi2Tes family compared

with the ingot counterpart.39,58,90,94,95
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Direct synthesis of nanostructure can be also realized by fast melt spinning (MS) approach,
where short synthesis time constrains the crystal growth forming nano-sized grains. For
example, 26% « reduction was reported from MS-fabricated p-type Bios2Shi1.48Tes compared
with ZM-fabricated counterpart, presenting x as low as 0.67 W m-1 K-1 and promising zT of
1.56 at 300K.s6 However, MS is not found to obviously reduce x of n-type Biz2Tes-based
thermoelectric materials.o7 Apart from direct nanostructure synthesis, nanostructures can be
also fabricated via post-synthesis ball milling,ss which can be realized by either grounding as-
synthesis ingot to obtain fine powders, or utilizing high-energy mechanical alloying method to
form the pure phase. Bi2Tes-based thermoelectric materials processed by ball milling have
witnessed effective zT improvements.oss

Considering the interdependence of various thermoelectric parameters, optimizations of zT are
usually accompanied with multi-strategies application. To this end, compromises between

carries transport, band structure and phonon scatterings need to be sought.12

2.4 Progresses and optimization strategies of Bi2Tes family

thermoelectric films

Apart from pellets, Bi2Tes family thermoelectric materials can be also fabricated into flexible
thermoelectric films, which is currently quite attractive to power flexible electronics.s9 In this
section, progresses and optimization strategies of Bi2Tes family thermoelectric films are
reviewed.

In order to endow rigid Bi2Tes family crystals with flexibility, conductive polymers and carbon
nanomaterials have been respectively incorporated with Bi2Tes family fillers, acting as the
flexible matrix. Conductive polymers possess intrinsically o-independent low «,32 and decent
flexibility. Carbon nanomaterials present high o, intrinsic flexibility, and superior mechanical
properties.ioo,101 Considering Bi2Tes family shows relatively high electrical properties.io2-108
Therefore, a strategy of fabricating Bi2Tes family/conductive polymer or carbon nanomaterials
hybrids can be expected to inherit the merits of both components and realize the synergistic
optimization of electrical and thermal properties. Currently, due to their relatively high zT and
facile solution process-ability, PEDOT:PSSs2,109,110 and PANI32,111 are the mostly commonly
used conductive polymers for hybrids. Considering the low x of the conductive polymer
matrix,112 current strategies mostly focus on the optimization of system electrical properties,
with the strategies including the polymer/filler interfacial energy-filtering effecti1z and control
over the condition of the filler surface 114. In particular, polymer/filler interfaces can introduce

an energy-filtering effect that may significantly increase S. Rational control over the filler
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surfaces may effectively reduce the contact resistance of the polymer/filler interfaces and affect
carrier interfacial transport which could potentially boosts ¢. As for carbon nanomaterials, free-
standing CNT scaffolds have been developed as a base from which to grow BizTes family
materials.115

2.4.1 Energy-filtering effect

The Energy-filtering effect has been extensively studied in inorganic thermoelectrics in order
to effectively improve S with minor impact on o, and in turn obtain optimized S2c¢.24,116,117 For
conductive polymer composites, the energy-filtering effect can be induced at polymer/filler
interfaces by appropriate design of band structures.110,113,118 Figure 2.9 shows that, when there
IS an energy offset between transport bands of the filler and polymer, an energy barrier (AEg)
is generated at the interface. Only carriers with an energy of >AEg can pass the barrier while
those with an energy of <AEg can be blocked. Calculation resultsii6 have shown that low energy
carriers negatively contribute to S, while carriers with an energy of between 0.05 and 0.1 eV
contribute most of S. Therefore, filtered carriers with higher average energy can contribute to
the enhanced S. n may be reduced after filtering and this leads to a slightly lower o. However,

since S20 is more dominated by S than o, optimization of Szo is still possible.119
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Figure 2.9. Schematic illustration of the energy-filtering effect at the interface between the

conductive polymer and the filler.

In terms of the impact of band structure on energy-filtering effect, calculations indicate that an
appropriate AEg in the range of 0.04 eV - 0.1 eV can induce an effective energy-filtering
effect.120 Larger AEg may trap carriers by forming energy barriers at the interface and therefore
reduce « and deteriorate ¢.113 This prediction has been experimentally reflected in the Bi2Tes
incorporated P3HT composite.113 Variation of AEg has been obtained from 0.1 to 0.2 eV by
using different doping levels of P3HT. As a result, a higher S2¢ of 13.6 uW m-1 K-2 can be
achieved with heavily doped P3HT,113where AEg below 0.1 eV induces more effective energy-

filtering process and significantly improve S.

2.4.2 Filler surface modification
Filler surface status plays a critical role of interfacial carriers transport. By modifying filler
surface status and reducing the interfacial contact resistance, electrical properties of the system

are anticipated to be boosted. Most surfaces of inorganic thermoelectric semiconductors or
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metal particle fillers are usually oxidized during fabrication. Such an oxidation layer can
deteriorate o. One solution is to clean the oxidized surfaces of fillers through chemical
treatment. Zhang et al.114 fabricated Bi2Tes/PEDOT:PSS composites by drop-casting
PEDOT:PSS on a pre-cast p-type Biz2Tes film. Figure 2.10(a) shows a typical SEM image of
the fabricated composites, in which PEDOT:PSS was deposited on the top of fillers with some
infiltration into filler gaps. Oxidation on the Bi2Tes surfaces during casting causes high contact
resistivity with PEDOT:PSS, which blocks carrier transport.114 By rinsing Bi2Tes particles in
HCI solution, the surface oxidation layer can be effectively removed and this results in a better
conductive interface with PEDOT:PSS. Figure 2.10(b) shows that an improved Sz¢ of 131 pyW
m-1 K-2was achieved in p-type Bi2Te3/PEDOT:PSS composites at room temperature.
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Figure 2.10. Effects of filler surface status in conductive polymer composites. (a) SEM image
of cross section of Bi2Tes/PEDOT:PSS thin films,114 where high contact resistivity between
Bi2Tes filler and PEDOT:PSS is emphasised by the red solid line. (b) Significant enhancement
of the power factor (Sz20) after the removal of the oxidation layer on the filler surface through

acid rinsing. Reproduced with permission.114

Besides aforementioned strategy, we also developed one strategy in this project to effectively
reduce interfacial contact resistance, by facilely coating BiosSbisTes fillers with highly
conductive CuTe layers. Relevant work has been submitted for publication, which will be
elucidated in Chapter 6.

2.4.3 Carbon-nanotube scaffolds

Due to their high o, intrinsic flexibility, and superior mechanical properties, CNTs show great
potential as flexible thermoelectric materials. Early studies show that Ar-plasma treated CNTs

show a promising zT of 0.4.100,101 Very recently, free-standing CNT scaffolds have been
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developed as a base from which to grow TE materials.115 These scaffolds involve a SWCNT

network which can be used to guide the deposition and growth of layer-structured Bi2Tes-

based nanocrystals to form a hybrid with highly ordered microstructure, as shown in Figure
2.11.115 Such an ordered arrangement can boost ¢ to ~527 S cm-1 in the in-plane direction at
room temperature. Furthermore, the ordered Bi2Tes-SWCNT interfaces can supress the
scattering of carriers during interfacial transport, while dampening x due to the mismatch of
phonon spectra between SWCNT and Bi2Tes. A few nanopores can also be found in the hybrid,
which further contributes to phonon scattering and this further decreases x. As a result, record
zT of 0.89 has been obtained at room temperature.115s Such a CNT scaffold paves the way for
the design and fabrication of high-performance flexible thermoelectric materials and generators

by combining layer-structured Bi2Tes materials with CNT networks.
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Figure 2.11. Fabrication of free-standing FTE thin films by applying carbon-nanotube
scaffold.115 () Schematic of the fabrication of a free-standing highly ordered Bi2Tes—-SWCNT
FTE thin film. (b) A bright-field TEM image of the interface between Bi2Tes nanocrystals and
the SWCNT bundle. Inset: corresponding fast Fourier transform (FFT) pattern of the Bi2Tes.
(c) Schematic of the generation of nanopores during Bi2Tes nanocrystal growth. (d) Cross-
sectional SEM image of free-standing Bi2Tes-SWCNT FTE thin film.

2.4.4 Physical vapour deposition

Apart from flexible thermoelectric hybrids, continuous inorganic films on flexible substrates
with the thickness sufficiently thin (below 1 um) to prevent cracks during bending, is also
promising. This can be achieved by physical vapour deposition techniques.121,122

Physical vapour deposition including magnetron sputteringi21,123 and thermal co-evaporation
deposition are two prevalent methods to directly deposit source materials onto flexible
substrates, where the source materials can be ejected through ion bombardment or thermal
evaporation,124 respectively. For magnetron sputtering, deposition parameters that should be
considered when seeking to obtain optimal TE performance include sputtering pressure, 121,123
and annealing temperature.i21,122 Higher sputtering pressure has been reported to positively
contribute to the crystal structure, leading to high S2¢ of 12 pyW cm-1 K-2 at 468 K in the Bi-Te
thin film without the application of annealing processes.123 Higher annealing temperatures can
enhance the crystalline nature of the films by reducing microstructural defects.121 With a higher
degree of crystallization, Fan et al. found n of the thin film can be tuned accordingly, and a
promising Sz¢ of 23.5 pW cm-1 K-2 has been reported at ~533 K with an optimal n.122

For the thermal co-evaporation method, deposition parameters include the evaporation rateizs
and the substrate temperature.i2e With higher substrate temperature, larger grain sizes are
available because the higher surface mobility and clustering of atoms can be facilitated by more
thermal energy.i26 Higher substrate temperatures meanwhile tend to intensify the re-
evaporation of deposited elements, leading to a deviation of the stoichiometry.127 Therefore,
the evaporation rate should be adjusted accordingly to produce films with an optimal
stoichiometry. With optimized substrate temperature and evaporation rate, a promising zT of
0.3 has been achieved in flexible Sh2Tes thin films at room temperature.12s

Reactive sputtering is another effective method that can be used to fabricate continuous
inorganic films on a flexible substrate. Compared with the previously mentioned magnetron
sputtering and thermal co-evaporation deposition methods, reactive sputtering can generate a

higher plasma density and consequently improve the uniformity of films, when high
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conductivity is available from the source material target.12s Reactive sputtering has additional
advantages as it can be conducted at room temperature, which enables the application of
various organic flexible substrates.129 A typical example can be found from Cul thin films
fabricated on a flexible PET substrate.130 However, no relevant works have been reported for
Bi2Tes family so far.

2.4.5 Other potential strategies

Apart from the aforementioned, chemical bath deposition and intercalated superlattice
engineering are another two potential strategies to fabricate Bi2Tes family flexible
thermoelectric films. Despite their applications on Bi2Tes family are still not visible,
outstanding outcomes have been found from other thermoelectric systems.

Chemical bath deposition is one effective method to deposit thermoelectric thin films on
different substrates.131,132 This method can be realized by immersing the substrate into a
solution containing precursors, followed by nucleation and growth of the thin film under an
appropriate reaction temperature and pH value.133 Different from physical vapour deposition
methods, chemical bath deposition can be conducted in the solution and under low
temperatures. This method lends itself more easily to larger-scale production. One relevant
piece of work was reported by Xun et al.134 These investigators fabricated a-Ag:2S thin film on
a fluoromica substrate. The as-deposited a-Ag2S film exhibited semiconducting properties, as
well as metal-like ductility and high plastic deformation strains at room temperature.
Intercalated superlattice engineering serves as another promising strategy to realize high-
performance organic/inorganic hybrids, which are composed of an inorganic atomic layer and
an organic molecular layer.135,136 In such a superlattice structure, high S2¢ can be secured via
the inorganic atomic layer while x can be supressed by the intercalated organic molecular layer
via blocking phonon transport in both the in-planeiss137 and out-of-plane directions.13s-141 In
this situation, extra charge carries can be generated from intercalation complexes that are
formed by chemically bonded organic molecules and inorganic layers.137,142 Organic molecules
can also endow the superlattice structure with flexibility, since intercalated organic molecules
expand the interlayer distance, which enables the development of inorganic layers that are more
tolerant towards deformation without deteriorating electrical transport.137,142

Three methods, including mechanical grinding and mixing,137 atomic layer deposition (ALD)
assisted by molecular layer deposition (MLD)143 and electrochemical insertion,13s have been
employed for proper molecular layer insertion. A relevant review can be found from Tian et

al.’s work.144 This review emphasized the mechanisms of each method, demonstrated the

22



effects of intercalated molecules, and compared the advantages and disadvantages of each

method.
2.5 Challenges and opportunities

In spite of above progresses, there are still several challenges for Bi2Tes-based thermoelectric
pellets and films, which are desired to be solved in order to approach increased zT.

(1) n of Biz2Tes pellets still deviates from the predicted optimal value, leading relatively low
S20. Considering the prevalent existence of intrinsic point defects, manipulation of n using
point defect engineering is insufficiently studied.

(2) Nanostructured Biz2Tes pellets can induce intense phonon scatterings leading suppressed i
and in turn x. Relevant studies have approached « close to predicted amorphous limit (kmin=0.31
W m-1 K-1 calculated by the Cahill’s model). Further x reduction of Bi2Tes pellets is desired to
break the bottleneck and achieve improved zT.

(3) Interfacial carriers transport between Bi2Tes-based inorganic fillers and conductive
polymers are impeded by high interfacial contact resistances, leading poor ¢ of BizTes family
flexible thermoelectric films. Although optimized interfacial carriers transport have been
obtained by modifying filler surface status. The optimization is still limit. Further boost of
interface carries transport is scarce.

(4) p of Biz2Tes family inorganic/organic thermoelectric films is constrained by low crystallinity
of conductive polymers and poor interfacial carrier transports. Improving p can lead the
dramatic increase of S2g. However, studies of this aspect are barely reported.

Given above four challenges, studies in this PhD project will aim to provide new solutions and
breakthroughs based on previous progresses, which will be elucidated in details in Chapter 4-
6.
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Chapter 3: Methodologies

In this project, Biz2Tes, BiosSbh1sTes and Cu-coated BiosSbh1sTes powders are synthesized by
solvo-thermal, solid-solution and electroless plating methods, respectively. After the
centrifuging and drying procedure, powders are characterized by X-ray diffraction (XRD) and
Scanning Electron Microscopy (SEM) for analysing the chemical composites and
morphologies. In order to fabricate Bi2Tes-based thermoelectric pellets, powders are then
sintered by spark plasma sintering (SPS) technique and thermoelectric properties are measured
by laser-flash method and ZEM-3 equipment. To fabricate Bi2Tes-based thermoelectric films,
glass substrates are pre-cleaned by chemical rinsing and plasma treatment equipment in order
to enhance their hydrophilia. Then homogeneously mixed inorganic/organic hybrids are spin-
coated or drop casted on pre-cleaned glass substrates, which are subsequently dried on heating
plate. As-prepared films possess uniform surface and are ready for future characterizations and

measurements.
3.1 Synthesis methods of Bi2Tes family powders

In this section, synthesis methods including solvo-thermal, solid-solution and electroless
plating methods are introduced, with corresponding principles and features highlighted.

3.1.1 Solvo-thermal synthesis

Among various synthesis methods, solvo-thermal synthesis is known for its ability to realize
control over the shape distribution, size and crystallinity of products through tuning
experimental parameters including reaction time, reaction temperature, precursor type, solvent
type and surfactant type.15,38,46,145-147 Here, we take advantage of solvo-thermal synthesis
to synthesize n-type Bi2Tes nanoplates. The reactor for taking solvo-thermal synthesis is
autoclave described as a steel pressure vessel, as shown in Figure 3.1(a). The autoclaves are
always put into the laboratory oven for taking the procedure of chemical reactions in autoclaves

under high temperature, as shown in Figure 3.1(b).
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Figure 3.1 Apparatus and oven for solvo-thermal synthesis. (a) Autoclave with its section

structure. (b) Laboratory oven used for the hydro- or solvo-thermal synthesis.

Principle and features of solvo-thermal is quite similar with hydro-thermal. Basically, with the
increase of pressure and temperature, the ion product of solvent (ethylene glycol in this case)
can rapidly increase. Under such an environment, solvents are thoroughly dissociated and act
as a molten salt. Moreover, solvent viscosity will also decrease with the rise of temperature.
Consequently, the mobility of ions and molecules is boosted compared with normal condition
s, which in turn catalyse the occurrence of many chemical reactions.

3.1.2 Solid-solution synthesis

Solid-solution synthesis has advantages such as affordability, high efficiency and facile
introduction of dopants or second phase into product.148-152 In this project, we synthesize p-
type BiosSh15Tes powders with solid-solution synthesis, which has been previously reported
to exhibit high thermoelectric performances.153 Before reaction, precursors are preciously
weighted and placed into the quartz tube. Then tubes are sealed under high temperature before
thrown into furnace for melting process, as shown in Figure 3.2 (a) and (b). Melted precursors
are mixed to form desired alloy under high temperature and pressure. Then synthesized alloy
is annealed under certain temperature in order to optimize crystal structure and eliminate
residual stress. Finally, desired powders are obtain through grinding and particle size may be
controlled by grinding time and method. As-synthesised final BiosSh1.5Tes powders are shown

in Figure 3.2 (c).
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Figure 3.2 Quartz tube and furnace for solid-solution synthesis. (a) Quartz tube with pre-
weighted precursors inside. (b) Laboratory furnace used for solid solution synthesis. (c) As-

ground Bio.sSbisTes powders.

3.1.3 Electroless plating synthesis

Electroless plating which is also known as chemical or auto-catalytic plating, is a non-
galvanic plating method that involves several simultaneous reactions in an aqueous solution.
Due to the absence of external electrical power, this method is widely applied for chemical
coating.154-157 It was utilized in this project to plate BiosSh15Tes particles with copper.
Basic procedures include pretreatment towards Bio.sSbis5Tes powders with 5% HNO3 solution
in order to improve the interactions between powders and plated Cu, plating process in solution
consisting of copper sulfate, formaldehyde as the reducing agent, EDTA-2Na as the complex
agents and sodium hydrate to provide the alkaline environment. The coating process lasts for
1 h at 330 K under the sonication. As-coated powders are alternatively washed by deionized
water and ethonal for at least three times, before being collected by centrifugation and dried at
330 K in the oven overnight. The powders are ultimately reduced under H2 atmosphere at 580
K for 1 h, and naturally cooled down to the room temperature. As-reduced powders are sealed

in the vacuum and ready for the next step.
3.2 Fabrication methods of Bi2Tesfamily films

In this section, plasma treatment and spin coating are illustrated to pre-clean the glass substrate
and fabricate Bi2Tes family films, respectively.

3.2.1 Plasma treatment towards glass substrates

Plasma treatment can be used to introduce oxygen-containing groups on the surface of
relatively inert polymer,158 which will improve the wetting characteristic of an otherwise
hydrophobic membrane, therefore making it more favourable for applications. The equipment
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and principle of plasma treatment are shown in Figure 3.3(a) and (b), where high energy level
of the plasma can selectively break or open the structure of chemical or organic substances on
the surface of material. Using ultrafine cleaning, undesirable substance even the smallest dust
particles from plastics, which at first adhere firmly to the surface because of the additives, can
be completely removed from the surface, which create an optimal prerequisite for later coating.
As can be seen in Figure 3.3(c) and (d), film fabrications using plasma treated glass substrates

show obviously superior film quality, which is beneficial for subsequent processes.

Oxygen Plasma

Figure 3.3 Principles and experimental photos of plasma treatment. (a) Laboratory equipment
for plasma treatment. (b) Schematics of plasma treatment mechanism. (c) As-prepared
PEDOT:PSS films on glass substrates without plasma treatment (d) As-prepared PEDOT:PSS

films on glass substrates with plasma treatment.

3.2.2 Spin coating

Spin coating is a procedure used to deposit uniform thin films on flat substrates. As shown in
Figure 3.4(a), a small amount of coating ink is dropped on the centre of the substrate, which
is either spinning at low speed or not spinning at all. The substrate is then rotated at high speed
in order to spread the coating material by centrifugal force. Figure 3.4(b) is the laboratory spin
coater used in this project.

During the spinning process, key parameters include spinning speed, spinning time and the
amount of solution dropped on substrate once. Appropriate parameters should be determined
according to properties of different polymers, such as viscosity and density, in order to obtain
fine and uniform thin film. As for PEDOT:PSS in this project, optimized spinning route is 200
r min-1 for 30 s. Figure 3.4(c) shows as-prepared films with different spinning parameters from
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left to right. It can be found that our optimized spinning parameters are able to fabricate high-

quality, uniform and transparent films.
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Figure 3.4 Principles and experimental photos of spin coating. (a) Schematics of spin coating
process. (b) Laboratory spin coater. (¢) As-prepared PEDOT:PSS films with different spinning

parameters.

3.3 Characterization methods

3.3.1 X-Ray Diffraction (XRD)
XRD serves as one of the most accurate method to identify the chemical composition and
crystal structures of as-prepared pellets and films. Figure 3.5(a) schematically shows the
mechanisms of XRD, where high energy electron beams firstly bombard the metal target to
emit X-ray with the wavelength in the range of 0.006 to 2 nm. X-ray can then penetrate the
sample and get diffracted by sample crystal structures, forming diffraction peaks which are
collected and subsequently used to identify the crystal information. The diffraction of X-ray
follows Bragg’s law:

2d sin @ = n\ (3-1)
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where @ is the incident angle, A is the wavelength of X-ray, d is the inter-planar spacing and n
is an arbitrary integer.

The working principle and typical framework of XRD are shown in Figure 3.5(b). Basically,
X-rays are ejected to the surface of sample with proper angles and generate corresponding
diffraction patterns, which are collected by the signal detector on the other side. Collected
signals are processed and further form the diffraction spectrum. Since the wavelength of X-
rays from one machine is identical, d can be calculated accordingly based on above Bragg’s

law.
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Figure 3.5 Schematic diagrams of (a) XRD mechanisms, (b) working principles and typical

framework.

3.3.2 Scanning Electron Microscopy (SEM)

SEM serves as one powerful method to observe the morphology of sample surfaces. The
working mechanism is schematically depicted in Figure 3.6(a). Basically, a focused electron
beam are emitted by the electron gun to scan the surface of samples, generating interaction
volume and corresponding signals reflecting the morphological information. Such information
are later processed and ultimately form the SEM image. It should be noted that interaction
volume are associated with the energy of electron beams and the mean atomic numbers of the
sample, where the former can be modulated by electron accelerating voltage in the practical
operations.

Figure 3.6(b) shows the typical framework of one SEM. During the emission of electron beams,
they are firstly acceceralted by the anode with a certain voltage (1-50 kV) and then go through
the condese lens. With condense lens and also the spot size adjuster, directions and size (several
nanometers diameter) of electron beams are modulated, in order to generate a proper probe
current. Adjusted electron beams are subsegently fouced by objective lens, scanning the sample

surface and retuning scattered electrons, which can be classified as secondary electrons (SE)
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and backscattered electrons (BSE). They are both collected by corresponding detectors and
finally produce SE and BSE images, respectively.

Figure 3.6(c) and (d) explain the different mechanisms to generate SE and BSE. Specifically,
SE is generated by inelastic collisions between incidence electrons and sample atomic electron
cloud, which presents the low energy below 50 kV. Considering such a low energy, the
interaction volume of SE is small and therefore SE mainly reflects the surface information of
sample. The detection thickness of SE is normally 5 to 50 nm below the sample surface. More
interior information of the specimen can be contributed by BSE. As shown in Figure 3.6(d),
BSE is high-energy electrons which can penetrate sample surfaces generating relatively large
interaction volume. Different from SE, BSE is back-scattered electrons from elastic collisions
between incidence electrons and sample atomic electron cloud, which can reflect the
differences of sample atomic numbers. Specifically, sample atoms with smaller atomic
numbers (lighter) can backscatter weaker electrons and therfore produce weaker BSE, while
sample atoms with larger atomic numbers (heavier) can backscatter stronger electrons and
therfore produce stronger BSE. Such a contrast can be applied to identify the changes of sample

chemical compositions.
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Figure 3.6 Introduction of SEM including schematics diagrams of (a) working mechanism, (b)
typical framework, (c) generations of secondary electrons and (d) backscattered secondary

electrons.

3.4 Properties measurements

Measurements towards thermoelectric properties of as-fabricated pellets and thin film can be
achieved by utilizing SBA 458 Nemesis (NETZSCH) and laser flash (LFA 457, NETZSCH).
Among which, SBA 458 is designed for Seebeck coefficient and electrical conductivity
measurements, while LFA 457 is for thermal conductivity. In this section, their mechanisms
are demonstrated.

3.4.1 Electrical properties

Electrical properties of thermoelectric materials include Seebeck coefficient (S) and electrical
conductivity (o). Mechanisms of their measurements using SBA458 are depicted in Figure
3.7(a).
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Figure 3.7 Schematic illustration of SBA458 working mechansum and photos of laborary
equipment. (a) Schematic of working mechanism in SBA 458. (b) Non-loaded SBA 458 in the
laboratory. (c) Loaded SBA 458 in the laboratory.

Figure 3.7(b) and (c) show the photo of laboratory SBA458 and the method to load the sample.
During the measurement of Seebeck coefficient, a temperature gradient is generated in both
sample directions by two micro heaters operating in alternation. While the cyclic heating is in
progress, the resulting voltages between the two thermocouple wires are measured. At the same
time, AT is determined by two thermocouples. The resulting large number of measuring points
is the basis for calculation of a regression line. From the slope of the regression line, the

Seebeck coefficient can be precisely determined according to its definition:

AV

S =
AT

(3-2)

During the measurement of electrical conductivity, at each testing temperature, different
current values will be applied to the sample several times by current pins. These values will be
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applied in both sample directions and the resulting voltages will be measured. This process
yields a large number of measurement points between voltage and current, allowing for the

calculation of electrical resistivity R of the sample. Then electrical conductivity can be obtained:
1

o= (3-3)
As a result, electrical properties of sample are successfully measured and desired power factor
PF can be calculated as below:
PF = S?%¢ (3-4)

3.4.2 Thermal Properties
Thermal conductivity « is defined as:

k=DXpXxXC, (3-5)
where D, p, Cp is thermal diffusivity, density and specific heat capacity respectively. Density
of sample can be easily calculated by measuring sample weight and volume. Heat capacity is
always used as known result by formers. Therefore, the key point for thermal conductivity lies

in the thermal diffusivity, which can be measured by LFA 457.
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Figure 3.8 Schematic illustration of LFA 457 working mechansum and photos of laborary
equipment. (a) Schematic of working mechanism in SBA 458. (b) LFA 457 in the laboratory.

The principle of laser flash method and corresponding laboratory equipment can be seen from
Figure 3.8(a) and (b). The lower surface of sample is first heated by a short energy pulse (laser).
After thermal diffuses through out of plane direction, the temperature on the upper surface will
change and be measured by an infrared detector. Then sample thermal diffusivity can be

calculated with:

d2
D =0.1388% (3-6)

2
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where d is sample thickness and t: is time value at half signal height.
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Figure 3.9 Sample preparation for the in-plane thermal diffusivity measurement by the laser
flash method. (a) The thin sample was first cut into many small pieces and then stacked and
bonded using epoxy resin. It was then put into melted wax and solidified. Both sides of the
sample were polished using a sand paper. The wax was removed by heating and then washing
in ethyl ether. (b) Thermal diffusivity of the prepared sample was measured by a standard laser

flash analysis equipment.

It is noticeable that thermal diffusivity in above case is in out of plane direction. However,
electrical properties obtained from SBA 458 are in in-plane direction. In some systems where
material anisotropy cannot be neglected, in-plane direction thermal diffusivity is necessary to
calculate the correct zT. For thermoelectric pellets, the measurement sample can be facilely
prepared by sintering chunks, followed by cutting chunks along the sintering pressure direction.
As for thermoelectric films, we attempt to solve this problem by cutting, stacking and binding
film pieces into thicker sample (more than 1mm) and then measure in-plane thermal properties.
Detailed schematic is shown in Figure 3.9. Wax is utilized here in order to solidify stacked
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film pieces. This is because thermal diffusivity of wax is quite different from the value of our
sample, therefore it is convinced that temperature detected by infrared detector mostly come
from sample or wax is “invisible” to the detector. In this way, in-plane thermal diffusivity of

thin film may be measured.
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Chapter 4 Enhanced Thermoelectric Properties of
Nanostructured n-Type Biz2Tes by Suppressing Te

Vacancy through Non-equilibrium Fast Reaction

4.1 Overview

Bi2Tes as one of the best low-temperature thermoelectric materials hold full potentials to power
wearable electronics within the low temperature range. However, its energy conversion
efficiency (zT) is restrained by excessive carrier concentrations beyond the predicted optimal
value. Te vacancies as the predominant intrinsic point defects in n-type Bi2Tes can solely
contribute plenty of carrier concentrations. Suppression of Te vacancies in n-type BizTes is of
great significance to dampen the carrier concentration and in turn push zT to a higher level.
Moreover, nanostructured thermoelectric materials have been widely appreciated for its low
lattice thermal conductivity, which is beneficial to achieve improved zT. Therefore, the
realization of Te vacancies suppression in nanostructured Bi2Tes could serve as one promising
strategy to boost zT of Bi2Tes thermoelectric materials.

Within our study, the effective suppression of Te vacancies is achieved in nanostructured n-
type Bi2Tes via a non-equilibrium fast reaction with facile fabrication methods. The carrier
concentration has been greatly reduced from pristine ~1 x 1020 to ~6 x 1019 cm-3, generating a
decent power factor of 12.84 pW cm-1 K-2 at 320 K. Meanwhile, the decreased electron thermal
conductivity due to deteriorated electrical conductivity, enables a very low thermal
conductivity of 0.48 W m-1 K-1, which ultimately secures a promising peak figure of merit zT
of ~1.1 at 420 K and an extraordinary average zT of ~1 from 320 to 470 K. Such a high

performance is one of the cutting-edge binary n-type Bi2Tes reported so far.
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Abstract

As one promising low-temperature thermoelectric material, Bi2Tes suffers from high carrier
concentrations beyond the optimal value contributed by excess Te vacancies. In this study, Te
vacancies can be effectively suppressed in the n-type nanostructured Bi2Tes via a non-
equilibrium reaction induced by spark plasma sintering. The electron concentration has been
greatly reduced from pristinely ~1 x 1020 to ~6 x 1019 cm-3, generating a decent power factor
of 12.84 yW cm-1K-2 at 320 K. Meanwhile, the decreased electronic thermal conductivity due
to deteriorated electrical conductivity enables a very low thermal conductivity of 0.48 W m-1
K-1, which ultimately secures a promising peak figure of merit zT of ~1.1 at 420 K and an
outstanding average zT of ~1 from 320 to 470 K. Such a high performance is one of the cutting-
edge values reported in binary n-type Bi2Tes so far. Our study provides a new insight into
manipulating intrinsic point defects in nanostructured Bi2Tes thermoelectric materials for

achieving higher zT.

Keywords: Thermoelectrics, Bismuth telluride, Te vacancy, Nanostructure
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1. Introduction

Thermoelectric materials enable the direct conversion between heat and electricity, which act
as environmentally friendly alternatives for sustainable power generations.s2s159 The
efficiency of thermoelectric materials is gauged by a dimensionless figure of merit (zT), which
is defined as: zT = S20T/k = S2oT/(ketk1), Where S, o, «, ke, k1, and T are the Seebeck coefficient,
electrical conductivity, total thermal conductivity, electrical thermal conductivity, lattice
thermal conductivity, and the absolute temperature, respectively.1s 160,161 In order to obtain high
zT, thermoelectric parameters including o, S and xe need to be synergistically considered, as
they are strongly interdependent and coupled by the carrier concentration (n).14s,162,163 In this
vein, modulating of n towards the optimal value is paramount in terms of developing promising
thermoelectric materials. Currently, strategies to modulate n mainly include doping
engineering,15,149,164 and point defect engineering, where vacancies, 1es,166 antisite defectses,167
and donor-like effectses,ss,168 are engineered.

Bismuth telluride (Bi2Tes) is one of the best low-temperature thermoelectric materials with
intrinsically decent o and S, due to its narrow band gap (~0.15 eV) with high valley degeneracy
and anisotropic effective mass.s4 A superior S2¢ of ~12 pyW cm-1 K-2 was reported previously
from pristine n-type Bi2Tes without any doping.s7,3s In order to further improve Szo, optimal
electron concentration (ne) was predicted to be ~1x1019 cm-3 for n-type Bi2Tes.o4a However, due
to the competition between internal energy and entropy during the Bi2Tes crystal growth,ss the
intrinsic point defects alone, which is predominately Te vacancies (V) for n-type Bi2Tes, 169,170
can contribute ne of 1018-1020 cm-3.166 Therefore, V. has to be suppressed in order to approach
the optimal ne. Previously, substituting anion sites with more electronegative or smaller atoms
of the same valance, which is so called isoelectron extrinsic doping, was reported to be one
effective strategy to suppress Vr, in the n-type Bi2Tes, as it may increase the formation energy
of V1..79 One typical example is Te substitution by Se in the Bi2Te23Seo.7 alloy, where room
temperature ne was effectively reduced from ~ 1x1020 cm-3to ~ 7x1019 cm-3 with record zT of
1.2 ultimately achieved at 445 K.s5 Moreover, post-deformation thermal relaxation processes,
such as high temperature annealing,s4 high temperature hot pressing (HP)171 or spark plasma
sintering (SPS),ss were also found to suppress V., as they can mitigate the donor-like effect.79
For example, Zhao et al. realized the reduction of ne from 7.5x1019 cm-3 to 6x1018 cm-3 by
raising SPS temperature of n-type Bi2Tes from 623 K to 673 K, which consequently caused
boosted S2o from 15 pW cm-1 K-2 to 21 pW cm-1 K2 at 420 K.ss Apart from these, off-

stoichiometry design of starting materials is also one potential strategy to dampen Vg, and in
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turn decrease ne, as it was reported that excess Bi may facilitate the formation of antisite defect
BiT, in the n-type Bi2+xSes ingot.169 In spite of these progresses, previous efforts to suppress
Vr. Of n-type Biz2Tes mainly focus on alloys with micro-scale grains. The suppression of V.
in nanostructured n-type BizTes is rarely reported, whose low «i can potentially lead higher
ZT.38172

Herein, we reported the suppression of Vg, in nanostructured n-type Bi2Tes via a non-
equilibrium reaction induced by SPS. The schematic of experiment is depicted in Figure 1,
where Cr2TeOs and BizTes were firstly synthesized from the solvothermal synthesis, and then
triggered to conduct a non-equilibrium reactioniez,173 under the large plasma currents and
heating environment of SPS. As a result, Vi, was compensated during the reaction, and ne was
effectively reduced from ~ 1 x 1020 cm-3 to ~ 6 x 1019 cm-3. Enhanced zT from 0.7 to 1.08 was
achieved at 470 K, with high average zT close to 1 from 300 K to 470 K, which is one of the
highest values reported for binary n-type Bi2Tes so far.37,8s5,174-176 Our study might provide a
new perspective for the manipulation of intrinsic point defects in Bi2Tes thermoelectric

materials.
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Figure 1. Illustration of the fabrication processes, where a non-equilibrium reaction occurred
during the spark plasma sintering, leading the fabrication of nanostructured Bi2Tes pellet with

suppressed Te vacancies.

Experimental Section

Synthesis Method

Bi2Tes nanoplates were synthesized via a typical solvothermal route. Analytical grade bismuth
oxide (Bi203, 99.9%), tellurium dioxide (TeO2, 99.999%), chromium oxide (Cr203, 99.999%),
ethylene glycol (EG), polyvinylpyrrolidone (PVP, average molecular weight = 40000) and
sodium hydroxide (NaOH, 99.99%) were purchased from Sigma-Aldrich as precursors without
any further purification. During the synthesis, PVP was firstly dissolved into EG (36 ml) as the
surfactant, followed by 20 min vigorous stirring in order to form a clear solution. Bi2Os and
TeO2were then added into the solution as the source materials of Bi and Te, respectively. The
solutions were subsequently mixed with various amount of Cr203 (0.76 mg, 1.52 mg and 3.04
mg), followed by dropping 4 ml 5 mol L-1 NaOH to provide the alkaline environment. Pristine
Bi2Tes was also prepared based on aforementioned procedures without the addition of Cr20s.
The solutions were stirred for 30 min to uniformly mix precursors, before sealed in a 125 ml
polytetrafluoroethylene-lined stainless-steel autoclave. The autoclaves were heated to 210 °C
for 24 h and naturally cooled down to the room temperature. Synthesized powders were
separately collected and washed with deionized water and ethanol for several times by
centrifugation, and finally dried in the oven at 60 °C for 12 h.

Spark Plasma Sintering and Thermoelectric Properties Measurements

In order to measure the thermoelectric properties, synthesized powders were sintered into a
disc-shaped pellets (® = 12.6 mm) by SPS (SPS-211Lx, Fuji Electronic Co., Ltd.) at 300 °C
for 5 min under 60 MPa pressure. Densities (p) of different pellets were measured using the
Archimedes method. Due to the intrinsic anisotropy of Bi2Tes,30-32 thermoelectric properties of
the pellets were measured in the in-plane direction, which is the high-performance direction.s2
Among which, ¢ and S were measured simultaneously using ZEM3 (ULVAC Technologies,
Inc.) within the temperature range between 300 and 570 K; the thermal diffusivity D was
measured by LFA 457 (NETZSCH Group), which was subsequently applied to calculate « =
D-Cp-p,33 where Cpis the specific heat capacity measured by DSC 404 C (NETZSCH Group);

n and L were measured by a Hall system under a reversible magnetic field of 1.5 T. All property
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measurements of the pellet were conducted for at least three times in order to ensure the
repeatability.

Characterization

Both synthesized powders and sintered pellets were systematically characterized. X-ray
diffraction (XRD, Bruker-D8) was applied to determine the compositions and crystal structure
of both prepared powders and pellets, where the pellet was characterized along the in-plane
direction. Lattice parameters (a and c) of both powders and pellets were than calculated based
on Bragg’s law, and corresponding unit cell volumes were calculated according to determined
Bi2Tes crystal structure. Scanning Electron Microscope (SEM, JEOL JSM-7100F) and
Transmission electron microscope (TEM, TECNAI-F20) were utilized to observe the
morphology and structural characteristics. The TEM specimens of sintered pellets were
prepared using an Ultramicrotone. Energy-dispersive X-ray spectroscopy (EDS) mapping and
spot analysis (equipped in HITACHI-SU3500 SEM) were conducted to investigate the element
distribution and V. of the samples. In order to intuitively reflect the change of V., pellets
were labelled in the form of Bi2Tes-x, where x was determined by EDS spot analysis as 0.26,
0.23, 0.20 and 0.14 for Cr20z addition of 0 mg, 0.76 mg, 1.52 mg and 3.04 mg, respectively.

Results and Discussion

Figure 2a shows the XRD patterns of as-sintered pellets in the direction perpendicular to the
sintering pressure. As can be seen, for the prinstine x =0.26 pellet (Bi2Te274), its diffraction
pattenrs can be exclusively indexed as the rhombohedral structured Bi2Tes with the lattice
parameters of a = 4.36518 nm, ¢ = 30.39482 nm and a space group of R3m (PDF#15-0863).
However, for x = 0.23 (Bi2Te2.77), x =0.20 (Bi2Te2.80) and x = 0.14 (Biz2Te2.s) pellets, although
rhombohedral structured Bi2Tes is still detected, the peaks of BiisCrOso (PDF#24-0303)
emerge (highlighted with the red arrows), and they tend to exhibit higher intensities with
smaller x. This is in contrast with as-synthesized powders, where no peaks of Bi1sCrOzo are
detected, as shown in the supporting information, indicating Bi1sCrOzo should be generated via
a non-equilibrium reation during the SPS process.162,173 Figure 2b shows the manigied XRD
patterns of (0 0 15) peak in different pellet samples. A obvious peak shift towards lower angles
is observed, which hints the lattice expansion. This is ascribed to reduced Vy, in the pellets.
Lattice expansion is further manifested by the calculations of lattice constants and unit cell

volumes, as shown in Figure 2c, where increased a and c are both obtained, and in turn lead
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higher unit cell volumes. Detailed calculations of lattice constants and unit cell volumes are

shown in the supporting information.
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Figure 2. (a) XRD patterns of sintered Bi2Tesx pellets with different Te vacancies (x = 0.26,
0.23, 0.20 and 0.14); (b) magnified XRD patterns of 0015* peak to observe the peak shift; and

(c) calculated lattice constants and unit cell volumes of sintered Bi2Tes-x pellets.

Figure 3a shows the results of EDS spot analysis on the pellet samples. Lower Vi, is intuitively
reflected by smaller x, which is consistent with aforementioned XRD results. Corresponding
typical EDS point spectrums are shown in Figure 3b. Bi and Te are exclusively detected, and
the atomic ratios between Te and Bi gradually increase, which indicate the suppression of V..
Figure 3c are EDS mappings of Bi and Te in the x = 0.14 pellet, and the corresponding
backscattered electron (BSE) SEM image. Uniform distributions of Bi and Te are observed

without the element aggregation.
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Figure 3. (a) Investigation of average Te vacancies in sintered Bi2Tes-x pellets by EDS spot
analysis; (b) typical EDS spot spectrums of sintered BizTesx pellets; and (c) mapping results
of Biand Te in Bi2Te2.s.

Figure 4 shows measured electrical properties of the pellets in the direction perpendicular to
the sintering pressure, including o, S, ne and S2¢0. As can be seen in Figure 4a, o of different
pellets tend to gradually decrease with higher temperature, which present typical metallic
transport behaviours.177 The peak ¢ of 844 S cm-1 was achieved at 300 K in the pristine x =
0.26 pellet, which is also comparable to other reported nanostructured Bi2Tes.s7,38 On the other
hand, suppressed V5, compromises o, leading higher o of x = 0.26 pellet than x= 0.14 pellet in
the whole temperature range from 300 K to 570 K. Figure 4b is S of different pellets, where
negative values indicate typical n-type properties. S shows initial increase from 300 K to 450
K, and then slightly decrease. For semiconductors, S increases with elevated temperatures.ss
Our declined S is because of bipolar effects of Bi2Tes due to its intrinsic narrow band gap,

where minor carriers (holes) may be excited at high temperature and compensate the
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contributions of major carriers (electrons).eo,61 Reduced V. lead higher S, peak S of 141 pV K-
1 is realized at 420 K from x = 0.14 pellet. In order to clarify the change of ¢ and S, ne and
carrier mobility (1) were measured using Hall system. Figure 4c shows as-measured ne. It can
be found that lower V. can cause lower neat the whole temperature range, and ne is effectively
reduced from ~ 1 x 1020 cm-3 in the x=0.26 pellet to ~ 6 x 1019 cm-3 in the X = 0.14 pellet at
300 K. This is because one Te of n-type BizTes play the role of capturing two electrons.ss With
reduced V., more free electrons are captured and fail to participate into the carrier transport,
which in turn lead lower ne. As-measured carrier mobility () is plotted in the supporting
information, where no obvious change is observed. Since o = nep, 150,178 where e = 1.6 x 10-19
C is the electron charge constant, reduced ne therefore can explain the decrease of . On the
other hand, because S is negatively correlated with ne,145,179 lower ne results in higher S. As-
calculated S2¢ is shown in Figure 4d, it can be found that reduced Vi, can effectively push Szo
to the higher level, and the highest S2o of 12.84 yW cm-1 K-2 was achieved in the x = 0.2 pellet
at 320 K.
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perpendicular to the sintering pressure.

Figure 5a shows calculated « of different pellet samples. Pristine x = 0.26 pellet presents the
lowest « of ~ 0.5 W m-1 K-1 at 370 K, which is obviously lower than other reported Bi2Tes
alloys.31,96,180 This is ascribed to the dense grain boundaries in our nanostructure, as manifested
by the SEM and TEM images in the supporting information. Such a value is also comparable
to other reported nanostructured BizTes.37,3s Moreover, the reduction of Vi, can further dampen
k. We investigated the underlying mechanism by calculating xi, as shown in the supporting
information. It is found that different pellets show similar xi. Therefore, the reduction of x
mainly derives from xe. According to Wiedemann—Franz law,181 ke = LoT, where L is the
Lorenz number (~ 1.8 x 10-8 v2 K-2) and was calculated based on single parabolic band (SPB)

model. Suppressed o induced by lower V, accounts for decreased xe, and in turn lower «. The
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final zT was calculated and shown in Figure 5b. The suppression of Vi, effectively improved
zT, peak zT ~ 1.1 was achieved in x = 0.14 pellet at 420 K, which is among the highest zT
reported so far for n-type binary Bi2Tes.37,39,85174-176,182 Furthermore, Figure 5¢c compared
average zT of our work with other n-type binary Bi2Tes works.s7,5,174-176 Outstanding average
zT ~ 1 was achieved from 300 K to 470 K, which is the highest value among others. Such a
decent performance might be of interest for low-temperature wearable thermoelectric
devices.s9 Above all, as shown in Figure 5d, zT of our work holds full potential to be further
boosted with proper ne (~1%1019 cm-3), which may guide our future work to manipulate intrinsic

point defects.
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Figure 5. T-dependent (a) x and (b) zT of sintered Bi2Tes-x pellets. (c) A comprehensive
comparison of average zT between this work and other state-of-art binary n-type BizTes
works.37,85,174-176 (d) Calculation results of SPB model showing the effective zT enhancements

with reduced ne.
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Conclusions

In this study, we realized the suppression of V. in the n-type nanostructured Bi2Tes pellet via
a non-equilibrium reaction induced by SPS. XRD and EDS results confirmed the reduction of
Ve, and ne was found to decrease from ~ 1 x1020 cm-3 to ~ 6 x1019 cm-3, which induced lower
o and increased S. Optimized S2o of 12.84 yW cm-1 K-2 was achieved at 320 K. With i
remained, decreased xe from lower o further dampened « as low as 0.48 W m-1 K-1, which
consequently secured a promising zT ~ 1.1 at 420 K and outstanding average zT ~ 1 from 300
K to 470 K, which is one of the highest values report for binary n-type Bi2Tes.37,39,85,174-176,182
Our work emphasizes the significance of manipulating intrinsic point defects in nanostructured
Bi2Tes thermoelectric materials, and future suppression of ne potentially pushes zT to a higher

level.
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1. Densities of the sintered Bi2Tes-x pellets measured by the Archimedes method

Densities of the sintered Bi2Tes-x pellets were measured using the Archimedes method, and the
results are summarized in Figure S1. As can be seen, the densities of the sintered BizTes-x
pellets are within the range from 87% to 90% of the Bi2Tes standard density, indicating that a
porous structure exists in the pellets.1 Such a porous structure may contribute to ultralow lattice
thermal condutivity (x1) of the sintered Biz2Tesx pellets.1 With the suppression of Te vacancies
(Vre), densities of as-sintered Bi2Tesx pellets increase, manifesting the successful suppression

of Ve in our work.
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Figure S1. Measured densities of as-sintered Bi2Tes-x pellets using the Archimedes method.

2. XRD and EDS characterizations of as-prepared BizTes-x powders and pellets

Figure S2a shows XRD patterns of as-synthesized Biz2Tes-x powders. The main diffraction
patterns of all the Bi2Tesx (x = 0.26, 0.23, 0.20, and 0.14) powders can be indexed as the
rhombohedral structured Biz2Tes with lattice parameters of a = 4.3852 A, ¢ = 30.483 A and a
space group of R3m (PDF#15-0863). Compared with the pristine BizTe2.74 (x = 0.26) powder,
0 0 15 peaks of Bi2Te277 (x = 0.23), Bi2Te2s0 (x = 0.20), and Bi2Te2:86 (X = 0.14) powders
present higher intensities, as shown in the magnified XRD patterns in Figure S2b. On the other
hand, other primary peaks show no obvious changes of the intensity. The higher intensities of
0 0 15 peaks are contributed by the increased amount of tetragonal Cr2TeOs (P42/mnm,
a=4.545 A, c=8.99 A, PDF#15-0696), generated by adding Cr203 during the solvothermal
synthesis. Moreover, no obvious peak shift is detected in Figure S2b, which is in contrast with
the left peak shift observed in XRD patterns of Bi2Tes-x pellets (Figure 3b). This hints that the
suppression of V. occurs during the sintering process through the non-equilibrium fast
reaction.2,3 This is further manifested by the calculated lattice constants and unit cell volumes,
as shown in Figure S2c and Figure S2d, respectively. Lattice constants and unit cell voulmes
remain similar values for the synthesized Bi2Tes-x powders, while exhibit increasing trend in
the sintered Bi2Tes-x pellets (Figure 3c). Apart from our XRD results, the existence of Cr2TeOs
in as-synthesized Bi2Tes-x powders is also supported by EDS mapping results in Figure S2e.
The XRD results of Figure 3a verifies the existence of BizsCrOzo in as-sintered Bi2Tes-x pellets.
Figure S2f further provides the EDS mappings of Bi, Cr, and O in as-sintered Biz2Tez2s (x=0.2)
pellets, indicating the existence of Bi1sCrOso therein.
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Figure S2. (a) XRD patterns of as-synthesized Bi2Tes-x powders (x = 0.26, 0.23, 0.20, and
0.14); (b) magnified XRD patterns of 0 0 15 peak; and calculated (c) lattice constants and (d)
unit cell volumes. (e) EDS mappings of Te, Cr, and O in as-synthesized Biz2Te2s (x=0.2)
powders. (f) EDS mappings of Bi, Cr, and O in as-sintered Bi2Tez2s (x=0.2) pellets.

3. Calculations of lattice constants and unit cell volumes of both Bi2Tesx powders and
pellets using Bragg’s law
The X-ray diffraction (XRD) is based on constructive interference of monochromatic X-rays
and a crystalline sample. These X-rays are generated by a cathode ray tube, filtered to produce
monochromatic radiation, collimated to concentrate them, and directed toward the sample. The
interaction of the incident rays with the sample produces constructive interference (and a
diffracted ray) which fit Bragg’s law,

nA=2dsin6 (S3-1)
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where d, 8, n and A are the spacing between diffracting crystal planes, the incident angle, an
integer representing the order of the diffraction peak, and the wavelength of the beam,
respectively. This law relates the wavelength of electromagnetic radiation to the diffraction
angle and the lattice spacing in a crystalline sample, which therefore can be utilized to
accurately calculate lattice constants by selecting particular crystal planes.s

In this experiment, crystal planes (0 0 15) and (3 0 0) were selected to calculate the lattice
constants of our rhombohedral structured Bi2Tes using the equation belows (a=b+c, a=p=90°,

y=120°, R3m), as they intuitively reflect ¢ and a, respectively.

1

(S3-2)

dhia = =
Jg(h2+hk+k2)/a2+c—2

With a Cu-Ka radiation source (A= 0.154 nm), lattice constants a and ¢ of both Bi2Tes-x powders

and pellets were calculated based on Bragg’s law, and they are summarized in Table S1.
Accordingly, the unit cell volume of rhombohedral structured BizTes is calculated as:

Volume = \/2_§azc (S3-3)

Table S1. Calculated lattice constants and unit cell volumes of both Bi2Tes-x powders and

pellets using Bragg’s law

0.26 4.37963 30.4224 505.36
0.23 4.38431 30.435 506.65
0.2 4.38325 30.4674 506.94
0.14 4.38819 30.4071 507.08
X (pellet) a (A) ¢ (A) Volume (A)3
0.26 4.36419 30.3911 501.28
0.23 4.36518 30.3948 501.57
0.2 4.37806 30.4325 505.16
0.14 4.3852 30.483 507.65

4. Carrier mobility and measured thermal properties of as-sintered Bi2Tesx
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Figure S4. T-dependent (a) carreir mobility («); (b) heat capacity (Cp); (c) lattice thermal
conductivity (x1) and (d) electrical thermal conductivity (xe) of as-sintered Bi2Tes-x pellets (x =
0.26, 0.23, 0.20, and 0.14).

5. SEM and TEM images of as-synthesized Bi2Tes nanoplates and as-sintered Bi2Tes-x
Porous structure and nanosized grains induced dense grain boundaries lead strong phonon
scatterings and contribute to ultralow lattice thermal conductivity (x1) in as-sintered Biz2Tes
pellets, as evidenced by SEM and TEM images in Figure Sb5.
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Figure S5. Typical SEM image of (a) as-synthesized Bi2Tes nanoplates, with the inset showing
the typical lateral thickness of the nanoplates is around 20 nm, and (b) as-sintered Bi2Tes pellet
showing porous structure. TEM image of as-sintered Bi2Tes pellet showing (c) nanosized

grains with dense grain boundaries, and (d) one typical nanosized grain.

6. SPB model calculation details
We used a single parabolic band (SPB) models7 to calculate the enhancement of n-dependent
zT with reduced lattice thermal conductivity (x1). For calculation details, the carrier transport

property analysis was employed as:

JOEES [E— (86-1)
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where 7, ks, e, r, RH, 7, Ci, Edef, and L are the reduced Fermi level, the Boltzmann constant, the
electron charge, the carrier scattering factor (r = -1/2 for acoustic phonon scattering), the Hall
coefficient, the reduced plank constant, the elastic constant for longitudinal vibrations, the
deformation potential coefficient, and the Lorenz number, respectively. Here:

G=vip (S6-5)
where vi is the longitudinal sound velocity and taken as 2884 m s-1 in this study.s F;(1) is the
Fermi integral expressed as:

Xl

Fi) = [, o dx (S6-6)
To predict the zT enhancement, experimentally measured x was utilized. Phonon mean free

path 4b was calculated as:9

A, = 20 (S6-7)

- CyVa
where Cv is the volumetric heat capacity. v is the average sound velocity taken as 2147 m s-

1.8
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Chapter 5 High Porosity in Nanostructured n-Type
BizTes Obtaining Ultralow Lattice Thermal
Conductivity

5.1 Overview

The generation of low lattice thermal conductivity by inducing strong phonon scatterings
serves as an effective strategy to enhance thermoelectric efficiency. Porous structure and
nanostructure are both well believed to effectively scatter phonons at the pore interfaces and
dense grain boundaries, respectively. The simultaneous realization of both structures holds full
potential to strongly scatter phonons and in turn render ultralow lattice thermal. However, such
a promising strategy is rarely reported. Moreover, conventional fabrications of porous structure
may hinder carrier transport by reducing carrier mobility. Maintaining decent electrical
performances is necessary to secure high thermoelectric efficiency.

Within our study, porous structure and nanostructure are simultaneously realized in n-type
Bi2Tes with facile fabrication methods. Benefited from the synergistic effects of both structures,
strong phonon scatterings are induced at the pore interfaces and dense grain boundaries,
causing ultralow lattice thermal conductivity less than 0.1 W m-1 K-1. Additionally, introduction
of pores does not obviously deteriorate the electrical performance, where decent power factor
of 10.57 uW cm-1 K-1 is maintained. Ultimately, the ultralow lattice thermal conductivity and
well-maintained power factor secure a high zT of 0.97 in n-type Bi2Tes at 420 K, which is one

of the highest values reported for intrinsic n-type Biz2Tes.
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5.2 Journal publication
The journal publication included in Chapter 5 is available at ACS Appl. Mater. Interfaces 2019,

11. https://doi.org/10.1021/acsami.9b12079.
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Abstract

Porous structure possesses full potentials to develop high-performance thermoelectric
materials with low lattice thermal conductivity. In this study, n-type porous nanostructured
Bi2Tes pellet is fabricated by sintering Bi2Tez nanoplates synthesized with a facile solvothermal
method. With adequate sublimations of Bi2TeOs during the spark plasma sintering,
homogeneously distributed pores and dense grain boundaries are successfully introduced into
the Bi2Tes matrix, causing strong phonon scatterings. From which, an ultralow lattice thermal
conductivity of < 0.1 W m-1 K-1 is achieved in the porous nanostructured Bi2Tes pellet. With
the well-maintained decent electrical performance, a power factor of 10.57 pyW cm-1 K-2 at 420
K, as well as the reduced lattice thermal conductivity secured a promising zT value of 0.97 at
420 K, which is among the highest values reported for pure n-type Bi2Tes. This study provides
the insight of realizing ultralow lattice thermal conductivity by synergistic phonon scatterings

of pores and nanostructure in the n-type Bi2Tes-based thermoelectric materials.
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Introduction

Thermoelectric materials, enabling the direct solid-state conversion between heat and
electricity, are promising to realize emission-free power generation and refrigeration, and
alleviate current energy dilemma.5,24,183 To evaluate efficiency of thermoelectric materials,
the dimensionless figure of merit (zT) is defined as: zT = S20T/kx = S20T/(ketx1), Where S, o, k,
ke, kI, and T are Seebeck coefficient, electrical conductivity, total thermal conductivity,
electrical thermal conductivity, lattice thermal conductivity, and the absolute temperature,
respectively.15,18,184 Targeting at high zT, efforts have been devoted to improve the power
factor (S20) through doping engineering185-187 or band structure engineering,150,188,189
and reducing the xi through nanostructure engineering.152,178,190

Among various thermoelectric materials, low-temperature ones are well-known for their high
conversion efficiencies around the room temperature.65,191 They are especially attractive as
the power of wearable electronics.184 Bismuth telluride (Bi2Tes), as one of the best low-
temperature thermoelectric materials, has intrinsically decent electrical properties due to its
narrow band gap (~0.15 eV) with high valley degeneracy and anisotropic effective mass.44 By
means of alloying/doping with ternary elements,75,192 its electrical performance can be
further boosted, and a record-high Sz of ~ 45 uW cm-1 K-2 was reported at 300 K from both
sulphur doped Bi2Tes192 and Bio.sSbi1.5Tes.191 In order to further improve its zT, efforts have
been devoted to reduce i by inducing strong phonon scatterings.37,65,191 Specifically, defect
engineering, including the introduction of point defects65 or dislocations,191 was reported in
the Biz2Tes-based alloys. With the effective phonon scatterings due to defect engineering,
reduced x1 ~0.3 W m-1 K-1 was achieved at 300 K in the BiosSh15Tes.191 Moreover,
nanostructure engineering was reported to induce a high density of grain boundaries in the
Bi2Tes. As a result, significant phonon scatterings were caused, leading ultralow i of ~0.2 W
m-1 K-1 at 370 K.37 In addition, porous structure is also known to effectively reduce
k1.174,193,194 Due to the intensive phonon scatterings at the pore-induced interfaces, ultralow
k1 0f 0.13 W m-1 K-1was reported at 488 K in the Bi2Te25Seo5.194 In spite of these progresses,
lower xi is still desiring for Bi2Tes to achieve higher zT. According to the Callaway model, «i

has positive relevance with the phonon relaxation time (z), as defined below:195

K, = %fowm“" Cs(w)vg(w)*T(w)dw (1)
where Cs is the spectral heat capacity and vg is the phonon group velocity. Based on the
Matthiessen rule,196 z is further negatively related to the sum effects of different phonon

scattering sources. Therefore, the combination of different phonon scattering sources can
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contribute to smaller z due to full-spectrum phonon scattering, which could in turn lead lower
Kl.

Here, in this work, we prepared nanostructured n-type Bi2Tes with porous structure via a facile
solvothermal method and subsequent sparking plasma sintering (SPS), as schematically shown
in Figure la. During the sintering process, the Bi2TeOs sublimed under the heating
environment and large plasma currents.197 Consequently, nanostructured Biz2Tes with porous
structure was fabricated. The density of as-prepared porous nanostructured Biz2Tes is 6.536 g
cm-3 (85 %). With the synergistic effects of both pores and nanostructure, strong phonon
scatterings were induced, leading ultralow xi of less than 0.1 W m-1 K-1 at 420 K. Consequently,
promising zT of ~1 was achieved, which is among the highest values reported for pure n-type
Bi2Tes.37,39,174,198 Figure 1b compared our results with previously reported porous174 or
nanostructured Bi2Tes,37 it was found that the simultaneous introduction of the nanostructure
and the porous structure in our study can effectively generate further reduced i, which in turn
produce improved zT. Based on the analysis of single parabolic band (SPB) model as shown in
Figure 1c,17,199 further reduced xi could potentially pushes zT to a higher level with

appropriately engineered ne.
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Figure 1. Enhancement of zT from reduced i in the nanostructured Bi2Tes with porous

structure. (a) Hlustration of the fabrication processes, where solvothermal synthesis and SPS

technique were applied. (b) Comparisons of xi and zT between this work and previously

reported porous174 or nanostructured Bi2Tes.37 (c) Calculation results of SPB showing the

possibility to further enhance zT with controlled ne and reduced xi.

Results and discussions:

Figure 2a shows the XRD patterns of as-synthesized Bi2Tes nano-powders and as-sintered

nanostructured porous BizTes pellet along the in-plane direction, respectively. The diffraction

peaks of the powders can be exclusively indexed as the combination of Bi2Tes (hexagonal
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structure, R-3m space group, PDF#15-0863) and Bi2TeOs (orthorhombic structure, Cm2a
space group, PDF#38-0420). However, after the SPS process, diffraction peaks of as-sintered
pellet can be only indexed as typical Bi2Tes. The disappearance of Bi2TeOs during the sintering
process might be attributed to the sublimation of Bi2TeOs under SPS heat treatments and large
currents.197 The X-ray spectroscopy (XPS) was further utilized to verify the sublimation of
Bi2TeOs during the SPS process. Figure 2b and Figure 2c show the high-resolution scans of
XPS spectra for Te in both Bi2Tes nano-powders and nanostructured porous Biz2Tes pellet. As
can be seen, strong singlet peaks of Te 3ds2 and Te 3ds/2 were detected at the binding energy
of 572.23 eV and 582.53 eV in both powder and pellet. This indicates the existence of
Te2-.175,200 Additional peaks at the binding energy of 575.67 eV and 586.14 eV evidencing
the existence of Tes+ were only found in the powders.175 The Tez2-and Tes+ should be ascribed
to Bi2Tes and Bi2TeOs, respectively. The disappearance of Tes+ peaks after the SPS process

further confirms the sublimation of Bi2TeOs.
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Figure 2. XRD and XPS of synthesized powder and sintered bulk. (a) XRD patterns of both
as-synthesized Bi2Tes nano-powders and as-sintered nanostructured porous Bi2Tes pellet; high-

resolution XPS scan of Te in the (b) as-synthesized Bi2Tes nano-powders and (c) as-sintered

nanostructured porous Bi2Tes pellet.

Figure 3a-3c show the SEM images of synthesized powder, from low magnification to high
magnification. It can be observed that as-synthesized Bi2Tes nano-powders are hexagonal
nanoplates, with typical lateral thickness of ~20 nm, as shown in the inset of Figure 3c. Such
nanostructures can contribute to a high density of grain boundaries in the pellet after the
sintering.39 Figure 3d-3f show low-magnification and high-magnification SEM images of as-

sintered nanostructured porous Bi2Tes pellet. As highlighted in the image, porous structure can
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be clearly seen, with pores homogeneously distributed in the matrix. Figure 3f shows one pore
randomly selected in the matrix. It can be found the pore is in nanoscale, whose size is ~400

nm.

]
LN 20nm

PorOUS
‘Structureé

Spm

Figure 3. SEM images of synthesized powder and sintered bulk. (a) SEM image of as-
synthesized Bi2Tes nano-powder; (b) magnified SEM image of the area selected in (a); and (c)
magnified SEM image of the area selected in (b), showing the hexagonal plate-like
nanostructure. Inset is the SEM image showing the typical lateral thickness of the nanoplates
is around 20 nm. (d) SEM image of as-sintered nanostructured porous Bi2Tes; (e) magnified
SEM image of the area selected in (d); and (f) magnified SEM image of the pore selected in

(e), showing the typical pore size of 400 nm.

Figure 4a show the energy dispersive spectroscopy (EDS) results conducted for as-sintered
nanostructured porous Bi2Tes pellet. EDS spot analysis (spot highlighted in the inset) suggests
that the sample show binary composition, with Bi and Te exclusively detected. EDS mapping
and corresponding backscattered electrons (BSE) image are shown as the inset, where
homogeneous distributions of Bi and Te were observed. The atomic ratios of Bi and Te were
evaluated as 41.2 % and 58.8 %, respectively. Figure 4b shows the electron probe micro-

analyzer (EPMA) results, where the composition of as-sintered nanostructured porous pellet
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was more accurately determined. The average ratio between Bi and Te in the bulk is around
0.715 indicating a composition of Bi2Tezs.
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Figure 4. EDS and EPMA of sintered bulk. (a) EDS spot spectrum of as-sintered
nanostructured porous Bi2Tes pellet with the inset of mapping results of Bi and Te. (b) Atomic
ratios between Bi and Te measured by EPMA at ten randomly selected area in the as-sintered

nanostructured porous Bi2Tes pellet.

Figure 5 shows the measured thermoelectric properties of as-sintered nanostructured porous
Bi2Tes pellet along the in-plane direction, including o, n, &, S and . In order to understand the
effects of porous structure, thermoelectric properties are compared with previously reported
dense nanostructured Bi2Tes pellet.37 As can be seen from the Figure 5a, o of as-sintered
nanostructured porous pellet showed no obvious difference than dense nanostructured BizTes
pellet, and decreased gradually with increasing T, presenting typical metallic transport
behaviours.177 The peak o of 770 S cm-1 occurred at 300 K, which is comparable to other
reported pure Bi2Tes.37,198,201 The measured n and x are shown in Figure 5b. It was found
that n slightly increases from 7 x 1019 cm-3 to 1 x 1020 cm-3 in the temperature range of 300 K
to 550 K, while p gradually decreases with higher temperature, with the value of 66 cm2 V-1 s-
1 at 300 K. Such a p is similar to other porous Bi2Tes-based thermoelectric bulks.194,202 In
terms of S, as shown in Figure 5c, negative values were measured, indicating typical n-type
properties. The peak value of -145 pV K-1 was available at around 450 K, which is also similar
to the dense nanostructured Bi2Te3.37,201 As a result, uncompromised Sz was shown in
Figure 5d, with peak value of 12.89 pW cm-1 K-2 at 320 K. It can be concluded that the
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introduction of pores possesses negligible effects on electrical properties of our nanostructured
porous BizTes pellet along the in-plane direction. This might be ascribed to the strong
anisotropy of Bi2Tes,86,203,204 where negative effects of pores is compensated by the
outstanding carrier transport in the in-plane direction. Figure 5e shows calculated « of as-
sintered nanostructured porous Biz2Tes pellet. It was found that introduction of pores leaded
lower « at all temperature range from 300 K to 560 K, with the lowest value of ~0.5 W m-1 K-
1 at 418 K. In order to understand such an ultralow x, we investigated xe and i using the
Wiedemann — Franz law,181 where ke = LoT and x1 = k - xe. L is the Lorenz number and was
calculated based on SPB model.17,199 It was found that xe lied in the range of 0.39 W m-1 K-
1 to 0.47 W m-1 K-1, which is comparable to the values of dense nanostructured Bi2Tes.37
Therefore, the reduction of x of as-sintered nanostructured porous Bi2Tes pellet mainly derives
from xi. Figure 5e shows calculated «i in as-sintered nanostructured porous Bi2Tes pellet. It
was found porous structure can effectively reduce xi and ultralow xi less than 0.1 W m-1 K1
was found at 370 K. This significant reduction can be understood with phonon gas theory,
where xi can be written as x1 = (1/3)Cvv/. Among which, Cv is the specific heat capacity at a
constant volume, v is the sound velocity and | is the phonon mean free path.205 Reduced p of
the porous bulk can negatively contribute to Cv, considering Cv = C’vp, where C’v reflects the
specific heat properties of the materials.206 Moreover, formation of pores has been proved to
reduce v and | of thermoelectric materials.206 As a result, x1was significantly reduced in our
porous structure, and in turn lead ultralow x. Benefited from uncompromised S2o and
effectively reduced «, we ultimately realized boosted zT near 1 at 370 K, as shown in the Figure
5f. Such promising zT is among the highest values reported for pure n-type Bi2Tes so
far.37,39,198
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Figure 5. Measured thermoelectric properties of sintered bulk in the in-plane direction.
T-dependent (a) o; (b) n and x; (c) S; (d) S20; (e) x and xi; and (f) zT of as-sintered

nanostructured porous Bi2Tes pellet compared with dense nanostructured Bi2Tes.37

Conclusion:

In summary, we fabricated n-type porous nanostructured Bi2Tes pellet with facile solvothermal
method and subsequent SPS technique. With adequate sublimations of Bi2TeOs during the
sintering process, homogeneously distributed pores were successfully introduced into the
nanostructured Bi2Tes pellet. As a consequence of simultaneous strong phonon scatterings at
both dense grain boundaries due to nanostructure engineering and interfaces induced by pores,

an ultralow x (< 0.1 W m- K-1) was realized. The well-maintained decent electrical
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performance, a S2o of 10.57 pW cm-1 K-2 at 420 K, as well as the reduced xi secured promising
zT ~1, which is among the highest values reported for pure n-type Bi2Tes.37,39,174,198 This
study provides an alternative insight of realizing ultralow xi by synergistic phonon scatterings

of pores and nanostructure in n-type Bi2Tes-based thermoelectric materials.

Experimental Section:

Synthesis Method. Biz2Tes nanoplates were synthesized via a typical solvothermal route.
Analytical grade bismuth oxide (Bi203, 99.9%), tellurium dioxide (TeOz2, 99.999%), ethylene
glycol (EG), polyvinylpyrrolidone (PVP, average molecular weight = 40000) and sodium
hydroxide (NaOH, 99.99%) were purchased from Sigma-Aldrich as precursors without any
further purification. Details of the synthesis procedures are described as follows. Firstly, PVP
was dissolved into EG (36 ml) as the surfactant, followed by 20 min vigorous stirring in order
to form a clear solution. Then Bi2O3 and TeO2 were added into the solution as the source
materials of bismuth and tellurium, respectively. 5 mol/L NaOH (4 ml) was dropped into the
solution to provide the alkaline environment. The solution was stirred for 30 min to uniformly
mix precursors, before sealed in a 125 ml polytetrafluoroethylene-lined stainless steel
autoclave. The autoclave was heated to 210 °C for 24 h and naturally cooled down to the room
temperature. Synthesized products were collected by centrifugation and washed with deionized
water and ethonal for several times, and finally dried in the oven at 60 °C for 12 h.

Spark Plasma Sintering (SPS) and Thermoelectric Properties Measurements. In order to
measure the thermoelectric properties, synthesized powders were sintered into a disc-shaped
bulk (® = 12.6 mm) by SPS (SPS-211Lx, Fuji Electronic Co., Ltd.) at 300 °C for 5 min under
60 MPa pressure. Density (p) of the bulk (92%) was measured using Archimedes method. Due
to the strong anisotropy of Bi2Tes,86,203,204 thermoelectric properties of the bulk were only
measured in the in-plane direction, which was reported to be the high-performance
direction.204 Among which, ¢ and S were measured simultaneously using ZEM3 (ULVAC
Technologies, Inc.) within the temperature range between 300 and 573 K; the thermal
diffusivity D was measured by LFA 457 (NETZSCH Group), which was subsequently applied
to calculate x = D-Cp-p,207 where Cp is the specific heat capacity measured by DSC 404 C
(NETZSCH Group); n and p were measured by the Hall system under a reversible magnetic
field of 1.5 T. Measurements of the bulks are conducted for at least three times in order to

ensure the repeatability.
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Characterization. Both synthesized powder and sintered bulk were systematically
characterized. XRD (Bruker-D8) was applied to determine the composition and crystal
structure of both as-synthesized Bi2Tes nano-powder and as-sintered nanostructured porous
Bi2Tes pellet, where bulk sample was characterized along the in-plane direction. XPS (Kratos
Axis Ultra) was used to investigate the valence states of Te in Bi2Tes and Bi2TeOs. SEM (JEOL
JSM-7100F) were utilized to observe the morphology and structural characteristics. EPMA
(JEOL JXA-8200) was used to determine the chemical composition of the sample. The
instrumental deviation of EPMA is 0.1% and ten randomly selected areas of the sample were
measured. EDS mapping and spots (installed in HITACHI-SU3500) were conducted to verify

the element distribution and the chemical composition of the sample, respectively.

ASSOCIATED CONTENT
Supporting Information. XPS spectra; Lorenz factor and measured thermal properties;
EPMA results; and SPB calculation details.
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1. Magnified XRD results of as-synthesized Bi2Tes powder and as-sintered Bi2Tes pellet

Te vacancy can be manifested from the peak shift in our magnified XRD results in the Fig. S1.
Specifically, Te vacancy can lead lattice shrinkage in Bi2Tes due to the absence of Te atoms.
According to Bragg’s Law, this will accordingly induce higher 0 of the XRD peaks, which is
reflected from the shifted (0 O 15) peaks of both powder and pellet samples towards higher

degree.
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Fig. S1. Magnified XRD results of as-synthesized Bi2Tes powder and as-sintered Biz2Tes pellet,

where peak shift towards higher degree is observed.

2. XPS spectra of as-synthesized Bi2Tes powder and as-sintered Biz2Tes pellet

Full X-ray spectroscopy (XPS) spectra of as-synthesized Bi2Tes nano-powder and as-sintered
porous nanostructured BizTes pellet are shown in Fig. S2a and Fig. S2b, respectively. The
presences of Bi 4f and Te 3d energy states were exclusively determined, without any energy
states detected for other elements, except C 1s and O 1s. Corresponding high-resolution XPS
scans of Bi in the as-synthesized Bi2Tes nano-powder and as-sintered porous nanostructured
Bi2Tes pellet are shown in Fig. S2c and Fig. S2d, respectively. No obvious difference was
found after the sintering. The existence of single valence state Bis+ in both Bi2Tes hano-powder
and porous nanostructured Biz2Tes pellet was verified, where peaks of Bi 4fs2 and Bi 4f72 were
detected at 162.5 eV and 157.2 eV, respectively.17s

71



Survey - Powder Survey - Bulk
-~ e
3 = Te 3d
& S
> Z
- -
- — ';
£ = -
] 3 Bi 4/
= =
— —
0 200 400 600 800 1000 1200 ¢ 200 400 600 800 1000 1200
Binding Energy (eV) Binding Energy (eV)
C d
H P e
Bi 4f - Powder Bi 4f - Bulk
Bidf
_ B ot g —~ Bidf
E Bi Bidf o 2
3 Bi 3 Bi
2 z
.g =
g g
— -
= =
— —
- T = ~//
154 156 158 160 162 164 166 154 156 158 160 162 164 166
Binding Energy (eV) Binding Energy (eV)

Fig. S2. Full XPS spectra of (a) as-synthesized Bi2Tes nano-powder and (b) as-sintered porous
nanostructured Biz2Tes pellet. High-resolution XPS scans of Bi in the (c) as-synthesized BizTes

nano-powder and (d) as-sintered porous nanostructured BizTes pellet.

3. Lorenz factor and measured thermal properties

Fig. S3a shows the SPB-calculated Lorenz factor (L) of as-sintered porous nanostructured
Bi2Tes pellet. L was found to be around 1.8 x 10-s v2 K-2, with no obvious change within the
temperature between 300 K and 550 K. Fig. S3b shows calculated electrical thermal
conductivity (xe) of as-sintered porous nanostructured BizTes pellet. Similar values were found
compared with dense nanostructured Biz2Tes pellet.sz Fig. S3c shows measured thermal
diffusivity (D) of as-sintered porous nanostructured Bi2Tes pellet. Fig. S3d shows measured
heat capacity (Cp) of as-sintered porous nanostructured Biz2Tes pellet, which is well consistent

with dense nanostructured Bi2Tes pellet.37
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Fig. S3. (a) Calculated Lorenz factor with SPB model. T-dependent (b) xe; (¢) D and (d) Cp of
as-sintered porous nanostructured Bi2Tes pellet and dense nanostructured Biz2Tes pellet.s7

4. EPMA results

Table S1 shows detailed atomic composition of as-sintered porous nanostructured BizTes

pellet characterized by electron probe micro-analyzer (EPMA). Ten sites were randomly

selected to ensure the reliability and accuracy of the pellet composition.

Table S1. EPMA measured atomic composition of as-sintered porous nanostructured Bi2Tes

pellet.
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1 35.2934 49.3951 100 0.714512
2 33.1585 46.3125 100 0.715973
3 33.2491 47.0595 100 0.706533
4 37.0272 50.6173 100 0.731513
5 36.3166 48.8793 100 0.742985
6 38.8218 55.1961 100 0.703343
7 39.0351 55.3944 100 0.704676
8 39.134 55.0341 100 0.711086
9 38.4345 54.9078 100 0.699983
10 38.5582 53.2736 100 0.723777
Average  36.90284 51.60697 100 0.715438

5. SPB model calculation details
We used a single parabolic band (SPB) modeli7,199 to calculate the enhancement of n-dependent
zT with reduced lattice thermal conductivity (x1). For calculation details, the carrier transport

property analysis was employed as:

r+3)F 3 ()
kg 2 T3
SM=—|—5—""""—-—- S4-1
== [(H )2 “] (54D
2
1 (Zm*-kBT)% (r 2) Fr+§m)
n= e'R = 3m2h3 3 (84-2)
H (2r+ 2) F2r+ 1(M)
3
4mtht C (2r+ E)'F2r+1(n)
u=[ ' 5] 2 e (54-3)
VZ(kpT)ZER op(m*)2 | (r+3) F_ 1.(0)
7 2
L= (k_B)z _ (r+3) FH%(H) ~ (r+3)F., 3 st-4
e (r+ %)-FH%(n) (r+ %)-FPr %(n)

where 7, ks, e, r, RH, 7, Ci, Edef, and L are the reduced Fermi level, the Boltzmann constant, the
electron charge, the carrier scattering factor (r = -1/2 for acoustic phonon scattering), the Hall
coefficient, the reduced plank constant, the elastic constant for longitudinal vibrations, the
deformation potential coefficient, and the Lorenz number, respectively. Here:

C=v{-p (S4-5)
where vi is the longitudinal sound velocity and taken as 2884 m s-1 in this study.172 F;(n) is

the Fermi integral expressed as:

X1

Fitn) = J; oy dx (S4-6)
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To predict the zT enhancement with reduced 4 by inducing porous structure, we assume that
the pores are uniformly distributed in the Bi2Tes matrix. In this situation, xip can be defined as
the x of porous Bi2Tes. Here, experimentally measured x was utilized. Phonon mean free path

Ab was calculated as:206

A, = Kb (S4-7)

CyVa
where Cv is the volume heat capacity. v, is the average sound velocity taken as 2147 m s-1.172
6. A comprehensive comparison of zT with other state-of-art binary n-type Bi2Tes works
A comprehensive comparison with other state-of-art binary n-type Bi2Tes works can be found
from Fig. S4, where the achieved zT of 0.97 in our work is listed as one of the highest values
reported for binary n-type Bi2Tes.

1 2- 1.18

0.88

0.8+ , ,
0.62 0.7 0.7

zT

0.4-

0.0

Ref.7 Ref.8 Ref.9 Ref.10 Ref.11 Ref.12 Ref.13 This work

Fig. S4. A comprehensive comparison of zT with other state-of-art binary n-type Bi2Tes

works.7-13
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Chapter 6 Outstanding BiosSb1s5Tes/PEDOT:PSS
Flexible Thermoelectric Film and Device via Boosted

Interfacial Carrier Transport

6.1 Overview

Incorporating inorganic thermoelectric fillers into the conductive polymer matrix serves as one
effective strategy to develop high-performance flexible thermoelectric materials, where the
system is anticipated to possess decent electrical properties of fillers and low thermal
conductivity of polymers. However, due to the high contact resistance of interfaces, interfacial
carrier transports are deteriorated, which significantly constrain the optimizations contributed
by fillers. To this end, boosting interfacial carrier transports is of vital significance.
Additionally, improving the crystallinity of conductive polymers is well believed to render high
electrical conductivities. Therefore, simultaneously optimizing interfacial carrier transports
and improving the crystallinity of conductive polymers may be one effective strategy to
synergistically develop high-performance flexible thermoelectric materials. However, such a
promising strategy is never reported previously.

Within our study, optimized interfacial carrier transports and crystallized conductive polymer
are simultaneously realized in BiosSh15Te3/PEDOT:PSS composite, by coating fillers with
highly conductive CuTe nano-layer and DMSO-H2SO4 double treatments, respectively.
Superhigh power factor of 312 uW cm-1 K-1 is achieved with outstanding electrical conductivity
of ~2300 S cm-1, which is a record-high value in the reported BiosSb1s5Tes/PEDOT:PSS
composites. Additionally, a home-made flexible thermoelectric device is fabricated using our
prepared composites, generating a promising open-circuit thermovoltage of ~7.7 mV with the
human wrist as the thermal source. This hints the bright prospects of cheap conductive

polymers as the effective power source of wearable electronics.
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Abstract

Incorporating inorganic thermoelectric fillers into conductive polymers is one promising
strategy to develop high-performance flexible thermoelectric films. However, due to the
relatively high interfacial contact resistance between fillers and polymers, carriers tend to be
scattered at the interfaces during the interfacial transports, which deteriorates the electrical
properties of the system, and in turn leads to low energy conversion efficiency. Here, a new
strategy is developed to optimize interfacial carrier transports in BiosSb15Tes/PEDOT:PSS
composite, by coating BiosSbisTes fillers with highly conductive CuTe layer. With highly
crystallized PEDOT:PSS prepared as the matrix, high-performance Cu-BiosSbhisTes
/PEDQOT:PSS film is fabricated with promising ¢ of ~2300 S cm-1 and peak Sz¢ of 312 pW m-
1 K2 at room temperature, which reaches to a record-high value in the reported
BiosSb15Tes/PEDOT:PSS composites. Accordingly, a home-made flexible thermoelectric
device is fabricated using our prepared composites, generating a promising open-circuit
thermovoltage of ~7.7 mV with the human wrist as the thermal source. This study addresses
the significance of interfacial carrier transport, hinting the bright prospects of cheap conductive

polymers as the effective power source of wearable electronics.

Keywords: Thermoelectrics, Flexible, PEDOT:PSS, Bismuth telluride, Interface
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1. Introduction

Rapid advances of Internet of Things (10T) spark the increasing developments of miniature and
integrated wearable electronics, where conventional batteries as the power source have the
severe disadvantages such as frequent replacements/recharge and extra maintenance.99,208
Flexible thermoelectric (FTE) materials enable the direct power generation from heat through
the Seebeck effect, and can present conformal interactions with heat sources to maximize heat
harvesting, which can therefore act as energy-autonomous, maintenance-free and emission-
free power sources for wearable electronics.209 To evaluate the power generation efficiency of
FTE materials, a dimensionless figure of merit (zT) is defined as: zT = S2¢7/x, where S, o, x,
and T is the Seebeck coefficient, electrical conductivity, thermal conductivity, and operating
temperature, respectively.s Promising zT can thus be effectively contributed by high power
factor (S20) and low «. Currently, studies on FTE materials mainly focus on conductive
polymers, such as poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDQOT:PSS),210-213  poly(3-hexylthiophene-2,5-diyl) (P3HT),204,214215 and polyaniline
(PANI),216-220 due to their intrinsic flexibility and low x. However, their poor electrical
properties result in inferior Sz than inorganic TE materials, which restricts their zT
improvements. In this regard, optimizing electrical properties of conductive polymers is of vital
significance.

So far, several strategies have been used to increase S2o of conductive polymers. For example,
improved o of PEDOT:PSS can be realized from ordered microstructure or improved
crystallinity after polar solvents pre-treatments with dimethyl sulfoxide (DMSQ)221,222 or
ethylene glycol (EG),109,223,224 or concentrated H2SOa4 post-treatments.213,225 S can be effectively
tuned with controlled oxidation levels of conductive polymers, by means of reducing PEDOT-
Tos film in the tetrakis(dimethylamino)ethylene (TDAE) atmosphere,226 or immersing
PEDOT:PSS film in reducing NaBH4,227 NaOH210 and N2H4227 solutions.

Additionally, incorporating inorganic TE fillers into conductive polymers matrix has also been
proposed to be an effectively strategy to boost S2o,228-232 where FTE composites might be
synergistically endowed with decent S2o of inorganic TE fillers and low x of conductive
polymers. So far, FTE composites mainly focus on PEDOT:PSS as the polymer matrix, due to
its promising o of 4380 S cm-1 at room temperature,22s abundance, and facile processability,
which may be beneficial for scale-up productions. Inorganic TE fillers mainly include
Bi2Tes229,232,233 and BiosSbisTes (BST)z228 considering their decent low-temperature Szo, or
Te230,234,235 and SnSe2s3s due to their outstanding low-temperature S. Effectively enhanced Sao
of 32.26 pW m-1 K-1 has been witnessed from BST/PEDOT:PSS composite, which presents
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more than three times higher value than pristine PEDOT:PSS film.22s In spite of the progress,
S20 of FTE composite is still much inferior than inorganic TE materials, possibly caused by the
overlook of interfacial carrier transports between fillers and polymers, which significantly
restrains contributions of fillers to S2o. By applying surface engineering to inorganic fillers,
interfacial carrier transports can be optimized, and in turn further boost of Sz becomes
possible.229,233 Typically, Zhang et al.229 applied HCI rinsing to remove the potential oxidation
layer on the surface of p-type Bi2Tes filler to optimize interfacial carrier transports, and found
significantly increased S2¢ of 131 pW m-1 K-1 in the Bi2Te3s/PEDOT:PSS film, compared with
that of 35.6 uyW m-1 K-1 without HCI rinsing. Recently, Goo et al.2s3 conducted proton-
irradiation treatments on the surface of Bi2Tes fillers, which intentionally induced surface
defect sites as the extra adsorption sites for polymer chains, and in turn led to intensified
interfacial interactions. Consequently, outstanding S2o of 325.3 uUW m-1 K-1 was achieved in
the Bi2Tes/PEDOT:PSS film,233 which is among the top values of Bi2Tes/PEDOT:PSS
composites. Therefore, surface engineering of fillers is a promising approach in securing
splendid Sz¢ in FTE composites.

In this study, we develop a new strategy to optimize interfacial carrier transports in the
BST/PEDOT:PSS composite, by coating BST fillers with highly conductive CuTe layer
(0>5.2%10s5 S cm-1).237 With highly crystallized PEDOT:PSS prepared as the matrix, superhigh-
performance Cu-BST/PEDOT:PSS film was fabricated and showed promising ¢ of 2270 S cm-
1and peak Sz of 312 pW m-1 K-1 at room temperature, which reached to state-of-the-art values
reported for BST/PEDOT:PSS composites.228.229,238,239 Figure 1 schematically depicts the
fabrication process of the composites, where fillers and polymers are separately prepared. Cu-
BST fillers were synthesized by a facile electroless plating method.154,157 Crystallized
PEDOT:PSS was obtained through DMSO polar solvent pre-treatments, followed by
concentrated H2SOa post-treatment to selectively remove insulating PSS, which in turn render
increased o. Finally, the BST/PEDOT:PSS film with decent flexibility was fabricated by drop
casting TE ink onto pre-cleaned glass substrate. A home-made FTE device was fabricated

accordingly, showing the effective power generation with human wrist as the thermal source.
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Figure 1. Schematic illustration of the processes to fabrication Cu-BST/PEDOT:PSS FTE
films and device.

Results and Discussion

Figure 2 shows the structural characterizations of BST fillers before and after Cu coating.
Figure 2a is XRD patterns taken from BST, 0.05 wt.% Cu-BST and 0.1 wt.% Cu-BST fillers,
respectively. As can be seen, the diffraction peaks of the as-synthesized BST powders can be
exclusively indexed as hexagonal structured BST with lattice parameters of a = 4.28424 nm
and ¢ = 30.52389 nm and a space group of R3m (PDF#49-1713). After Cu coating, additional
peaks at 26 of 12.8° 25.4° and 31.1° emerge in the diffraction peaks of 0.05 wt.% Cu-BST,
which can be precisely retrieved as orthorhombic structured CuTe with lattice parameters of a
= 3.16 nm, b = 4.08 nm and ¢ = 6.93 nm and a space group Pmmn (PDF#22-0252). This
indicates that Cu reacts with BST particles during the coating process to form CuTe. Figure
2b shows the EDS results, and further confirms the successful coating of Cu on the surface of
BST particles, where Cu is detected from EDS spot analysis and clearly observed on the
boundaries of BST particles from the EDS maps. Figure 2c-g are TEM results to clarify the
insights of the coating process. As can be seen, the uncoated BST particles (Figure 2c) show
relatively smooth boundaries, while zig-zag boundaries appear in the coated BST particles
(Figure 2d), which is attributed to the HNOs pre-treatments to generate sufficient reaction sites

for maximum Cu coating. As verified in Figure 2d and e, CuTe is clearly observed on BST
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boundaries, which is consistent with SEM EDS maps, shown in Figure 2b. Figure 2e shows
typical high-resolution TEM image, in which the as-coated CuTe layer is relatively uniform
with a thickness of 17 nm. Figure 2f is its corresponding high-angle annular dark-field
(HAADF) image of the interface, where the CuTe layer with small atomic mass shows dark
contrast compared with the bright contrast of the BST particle. Figure 2g is a zoom-in high-
resolution TEM (HRTEM) image taken from the CuTe layer (highlighted by red square in
Figure 2e), in which two sets of lattice planes with d-spacing of 0.18 and 0.23 nm can be
detected with the angle of 50.3° that correspond to the (022) and (102) atomic planes of CuTe,

respectively.
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Figure 2. (a) XRD patterns of BST, 0.05 wt.% Cu-BST and 0.1 wt.% Cu-BST fillers. (b) EDS
spot spectrum of 0.1 wt.% Cu-BST fillers with the inset of mapping results of Cu, Bi, Sb and
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Te. Typical high-magnitude TEM images of BST fillers (c) before and (d) (e) after Cu coating,
together with corresponding (f) HAADF and (g) HRTEM images.

It has been reported that high crystallinity of PEDOT:PSS can lead to high o,225 while
selectively removal of insulating PSS can induce improved crystallinity of PEDOT:PSS.240
Here, we applied DMSO-H2S04 double treatments to effectively remove insulating PSS and in
turn result in highly crystallized PEDOT:PSS. Figure 3a shows XRD patterns of PEDOT:PSS
films before and after the treatments. Pristine film shows weak peaks at low 26 of 3.3 and 7o
corresponding to the lamella stacking of alternate PEDOT and PSS along the (100) plane, and
high 26 of 18 and 26° which can be attributes to amorphous PSS and inter-chain planar
stacking along the (010) planes.2s1 The weak intensities of all diffraction peaks indicate the
amorphous microstructure and low crystallinity of pristine PEDOT:PSS film. These form a
sharp contrast with DMSO-H2SOa4treated PEDOT:PSS film, where two sharp diffraction peaks
at ~7 and 12.5° indicate that (100) stacking has been greatly intensified after the treatment.
Moreover, it should be noted that two peaks of (100) stacking both exhibit an obvious right
peak shift after the treatment, which is from the original 26 of 3.3 and 7° to ~7 and 12.5°,
respectively. According to Bragg’s law,213 this hints the shrink of spacing between (100)
stackings, which confirms the effectively removal of insulating PSS. On the other hand, two
peaks of (010) planes stacking are still quite weak after the treatment, and present ignorable
intensities compared with two peaks of (010) stacking. This means (100) stacking dominates
in the microstructure of treated film, which contributes to highly crystallized PEDOT:PSS.
Increased crystallinity of PEDOT:PSS is also associated with chemical structure transition of
PEDOT monomers from benzoid to quinoid after DMSO-H2SO4 double treatments,242,243 as
shown in Figure 3a. PEDOT monomers with benzoid structure are connected by relatively
flexible C-C bonds, which tend to induce deviations of adjacent thiophene rings and formation
of coiled-up conformation.2as However, PEDOT monomers with quinoid structure are
connected by rigid = bonds (C=C bonds), which is favoured by flat PEDOT backbones and in
turn enhanced crystallinity.243 Cross-sectional SEM images of PEDOT:PSS films of Figure 3b
further confirm the improved crystallinity, where lamella stacking is clearly visible after the
treatment. Additionally, the decreased thickness of film from 4 to 2.5 pum verifies the PSS
depletion.
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Figure 3. (a) XRD patterns and (b) cross-sectional SEM images of PEDOT:PSS films before
and after DMSO-H2SOa4double treatments. (c) Typical top-view SEM and (d) TEM images of
PEDOT:PSS films with 6 wt.% Cu-BST filler incorporation, with the inset of (c) showing
PEDOT:PSS film without fillers.

With Cu-coated BST fillers and crystallized PEDOT:PSS conductive polymer, Cu-
BST/PEDOT:PSS film was fabricated. Figure 3c shows the typical top-view SEM image of
the film, with the inset of PEDOT:PSS film without fillers. Relatively uniform dispersion of
fillers can be observed, and the introduction of fillers result in the improved roughness of the
films. Figure 3d is a TEM image, and further confirms the well dispersion of fillers. Moreover,
PEDOT:PSS is observed to closely envelop Cu-BST fillers, which can be beneficial to optimize
the interfacial carrier transport.
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Figure 4 plots the room-temperature ¢ and S of the as-fabricated films. Figure 4a shows
DMSO-H2SOatreated PEDOT:PSS films, in which decent ¢ of 1815 S cm-1 is achieved, which
is ascribed to the as-obtained high crystallinity, and this value agrees with reported crystalline
PEDOT:PSS.213225 With filler incorporations, it is found that pristine BST fillers can
deteriorate o, showing values lower than treated PEDOT:PSS films. On one hand, this may be
due to the lower o value of pristine BST fillers (~ 500 S cm-1, Figure Sla) than treated
PEDOT:PSS. On the other hand, the surface of pristine BST fillers can potentially scatter
carriers during the transport due to the relatively high interfacial contact resistance, which leads

to the depressed carrier mobility (i) and in turn low o.
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Fig. 4. Measured room-temperature (a) o and (b) S of PEDOT:PSS films incorporated with
BST fillers before and after Cu coatings (filler content 2 wt.%, 4 wt.% and 6 wt.%),

corresponding schematics are shown on the right.
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With introducing highly conductive CuTe interfacial layers, ¢ can be significantly enhanced
and exceed that of treated PEDOT:PSS films under various filler contents. Such a tendency is
more obvious with increasing the Cu coating, and an outstanding o value of 2520 S cm-1 is
achieved in the 0.1 wt.% Cu-BST/PEDOT:PSS film with 2 wt.% filler content. Such a o
improvement can be attributed to high o value of the CuTe layers (6>5.2x105 S cm-1),237 as
well as the optimized interfacial carriers transport, as schematically depicted on the right of
Figure 4a. In contrast to the carrier blocking effect induced by pristine BST fillers, highly
conductive CuTe interfacial layers can render carriers to travel within CuTe layers or through
BST fillers, rather than being scattered. In this way, optimized interfacial carriers transport

with improved [ is generated, which is favourable by high o.

Table 1. n and p of BST/PEDOT:PSS films before and after Cu coatings (4 wt.% filler).

0.05 wt.% Cu- 0.1 wt.% Cu-
Parameter BST/PEDOT:PSS

BST/PEDOT:PSS BST/PEDOT:PSS
M (cm2 V-15-1) 13.724+1.96 18.04+2.21 18.82+2.82
n (1020 cm-3) 8.06+1.21 8.29+1.24 8.37+1.19

Hall measurements are applied to investigate the change of u before and after Cu coatings, and
Table 1 summarizes the results. Effective increases of p occur from ~13.72 to ~18.04 and
~18.82 cm2 V-1 s-1 after 0.05 wt.% and 0.1 wt.% Cu coatings, respectively. These are consistent
with aforementioned claims and should be responsible for boosted o. Additionally, high filler
contents are found to cause low o. This agrees with other reports, 113,245 and stems from more

introduced interfaces between polymers and fillers.
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Fig. 5. (a) Measured room-temperature S2o of PEDOT:PSS films incorporated with BST fillers
before and after Cu coatings (filler content 2 wt.%, 4 wt.% and 6 wt.%). (b) Comparisons of
S20 between this work and other BST/PEDOT:PSS works, 229,239,246,247 Where the potentials of

filler surface engineering is visible.

In terms of S, Figure 4b shows that additions of fillers before and after Cu coatings both show
positive effects. Peak S of 38.9 pV K-1 can be achieved from 0.05 wt.% Cu-BST/PEDOT:PSS
films with 6 wt.% filler content. The S improvement is contributed by the interfacial energy
filtering effect,248,249 as shown in the schematic diagram of Figure 4b. With the interfacial
energy offset existing between PEDOT:PSS and BST fillers, an interfacial energy barrier can
be formed between the highest occupied molecular orbital (HOMO) of PEDOT:PSS and
valance band (VB) of BST fillers. Carriers (holes) with relatively low energy tend to be
scattered at the interfaces while those with high energy pass through. Therefore, the average
energy of system carriers is improved, which is favoured by high S.249 On the other hand, it
should be noted that Cu-BST fillers (both 0.05 wt.% and 0.1 wt.%) possess more obvious boost
towards S compared with BST fillers. This may because introduced CuTe layers allow more
carriers transport through BST fillers, inducing more sufficient interfacial energy filtering.

With the measured o and S, Sz2¢ is calculated and plotted in Figure 5a. The S2o enhancement
induced by Cu coating is evident, and an outstanding S2c value of 312 uyW m-1 K-2 can be
observed in the 0.05 wt.% Cu-BST/PEDOT:PSS film with 4 wt.% filler content, which exhibits
almost six times improvements than our treated PEDOT:PSS film. Compared with other

BST/PEDOT:PSS FTE works,229,239,246,247 Figure 5b shows the outstanding performance of
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our strategy, in which significant S2o enhancement is obtained after considerations of interfaces,

manifesting surface engineering of fillers.
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Figure 6. (a) Schematic diagram of a home-made FTE device. (b) Images of the as-fabricated
FTE device, and its thermovoltage generations with human wrist and chest as thermal sources.

(c) Measured thermovoltages using heating plate, human wrist and chest as thermal sources.

To confirm the potentials of power generation using the as-prepared Cu-BST/PEDOT:PSS
films, a home-made FTE device was fabricated based on the structure shown in Figure 6a. TE
legs with the size of 25 x 8 mmz2 were assembled into the flexible polyimide substrate and
connected by copper wires. Another two polyimide films were applied as the protection layer
to cover top and bottom of TE legs. Figure 6b shows the as-fabricated FTE device, where
thermovoltages can be effectively generated when attaching the device onto human wrist and
chest. By firmly attaching one end of the device onto the heating plate and exposing the other
end in the air, more temperature differences can be achieved from 5 to 30 K, generating
increased thermovoltages, as shown in Figure 6¢. Peak thermovoltage of ~12.3 mV can be

realized with 30 K temperature difference between two ends of the device. It should be noted
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that heating plate as the thermal source can contribute slightly higher voltages than human
body. This should be due to the heat loss occurred at the interface between human skin and the
device, leading to the reduced temperature differences and in turn deteriorated voltage
generations.

Conclusion

In summary, we fabricated superhigh-performance Cu-BST/PEDOT:PSS FTE films by coating
BST fillers with highly conductive CuTe layer (6>5.2x10s S cm-1) and preparing highly
crystallized PEDOT:PSS conductive polymer. High ¢ of 2270 S cm-1 was achieved, which is
attributed to the boosted interfacial carriers transport and crystallized PEDOT:PSS. Meanwhile,
S was enhanced by interfacial energy filtering, reaching value up to 37.1 pV K-1. Systematic
XRD, EDS, SEM and TEM results confirm the successful introduction of nanoscale CuTe
layers and accomplishment of highly crystallized PEDOT:PSS. Effectively improved o of the
system after Cu coating manifests the optimization of interfacial carriers transport, which is
further supported by Hall measurement results. As a result, an outstanding S2¢ value of 312
MW m-1 K-2 was realized at the room temperature, which serves as a state-of-the-art value for
BST/PEDOT:PSS FTE composites. Meawhile, a FTE device was fabricated using the as-
prepared Cu-BST/PEDOT:PSS films, generating a promising open-circuit thermovoltage of

~7.7 mV with human wrist as the thermal source.

Experimental Section

Materials

Analytical grade Bi shots (99.999%), Sb shots (99.999%), Te shots (99.999%) and NaOH
(99.999%) were purchased from Alfa-Aesar (United States) and used without any further
purifications. PEDOT:PSS aqueous solution (Clevios PH1000) was purchased from Heraeus
(Germany). Dimethyl sulfoxide (DMSQ), concentrated H2SO4 (98%), concentrated HNO3
(98%), copper sulfate pentahydrate, formaldehyde, Ethylenediaminetetraacetic acid disodium
salt (EDTA-2Na) and polyvinylidene difluoride (PVDF) membrane filter (0.45 pum pore Size)
were all purchased from Sigma-Aldrich (Australia).

Synthesis of Cu-coated BST fillers

High-purity Bi shots (99.999%), Sb shots (99.999%) and Te shots (99.999%) were weighted
based on the nominal composition of BST, and subsequently sealed into a quartz tube under
the vacuum of 10-3 Pa. The quartz tube was then placed in the furnace, where the precursors
were melted and kept for 10 h at 1023 K. As-synthesized BST ingot was finally ball-milled
(AXT, 8000M) for 20 min under 15 Hz in order to obtain fine BST fillers.
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As-prepared BST fillers were then coated with Cu using facile eletroless plating method.
Specifically, BST fillers were firstly sonicated in 5% HNOs solution for 1 h, followed by
deionized water rinsing for at least three times to remove residual impurities. Afterwards,
pretreated BST fillers were transferred into the coating solution consisting of copper sulfate
pentahydrate as the copper source, formaldehyde as the reducing agent, EDTA-2Na as the
complex agents and NaOH to provide the alkaline environment. The coating process was
conducted under the sonication and lasted for 1 h at 330 K. The as-coated BST fillers were
alternatively washed by deionized water and ethonal for at least three times, before being
collected by centrifugation and dried at 330 K in the oven overnight. The as-collected Cu-BST
fillers were ultimately reduced under H2 atmosphere at 580 K for 1 h, and naturally cooled
down to the room temperature. The as-reduced Cu-BST fillers were sealed in the vacuum and
ready for the next step.

Treatments of PEDOT:PSS conductive polymers

Aqueous solution PEDOT:PSS was firstly mixed with 10 vol.% polar solvent DMSO and
sonicated for 6 h at 330 K. The solution was then filtered by PVDF membrane (0.45 um pore
size) using vacuum-assisted filtration method to remove insulating and hydrophilic PSS. The
filtrate was collected and magnetically stirred until forming the PEDOT:PSS slurry, which was
subsequently drop casted onto pre-cleaned silicon dioxide substrates, and later dried at 330 K
for 20 min on the heating plate. PEDOT:PSS films were then immersed into concentrated
H2S04 (98%) for 10 h to further remove insulating PSS, and rinsed with deionized water for
three times afterwards. The as-treated PEDOT:PSS films were lastly magnetically stirred into
PEDOT:PSS slurry, which was ready for the film fabrication.

Fabrication of Cu-BST/PEDOT:PSS films

Silicon dioxide substrates were pre-cleaned following the sequence of detergent, deionized
water, ethanol and plasma cleaning. PEDOT:PSS slurry was mixed with different amount of
Cu-BST fillers (2 wt.%, 4 wt.% and 6 wt.%) and sonicated for 6 h, followed by intense magnetic
stirring for another 6 h at room temperature to obtain uniform Cu-BST/PEDOT:PSS inks. BST
fillers without Cu coating were also mixed with PEDOT:PSS slurry following above processes
as the contrast set. 100 uL ink was subsequently drop casted onto pre-cleaned silicon dioxide
substrates, and later dried at 330 K for 20 min on the heating plate. The as-fabricated films
were collected and showed decent flexibility.

Fabrication of FTE device

10 milliliters of as-prepared inks was paved in the glass petri dish with the diameter of 55 mm.

After drying at 330 K for 2 hours, as-fabricated film was immersed in ethanol to detach from
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the glass petri dish. Free-standing Cu-BST/PEDOT:PSS films were obtained by collecting
detached film and drying at 330 K for 20 min. As-obtained films were cut into rectangular
pieces with the size of 25 x 8 mmz, which were subsequently connected by copper wires and
assembled into FTE device using polyimide as the substrate Two polyimide films were lastly
used to cover top and bottom of the FTE device, acting as the protection layer.

Measurements and characterization

Electrical properties of as-fabricated films, including ¢ and S, were measured by SBA458
(Netzsch) at 300 K. X-ray diffraction (XRD, Bruker-D8) was applied to determine the crystal
structure of BST fillers before and after Cu coatings. Grazing incidence XRD (GIXRD, Rigaku
SmartLab) was utilized to investigate the crystallinity of conductive polymers before and after
treatments. Scanning electron microscopy (SEM, JEOL JSM-7100F) and transmission electron
microscopy (TEM, TECNAI-F20) were utilized to study the morphology and structural
characteristics. X-ray energy-dispersive spectroscopy (EDS) mapping and spot analysis
(equipped in HITACHI-SU3500 SEM) were conducted to confirm the successful surface
coating of Cu on the BST fillers.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Electrical properties of BiosSbi1.sTes fillers before and after Cu coating
In order to investigate electrical properties of Bio.sSbi.s5Tes fillers before and after Cu coatings,
as-synthesized powders were sintered into pellets with the diameter of 12 mm using spark

plasma sintering technique, and the results are shown in Figure S1.
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Chapter 7: Conclusions and Perspectives

7.1 Conclusions

This PhD project aims to develop Bi2Tes-based multi-dimensional thermoelectric materials for
highly efficient wearable electronics powering at the low temperature. By understanding
various thermoelectric parameters and their underlying relationships, high-performance
Bi2Tes-based thermoelectric pellets and films were developed by employing nanostructure,
texture, point defect and interfacial engineering, as well as the theoretical modelling. Some
innovative strategies have been proposed to optimize thermoelectric performances, including
realizing ultralow lattice thermal conductivity from porous and nanostructured Bi2Tes pellet,
modulating the carrier concentration of Bi2Tes pellet towards predicted optimal value through
non-equilibrium  reactions, and boosting the interfacial carriers transport of
BiosSh15Tes/PEDOT:PSS flexible thermoelectric films by decorating BiosSh1sTes fillers with
highly conductive layers. These studies push our results to state-of-the-art Bi2Tes-based
thermoelectric performances, and lead several publications in internationally prestigious
journals including Advanced Materials, ACS Applied Materials & Interfaces and Chemical
Engineering Journal. Importantly, our studies might inspire other relevant studies in the
thermoelectric community. The conclusions from this PhD project are summarized in the
following.

(1) Modulations of the carrier concentration in nanostructured n-type Biz2Tes pellet are realized
by non-equilibrium fast reactions induced by SPS, where n is tuned to approach the optimal
value calculated by SPB model. By systematic XRD, EPMA and EDS investigations, Te
vacancies are found to be effectively suppressed, leading reduced n from pristinely ~1 x 1020
to ~6 x 1019 cm-3 and generating a decent Sz¢ of 12.84 uW cm-1K-2 at 320 K. Meanwhile, the
decreased xe due to deteriorated o enabled a very low x of 0.48 W m-1 K-1, which ultimately
secured a promising zT of ~1.1 at 420 K and an outstanding average zT of ~1 from 320 to 470
K.

(2) Achievement of ultralow xi in nanostructured n-type Bi2Tes pellet is realized by introducing
the porous structure. By comprehensive XRD, XPS, EPMA and EDS studies, the mechanism
of pore generation is revealed and ascribed to the sublimations of Bi2TeOs during the sintering
process. SEM and TEM further confirm homogeneously distributed pores and dense grain

boundaries in the Bi2Tes matrix, which cause strong phonon scatterings. As a result, an ultralow
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k1 0f < 0.1 W m-1 K-1 was achieved. With the well-maintained decent Sz¢ of 10.57 pW cm-1 K-
2, @ promising zT value of 0.97 was secured at 420 K.

(3) Interfacial carriers transport in Bio.sSb1.5Te3s/PEDOT:PSS flexible thermoelectric films is
optimized by coating Bio.sSbisTes fillers with highly conductive CuTe layer, using facile
electroless plating method. The successful coating of CuTe layer is confirmed by XRD, TEM
and EDS mapping results. Hall and electrical properties measurements further manifest the
boost of interfacial carriers transport, where highly conductive CuTe layer can render carriers
to travel within CuTe layers or through Bio.sSbisTes fillers, rather than being scattered.
Meanwhile, XRD and SEM studies evidence the fabrication of highly crystallized conductive
polymer PEDOT:PSS with microstructure of lamella stacking prepared by DMSO-H2S04
double treatments, where insulating PSS was effectively depleted. Optimized interfacial carrier
transports and highly crystallized PEDOT:PSS synergistically contributed to significant boost
of p from pristinely ~0.77 to ~18.82 cm2 V-1 s-1, resulting in a promising room-temperature o
of ~2300 S cm-1 and outstanding Sz of 312 yW m-1 K-2 in Bio.sSb1.5Te3/PEDOT:PSS flexible
thermoelectric films. Accordingly, a home-made flexible thermoelectric device was fabricated
using as-prepared composites, generating a promising open-circuit thermovoltage of ~7.7 mV

with the human wrist as the thermal source.
7.2 Perspectives

Bi2Tes-based thermoelectric materials act as the best low-temperature thermoelectric materials
holding great promises to power wearable electronics by harvesting human body heat. With
the integration and miniaturization of wearable electronics, developing both Bi2Tes-based
thermoelectric pellets and films are of vital significance. Perspectives to develop high-
performance Bi2Tes-based thermoelectric materials and devices are given as below.

(1) Point defects manipulations. Point defects widely exist in Bi2Tes-based thermoelectric
materials, playing a significant role to affect carriers and phonons transports. In some way, the
significance of point defects manipulation is on per with extrinsic dopants introductions.
However, current studies lack the insight of formation mechanisms of point defects, and their
manipulations are not quantitive and sometimes not reproducible. Obtaining deep
understandings of point defects, and exploring a stable and accurate manipulation method is
highly desired.

(2) Understanding and optimizing the effects of fillers through interfacial engineering.
Introduction of fillers induces novel effects at the interfaces, which significantly affect carrier

interfacial transport. Insights into their mechanisms can guide filler selection and processing.
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For example, by rationally matching the Fermi levels of conductive polymers and fillers, the
interfacial energy-filtering effect can be modulated to optimize S2¢. Furthermore, an oriented
distribution of fillers can potentially boost electrical performance, especially for anisotropic
fillers.2so Ambient electrical or magnetic fields, in this case, are promising during film
fabrication. This is because fillers such as van der Waals 2D crystals have been reported to
possess intrinsic ferromagnetism, which may be facilely ordered under magnetic fields.251,252

(3) Matching thermal resistances between heat sources and thermoelectric devices, as well as
overcoming the mechanical inflexibility of inorganic thermoelectric legs in flexible
thermoelectric devices. In order to match heat sources, the thermal resistance of FTE devices
can be adjusted by optimizing device dimensions and geometry,2s3 where finite element
analysis could be effective in predicting corresponding thermal resistances.2s4 By combining
microscale inorganic thermoelectric legs into flexible substrates, microfabrication might be an
effective way to overcome the mechanical inflexibility of inorganic thermoelectrics in flexible
thermoelectric devices.255 Finally, since most recent studies focus on harvesting thermal
energy to generate electricity, devices aiming for FTE cooling effects deserve future

investigation. 256,257
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