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Abstract

This review 15 concerned with the leading methods of ‘bettom-up material preparation for
thermal-to-electrical energy interconversion. The advantages,eapabilities, and challenges from a
material synthesis perspective are surveyed and the methods are discussed with respect to their
potential for improvement (or possibly detenioration) of application-relevant transport properties.
Solution chemustry-based synthesis approaches, are re-assessed from the perspective of
thermoelectric applications based on réperted procedures for nanowire, quantum dot, mesoporous,
hydro/solvothermal, and mucrowave-assisted syntheses as these techniques can effectively be
exploited for industrial mass produetion. In terms of energy conversion efficiency, the benefit of
self-assembly can occur from three” paths: suppressing thermal conductivity, increasing
thermopower, and boosting glectnical conductivity. An ideal thermoelectric matenal gains from all
three improvements simmiltanepusly. Most bottom-up materials have been shown to exhibit very
low values of thermal eenductivity compared to their top-down (solid-state) counterparts, although
the main challenge lays in improving their poor electrical properties. Recent developments in the
field discussed in this review reveal that the traditional view of bottom-up thermoelectrics as
mfenor matenals suffenng from poor performance 1s not appropriate. Thermopower enhancement
due to size and energy filtering effects, electrical conductivity enhancement, and thermal
conductivity reduction mechanisms mherent in bottom-up nanoscale self-assembly syntheses are
indicative of the impact that these techmques will play in future thermoelectric applications.
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1. Introduction

In thermoelectric (TE) energy conversion, waste heat 15 directly ounvgted I
When a thermoelectric matenal 1s exposed to a temperature gradientjthechargec%t' -
in n-type and holes in p-type matenials — diffuse from one side of the sohd to the other. In

a power generation mode taking advantage of the Seebeck effect, a 1ent 15 used

the cold side

force a temperature
Peltier effect (Scheme 1).

to generate electrical current as the diffusion of electrons 1s from th
and vice versa for holes. The opposite effect (using an

gradient) can be used in a refngeration mode and takes
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Sch D«ﬂ to electrical energy interconversion. (a) Schematic of the device structure of
a ic energy conversion device. (b) Seebeck effect: temperature difference across a

ic can cause the charge carries fo be drawn towards the cold junction resulting in a
of an electromotive force which can be used for power generation when connected to a
an electrical circuit. (c) Peltier effect: when a TE material is subjected to an electrical
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current, a temperature difference due to the charge carries diffusion is formed which can be used
for the refrigeration applications.

The design of high performance thermoelectric materials can have a sizeable impacton the
commercial industry as a sustamable energy recycler for the constant losses/demonstrated by the
excess waste provided by current manufacturing processes [1]. The performance of a

thermoelectric material can be described by a non-dimensional quantity =T, defined as

. -1

st s?

ar=22r-2 |18 1
K L K

e

where o 1s the electrical conductivity, S 1s the Seebeck coefficient, L 1s the Lorenz number, T 1s
the absolute temperature, and x= &z + x1 1s the thermal conductivity comprised of electronic (i)
and latfice (x1) components. The energy conversiomefficiency at optimum efficiency 1s related to

the Camnot efficiency, 7jcamet, and figure of mesif; 7, as mdicated by the following equation [2]

,ﬁ+z'1;!m -1 IL,.-T.
= - ; =—:| 2
T=1e [,fl+zl;_m +Tm'f1?;w_ Teamor y @

where Thot and Teola are the femperatures at the hot and cold side of the device, respectively, and
where the properties we are concerned with are taken across the range of temperatures over which
the device operates, ZTdeviee. A more detailed discussion of the relationship between temperature-
dependent matemal properfies and dewvice efficiency 1s given i ref [3]. The graphical
representation of the efficiency as a function of zT3.ic. 15 shown in Figure 1 using a hot side
temperature of 773 K and a cold side temperature of 300 K. Note that as an upper limut, this
correlates to a Carnot efficiency of 61.2%. For an energy conversion technology to be considered

practical, the efficiency should be greater than one third of the Carnot efficiency [1], hence the
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ZTevice Tequured for practical energy conversion over the temperature range Thot t0 Teqld £an be

expressed as

(Tpa + T ) (Tq + 5T, )
2T sevice practical = 3 - (3)
4T
Comparnison with state-of-the-art reports of zTaevice over this temperature, which 1s haghest for top-
down synthesized materials [4-7], demonstrates that while progress has been made to increase
efficiency, matenials performance is still the realm in which imprevements must be made before

thermoelectric energy conversion can become a practical technology.

According to equation 1, emphasis in matenals engineering should be placed on enhancing
the power factor (5°c) while suppressing the thermal conduetivity (x). However, in reality, these
properties are related to each other and act in opposite trends with respect to carrier concentration.
As all three of the transport properties’(S;o, and x) change interdependently, the carrier
concentration can be adjusted to the value thatleads to the maximum =7, which 1s carried out by
deliberate p-type or n-type doping Fer most cases, the optimum carrner concentration [8] 15 ~
10*-10" em>. The carrier concéntrafion needs to be optimized regardless of the material
fabrication process (top-down or bottom-up). The carrier concenfration needs to be optimized
regardless of the matenial fabmeation process (top-down or bottom-up) which can be donunated

by presence of defeets and vacancies [9].
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Figure 1. Materials performance parameters required fo aHMIecﬂ'maI energy

interconversion. (a) Power generation efficiency as a
at hot- and cold-side temperatures of 773 and 300 E
values of zTiwice for state-of-the-art bulk ma

ce figure-of-merit (zTdevice)
, shown in comparison with

1ergy generation over the same
doped PbTe-PbS [5], and Na-doped
the t efficiency, and practical energy
3, which will require zTDeviee = 1.87
cold-side temperatures over the range of
to 3 is required to demonstrate an efficiency of one

conversion technologies [1] are defined as
for the given operating temperatur
300 to 1000 K, a zTjevics Tanging from 1.

third the Carnot efficiency.

Other than possessing a developed synthesis approach should be capable of the
mass production of th 1cally stable matenials at low cost. Developing these
production techmques 1ally for potential operations in large mndustries such as
petroleum refim metals manufacturing. A majonty of previous mvestigations are
based on ) methods for matenal preparation, and currently most of hugh zT

tained using solid-state synthesis processes [4-7, 10]. Each approach

mhd—r@:ﬁmup has 1ts own advantages and hnutations. Compared to the solid-state

-up synthesis has been relatively overlooked and we argue that the highest

mpact lays in investigations utilizing chenustry-based approaches. In contrast to
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thermoelectrics, solution-based approaches have long been utihized for various apphcations such
as energy storage (batteries [11], supercapacitors [12]), solar cells [13-15] and catalysis [16]. There
are many well-developed synthesis methods in these fields that can potentially be adapted to
modify the electronic or thermal performance of nanostructured matenals [17-19]. For instance,
chemical routes have been discovered to control the shape, morphology, and dimensionality of
morganic materials that enable manipulation of their physico-chenmcal-properties [20-23]. Ligand
exchange techmques have been introduced for improvements of electrical properties in
nanocrystals [24]. These are umique capabilities of bottom-up, methods that have rarely been
exploited for thermoelectric purposes. Bottom-up techmques such as microwave rapid synthesis
also have mherent potential for mass-production. Ultra-high specific surface area nanomaternals
such as mesoporous materials [25] offer ‘the ability to tune transport both intrinsically and
extrinsically on a macroscopic scale, yet these matenals are difficult to synthesize through known
top-down approaches with the exceptionnof electroless etching of silicon [26, 27]. In addition,
bottom-up synthesis offers the abality to leverage new transport phenomena mto technology, such
as thermal transport mechamsms at thesorganic-inorganic interfaces [28] and dissipationless

surface-state transport phenomena [29-31].

A survey of obtamed zT values illustrating the current state-of-the-art for bottom-up
processed thermoelectrics is shown in Figure 2. The reports can be divided into three groups: (1)
B1/Sb-chalcogenides forilow temperature applications (below 500 K), (1) Pb-chalcogemdes for
medium to high temperature ranges (300900 K), and (111) oxide thermoelectrics for temperatures
above 900 K The obtained values are promusing and mdicate the potential of solution processed
thermoelectrics. In regard to the goal of zT4evica>-1.75 needed for practical energy conversion,

more efforts are necessary. This survey emphasizes the potential of solution-processed
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thermoelectrics and the need for future investigations, including computational 1 1

effors, on other materials apart from B1 or Pb-chalcogemdes.
®
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Figure 2. The reported high-:T th s processed by using botftom-up synthesis
approaches. The graph illustrates the -dependent zT values for Bi/Sh chalcogenides
for temperature ranges below 3
300 to 900 K (shown in blue), and for exide thermoelectrics for temperatures above 900 K (shown
in green). The curves are plotted m: Red colors: Bigs5bisTes (Liuetal. [32] 2018, p-type),
BipsShi sTes (Zhang et al. , D-type), BiosSbisTes (Zhang et al. [34] 2016, p-type),
Big5Sbi sTes (Mehta et al. [35] 2012, p-type), Bi:Tes (Zhang et al. [36] 2012, n-type), Bi:Te:sSep.2
(Varghese et al. [37] 6, Blue colors: PbSy7:Tepzs (Ibafiez et al.[38] 2013, n-type),
PbTep1Sep.4S05-Cl [39] 2015, n-type), PbS-Ag (Ibafiez et al. [40] 2016, n-type), PbS
(Xu et al. [41] 201! 2) Green colors: TiCos@TiOy-TiO: (Ou et al. [42] 2015, n-type), La,
' . [43] 2017, n-type) CazBap.osCo400+5 (Carvillo et al. [44] 2015, p-
Vang et al. [45] 2018, n-type), ZnAl>:04 (Jood et al. [46] 2011, n-
, an average zT = 1.83 was obtained based on measurements on five
udy by Jood et al. [46], the temperature-dependent thermal conductivity values
were calecula ing a modified Debye-Callaway model which extrapolated from a measured
data pei K
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This review 1s focused solely on bottom-up synthesis approaches for thermoelectric materials
and no discussion on top-down methods 1s surveyed unless 1t 1s required for explanation of basic
principles or models. An mterested reader can refer to the previously published review articles on
thermoelectrics prepared via solid-state approaches [47-49]. Distingmshed, from the available
review or feature articles discussing bottom-up thermoelectrics [50-53]/this reyiew provides the
reader with a comprehensive survey of the recent literature, basic synthesis'and thermoelectric
concepts for low dimensional nanomaternals, and paradigms that can potentially be adapted for
thermoelectric applications as well as suggestions for future investigations. First, common material
synthesis methods mcluding syntheses of mesoporous matenalsyquantum dots, solvothermal, and
microwave processes are surveyed. Secondly, vaneus, routes for improving power factor, and
decreasing thermal conductivity relevant to'selution-process syntheses are reviewed. In addition,

basic models, relevant equations, and advanced charagtenization methods have been mcorporated.
2. Bottom-up synthesis of thermoelectricnanomaterials and related devices

2.1. Mesoporous materials: Synthesis and thermoelectric applications

Mesoporous matenals have long been used for a wide range of applications [54]. The term
mesoporous refers to a matensal with a high surface area and a monodisperse pore size distribution
from 2 to 50 nm_ Soft-template and hard-template methods are the common routes for the synthesis
of highly ordered matenals (Scheme 2). Surfactants or block copolymers contaming both
hydrophobic and hydrophilic head groups are used for the soft-template approaches [55, 56].
Interactions of the norganic precursors and the surfactants are through non-covalent bonds such
as hydrogenyand electrostatic or electrovalent bonds [57]. The self-assembly process mvolves
simultaneous hydrolysis and condensation of the precursors in a polar solvent. The elimination of

the surfactant by thermal decomposition or other removal methods leaves the inorganic material
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with mesoporous long-range ordering [58]. In the soft-template method, mndensahm the
micelle/medium interface 1s a time dependent process and the hydrolysis and condensa tes
of the precursor are crucial factors. A rapid rate canleadtnadisnrderedsmlclt.mehtiﬂl order
and low surface area. In order to enhance the degree of arrangement and fa highly ed
mesoporous matenials, acids or complex molecules can be used as[ﬁnhzmg agents [59].
Depending cetyl-trimethyl-ammonium bromide (CTAB) under basic and nonionic
surfactants such as poly(ethylene oxide)-b-poly(propylene

PPO-PEQ) triblock copolymers under acidic media can

controlled by using block copolymers with different w and molecular weights, or by
introducing swelling additives. Interactions of ST S'XT, SXT, are the four mechanisms
suggested for the chenustry between the h (S), morganic precursor (I) and
counter 1ons (X) [60, 61]. The surfactant can y or anionic depending on the pH of the
solution. The interactions are through or double-layer hydrogen bondings [57].
For non-1onic surfactants, a 1 ion through hydrogen bonding is proposed where N? is

the non-1onic surfactant [62, 63]. Eﬁwﬂrm—i{)ﬂic interactions can potentially result in thicker

pore walls and more stable @ to the stronger 1onic surfactants [63].

amphilic copolmer seff-asaemily wi MBS0DOTLE INonJank: reokcate atter
biock loaded with inorganic precursors, e 3y S g remove of saciicid inorganic templats

Sch. ethods for producing ordered mesoporous materials using nanoscale self-assembly.
The sofi- late technique is based on self-cooperation of the surfactants and inorganic

ors under a controlled chemistry (pH, molar ratfios, solvents, surfactant concentrations,
7
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efc.). After removing the surfactant, a mesoporous inorganic structure is obtained, usuallysilica
produced by thermal decomposition of tetraethyl orthosilicate (TEOS). In the hard-template
technique, the pores of the sacrificial template are filled with the desired inorganic precursor
complexes. After in situ decomposition of the precursors and crystallization, the sacrificial
template is removed, and a mesoporous inorganic structure is obtained as the inverse.image of the

template.

In a hard-template method also referred to as nano casting, the precursers are nfiltrated
through the template. Typically, highly ordered mesoporous silica [64, 65] are be used as templates
although a desired polymer morphology can also be used as’a template for the deposition of
morganic phases [56, 66]. Decomposition and crystallization of prectirsors takes place inside the
template pores. After removal of the template, the final Stucture 15 obtained as a negative image
of the parent template by etching the template in an/aqueous solution of HF or NaOH for the silica
templates or thermal calcination for carbon and polymer-based templates [67]. SBA-15 [68] 15 a
well-known silica template with a twe dimensional (2D) structure of mterconnected nanowires
arranged 1 a p6mm mesostructure. KIT-6 69, 70] 1s a lugh surface area silica template with a
three-dimensional (3D) gyroidal miesostructure (la3d). Both templates have tunable pore sizes
below 10 nm and offer high thermal stability up to 1473 K [71] and 1173 K [72] for SBA-15 and
KIT-6, respectively. The mainchallenge in the hard-template method 1s infiltration of the precursor
mto the pores of the template. Therefore, the precursor should be gaseous, highly soluble or liqud
with certain qualities that ean result in a high amount of loading without chemically reacting with
the template [73]. An abundance of hydrogen bonds such as hydroxyl groups facilitates infiltration
of precursors. Eachimethod of soft-template or had-template has challenges and 1s appropnate for
different ¢hemistries. For instance, 1n soft-templating, controlling the chemustry of the reaction 1s

difficult which 1s why most inorganic structures are based on tetraethyl orthosilicate (TEOS)
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chemistries, and in hard-templating gaiming a high-loading and selective template removaliean be

problematic.

A large number of ordered mesoporous materials have been synthesized using both hard and
soft-template approaches that are listed in specialized reviews [25, 58]. The majonty of reported
mesoporous crystalline materials are metal oxides with measured Brunauer-Emmett-Teller surface
areas (Sset) on the order of 100200 m’g™’. Examples include Nb>Os (p6mm, Seer=196 m’g™) [74,
751, SnO: (p6mm, Seer=180 m’g™?) [74, 75], Co304 (p6mm, Sgef=367 m’g™") [76] produced using
soft-templating, and Co;04 (p6mm, Sger=101-122 m’g™) [77, 78]3C0304 (Ia3d, Seer=92, 130 m’g
1 [79, 80], SnO2 (p6mm, Sser=160 m’g™) [81], ZnO (p6mm, F4432, Sser=192-202 m’g!") [82],
WOs (p6mm, Ia3d, Sser=81.8, 543 m’g?’) [83-86], andMoOs (Pbnm, Sser=50-63 m’g™) [87]
produced using hard-templating. These ordered mesostriictures provide an opportumity to reduce
the relatively high thermal conductivities associated with large band gap oxide thermoelectrics
[88, 89]. For instance, a linear suppression of thermal conductivity has been reported n SrTi0; by
reducing the gramn boundaries below. 100 nm even approaching the mumimum value calculated by
Cahill’s model [90, 91]. Thas 1s premmsing regarding the fact that most reported oxide mesoporous
materials have characteristi¢ sizes tunable to below 10 nm. However, to the best of our knowledge,

there has been no report mvestigating the use of mesoporosity in oxide thermoelectrics.

Chalcogemde compound semiconductors (group IV-VI and V-VI) such as the fanihies of
(Pb,Sn)(S,Se, Te) and (B1,8b):(S,Se Te); are among the most relevant for thermoelectric energy
conversion'[8]. An erdered mesoporous metal chalcogemde can be regarded as erther a negative
image of ayguanfum dot (QD) superlattice structure or an mverse image of nanowires. If such a
highly ordered material 1s synthesized, there exists a possibility of tuning the electronic band gap

by warying the wall thickness [92, 93]. Despite the successful routes developed for the synthesis

10
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of highly ordered mesoporous silicates and metal oxides, sinular approaches forymetal
chalcogenides face many challenges. These include complicated chemustry, a compatible
surfactant removal process, and a lack of compatible precursors for S, Se, and Te [25, 92] ' which
demands more mvestigations before mesoporous materials mn this categery become widely
available. For metal chalcogemdes, both soft-template and hard-template methods have been tested
but few successful highly ordered materials have been reported [25]»These successful attempts
consist of mesoporous CdS, MoS: and WS; through hard templating [94, 95]. Another approach
focuses on using cation exchange to convert a parent mesoporons material such as CdS into other
mesoporous structures such as CuS and Ag>S [96, 97]. For the hard-template method, the challenge
1s that, unlike the metal oxides, the template should befinfiltrated with both precursors for the metal
as well as the chalcogen which in most cases causes the blockage of the pores by the second
precursor [25]. A single precursor contaimng both metal and chalcogen was shown to be successful
by in situ conversions of [(Cus(TePh)s(PPhoEf)s] into Cm:Te [98], Cd(XPhTMEDA (X: S, Se,
Te, TMEDA: tetramethylethylenediamine) into Cd(S,Se,Te) [99], and [Cd10S16C32HsoN4O2s] into
ordered mesoporous CdS (Sger=160 m°g!, average pore size of 6 nm) [94]. In the case of CdS,
ZnS, and In2S3, L ef al. [100] reported the formation of complex precursors using thiourea as the
sulfur source and the appropnaté metal nitrate precursor which were capable of filling pores in
SBA-15 to create replicate mesoporous structures. A second method that has been developed 1s to
fill the pores of the template with only the metal precursor and then thermochemically convert the
metal complex ising a paseous precursor for the chalcogens, usually by a treatment in HaS or
H,Se. This second method has produced highly ordered mesoporous MoS; and WS; with p6mm
andda3d layered structures [95], ordered mesoporous MoSez [101], and first-row transition-metal

sulfides FeSa, CoS2, and NiS» [102]. Recently, a gaseous transformation of highly ordered double

11
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al. [103] for superconductivity applications. Most impressive, the morphology of the ing
o
films were preserved after hugh temperature NH; treatment at 865°C (Figure Emo .

_r\Yﬂ

these approaches have been imnvestigated for thermal or ﬂlermnelw conversion

applications.
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Figure 3. Retention of an mﬂﬁed inorganieynesostructure after thermochemical conversion
850°C: the case of ND:20s in bN. (a) Pore size distribution of Nb20s5 (450°C) and after
conversion to NbN (700, 850°C)i Th

after NH; treatment at 700°C,
450°C in air. Adapted with

the Advancement of

itriding at 850°C, and (d) Nb:0s after calcination at
om ref- [103]. Copyright 2016 American Association for

Bulk silicon conductivity at room temperature with a broad spectral range of
constituent paths (MFPs) [104], which has led to efforts to reduce its thermal
conductivity ing low-dimensionality [26] or porosity. The broad spectral nature of
phonon i, S1, with 90% of bulk x arising from phonons with MFPs up to 8 pum, makes this
malﬁ y sensitive to size effects and mesostructuring thus we will discuss S1 as special

case. that most thermoelectric matenials exhibit more spectrally narrow x distributions

12
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than silicon [105, 106], which means only sub-10 nm features may alter thermal framsport
properties. For S1, Lee and Grossman [107] predicted a two-fold increase in the thermopower at
carrier concentrations less than 2x10' em >, with an overall two-fold enhancemeént in zTat room
temperature due to porosity. Their calculation predicted a 200-fold reduction/in the lattice thermal
conductivity with only a 2—4-fold reduction in the electrical conducfivity. In contrast to Si,
numerical modeling of S1,Ge;, alloys predicted zT degradations due'te the porosity arising from
a strong reduction i the electrical conductivity despite the beneficial/reduction in thermal
conductivity and enhancement of Seebeck coefficient (due to'the carmer filtering effect) [108].
Due to the contradictory conclusions of these computational predictions, and lack of experimental
consensus, additional basic research 1s required to address the posed hypotheses. Experimental
measurements of disordered nanoprous S1 [109] showed several orders of magnitude reduction in
electrical conductivity. This indicates the importaneg” of having a highly ordered mesoporous
material compared to a random disordered porous structure. Arens-Fischer ef al. [110] measured
the thermal conductivity of electrechemcally etched porous silicon with porosity in the range of
P = 64-89% using the 3 techmque. The porous structure and corresponding details were not
described. As the porous material 1s a composite of solid and vacuum (or assumed medium with
x=0), the relationship between measured (effective) and intrinsic (solid) thermal conductivity can
be expressed as a function of the porosity. Thermal conductivity across mterfaces 1s a function of
adhesion enerpyf111,212], thus many porous materials can be analyzed as follows especially for
the case of single crystalline silicon frameworks, hot pressing, or spark plasma sintering. To gain
a better understanding of the effects of porosity, Arens-Fischer ef al. [110] used a simple equation

to model the effective thermal conductivity of the porous Si, %, as [113]
K = Kua (1= P, @
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where P 1s the porosity, (1 — P) 15 the volume fraction, and o4 15 the thermal conductivityof the
solid phase within the porous medium. The measurements showed 3—5 orders of mapgmitude
thermal conductivity reduction compare to the bulk Si1 values over a temperature tange of 30035
K. Several additional studies have been performed on the thermal conductivity of
electrochemically etched porous Si [114-120]. Song and Chen [121] reperted temperature
dependent (50300 K) m-plane thermal conductivity of single .erystal 81 with penodically
fabricated micropores, and a more than three-fold reduction in_x (e.g/40 Wm'K™' at room
temperature). Temperature dependent thermal conductivity sealing’ was observed even at the

micron size level of the pores.

The Eucken [122, 123] and Russel [124] models can beused mn order to estimate the effective

thermal conductivity in porous media as

1-P
2
I_PZH
xeﬂ'zrm]id']_Pg,q_i_P.: (6)

respectively. We note that this 1s in line with the paradigm of spectral thermal conductivity
proposed by Minmch ef aly[104] Most relevant to the ordered mesoporous materials prepared by
nanoscale self-assembly, Fang et al. [125] reported the thermal conductivity of a mesoporous
nanocrystalling S1 thin film prepared via a magnesium reduction of polymer-templated silica with
a porosity.ef 25 35%, measured by the 3 @ method. The samples showed a reduction in x of 3-5
orders_of ‘magnifude compared to the bulk values. At low temperatures, the measured thermal
conductivity showed a dependence of x o T2, similar to that predicted by the Cahill model [90]

for the mimimum lattice thermal conductivity of amorphous and disordered crystalline materials.
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An effective thermal conductivity expression was used mn order to model the experimental data

[126]

3

K = Ksuhd(] —TP}, {?)

where #zona represents the thermal conductivity of the solid medium whieh wasréplaced by a
combination of the effective medium approximation [127, 128] and kipetie theory, or the minimum

value by Cahill’s model [90].

So far, only two experimental investigations have reported thermoelectric properties of a
mesoporous material: Tang and coworkers [129], reporfed the thermoelectric measurements of
“holey silicon” prepared by nano-sphere lithography.and bloekcopolymer lithography. The holey
silicon membrane with 35% porosity exiubited a two orders of magnitude reduction in thermal
conductivity approaching the amorphous linmt; with 'a‘room temperature z7 of 0.4. The second
study was carnied out by Zhang, Stucky and co-workers [36] on an n-type B1zTe; monolith.
Colloidal silica nanospheres (BUDOX) were used as the hard-template and was muxed with
stoichiometric amounts of precursors. After crystallization under a H> atmosphere at 400°C, a 4M
aqueous sodium hydroxide solution was employed in order to remove the silica hard template. The
transport measurements/ wereéyeonducted on hot-pressed pellets. Structural characterizations
showed a disorderedjporous material with Sser=28 4 m’g™" and pore size distribution between 5—
30 nm. After hot-pressing, the onginal isotropic spherical nanopores were preserved and
transformed imnte amsotropie ellipsoidal shapes. Compared to the bulk (condensed) sample, the
mesoporous saniple indicated a slightly lower electrical conductivity in the direction perpendicular
to the pressing but exhibited a clear reduction in the parallel direchion. However, the thermal
conductivity was reduced by more than 50% (a 60% reduction in relative lattice thermal

conduetivity, a 20% 1n electrical conductivity) leading to a z7 of 0.7 at 480 K. This demonstrated
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a 45% enhancement compared to the measured value for the bulk sample over the range K
500 K (Figure 4).
o
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Figure 4. Experimental therm ic transport properties in mesoporous n-type BixTes. (a)
Electrical conductivity, (b) ient, (c) thermal conductivity, and (d) =T as a function
of temperature. Solid and w_k depict transport perpendicular and parallel to the
direction of hot-pressing, vely. Squares represent the bulk (condensed) sample and circles
represent the mesoporous with a specific surface area of ~30 m’g”. Adapted with
permission from ref. [ ight 2012 Wiley-VCH Verlag GmbH & Co. KGaA.
Several ically synthesized thermoelectric materials [35, 38-40, 130, 131]
have ity compared to the theoretical values due to inter particle voids

fnrmedmg cold-pressing, hot-pressing, or spark plasma sintening (SPS). Thus type of porosity
of confidence when interpreting transport phenomena in even the highest
mg top-down-synthesized thermoelectric, SnSe [6, 132], and should not be neglected

ysis of experimental results. A simple Maxwell-Eucken model [133, 134] has been
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developed and 1s commonly used to account for the effects of porosity in both electrigal and

thermal conductivities of pressed pelletized materials:

(1-P)

0+ P)’ ©)

Ko = Koplia-

where the 100% dense (corrected) solid conductivity value, &g, 15 obtained from the measured
porous (effective) conductivity, s the porosity P, and the parameter £ which 1s m the range of
13 for spherical pores. Note that = ¥: in the oniginal Eucken model [122;°123] given by equation

5.

Outlook. The main advantage of using mesoporous matenals for thermoelectric applications
15 their ability to suppress the lattice thermal/conductiyityThis reduction needs to be more than
any possible degradation i electrical conductivaty. There 1s a possibility of enhancing the
thermopower due to the electron confinement effect if a highly ordered material can be
synthesized. Despite the promuse of this mesostructural class of matenals, few studies have
reported the effects of mesoporosity an thermoelectric properties. For the bulk thermoelectrics, the
study of mesoporous B1;Te; [36] mdicated the existence of the mesopores even after hot-pressing.
The benefit of having a igh Surfage area 1s not limited to effects on phonon scattering. Having
access to the surface of a matenal provides many advantages for thermochemucal processing [103]
and extrinsic contrel over the chemical potential [135]. For instance, the pores can be filled with a
properly designed secondary-phase in order to induce the filtering effect of low energy charge
carriers. Dug to the eontradictory conclusions of the few available computational predictions, and
lack of expenmiental consensus with only two studies available for validation, additional basic
research efforts are required to address the posed hypotheses of the effect of mesoporosity on

thermal -and thermoelectric performance. Synthesis methods for mesoporous heavy metal

17



W0 =) LA Ja d g =

AUTHOR SUBMITTED MANUSCRIPT - NANO-117484.R1

chalcogenide materials, improving the electrical properties, and improving the mechameal and

thermal stabilities are the major challenges for future investigations.
2.2. Quantum dots (QDs): Synthesis and thermoelectric applications

Quantum dots (QDs, mainly semuconductor nanocrystals) have received sigmificant attention
in different scientific fields and for varied technological applications mamly becaunse their physical
properties can be tuned by controlling their size, shape, composition afid modification of their
surface chemustry. A typical QD synthesis procedure consists of three components: (1) precursors
(the sources of inorganic materials), (11) surfactants (ligands), and (i) solvents [20]. Generally, a
ligand’s role 1s to passivate the surface of the nanocrystals. Dunng the synthesis, precursors
decompose upon heating at the reaction temperature, and form a supersaturation of monomers.
Monomers are molecular species ongmating from dissolution of the precursor which can either
join or leave the nucleated nanocrystalSilater.in the reaction, resulting i their growth or shrinkage.
The formation of monomers 1s followed by'a,nucleation step. Monomers present in the reaction
jomn the formed nucleation seeds and cause them to grow which eventually shapes the final
nanocrystals through a rearrangement of the atoms [20]. Crystallization occurs during the reaction.
The reaction temperature 1s important and should be high enough to allow precursor decomposition
and nanocrystal annealing/erystallization and low enough to avoid mstability of common orgamc
matenials present 1n the reaction (temperatures are in the range of 200400°C) [20]. Thus relatively
low temperature range owercomes the cohesive energy per atom and, therefore, nanocrystals
crystallizesbecause the cohesive energy 1s related to the melting temperature of nanoparticles
which, mnturn_i5 a function of size — smaller size corresponds to a lower melting pomt [20, 136].
At any given monomer concentration, there exists a critical size at which the particle dissolution

rate 1s equal to the growth rate. Particles smaller than the critical size are not stable and have
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negative growth rates whereas larger particles have positive growth rates. The critical nanoparticle
size 15 a function of the monomer concentration in such a way that higher concentrations
correspond to smaller critical size [137]. As Figure 5a illustrates, both high and low miohomer
concentrations exhibit maximum peaks in their growth rate-size relationship. This 1s'due to the
fact that when particles grow and become larger, the growth rate becomes slower because
continuing the growth requires more atoms to join [20]. Two mechanisms are proposed in order to
explain the kinetics of the growth process with high and low monomer concentrations: (1) growth
by diffusion (narrowing, or focusing) [138] and (11) the Ostwald mpening effect [139] (broademing,
or defocusing). According to the former model, and because,a high monomer concentration
corresponds to a smaller critical size, 1t 1s more hikely'that the particle size distribution range does
not fall into the critical size regime. Because the growth rate 1s inversely proportional to the particle
radius, smaller particles grow faster than the larger ones'and therefore the obtained size distribution
can be focused [140]. In contrast, a low menomer concentration corresponds to both slower growth
and a larger crifical size. This digtates that the smaller particles are not thermodynamically stable
and tend to deplete into the solution, releasing monomers which deposit onto the surface of larger
particles (known as Ostwald ripemng effect [139]). This model assumes that the solubility of the
particles 1s a function'ef their'Size, in which smaller particles dissolve in the solution and are
consumed by larper ones [141]. In other words, at the beginming of the reaction and upon
dissolution of the preeursor, the monomer concentration 1s enhanced above the critical value
requuired for the hucleation fo start. By proceeding with the reaction, monomers are consumed due
to nanocrystal nucleation and growth and the monomer concentration falls below the nucleation
critical value causing nucleation events to cease. At this point the monomer concentration 1s still

higherthan the monomer critical value needed to avoid the dissolution of smaller particles, and as
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nucleation has already been stopped the remaining monomers are consumed for the o

existing nanocrystals. If the reaction continues further, the monomer concentration fam the

. )
equilibrium critical value. Once this happens, the particles smaller than the crifa %ﬂt

thermodynamically favorable anymore and will deplete mn the form of omer m the

solution (Ostwald npeming) [142]. ( : J
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Figure 5. Kinetics of& t (QD) nucleation and growth. (a) Focusing (defocusing) model
in a high (low) concenfration regime. At a high monomer concentration, the
corresponding lower than the average nanoparticle size and allows all particles to
grow. Becaus 1 grow faster, the resulting size distribution can be narrow. In a low
HONOMEer co tri situation, the critical size is large and rests within the size distribution

range of Is. This causes small particles to dissolve into the solution and join to the
surface of the particles and resulting in a broadened size distribution. Reprinted with

5510 ref. [20]. Copyright 2005 Nature Publishing Group. (b) The hot injection QD
synthesis consists of the injection of a room temperature precursor into to the solution at
high e. Due to the solution temperature drop arising from injection, the nucleation and

are separated which can result in a narrow size distribution. (c) In a heat-up (non-
ion) technique, all precursors are present at the beginning of the reaction and at room
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temperature. Nucleation starts upon heating the solution. The nucleation and growth are not
separated and the main challenge is to keep the balance in between the two. Reprinted with
permission from ref. [140]. Copyright 2015 American Chemical Society.

In general, hot-injection and heat-up (also known as non-injection) methods are the most
common techmques for the synthesis of nanocrystals. Hot-injection mvolves rapid nucleation of
monomers by an mnjection of a room temperature precursor nto a hotysolution of surfactants
(Figure 5b) [140]. The main feature of this method 1s that the nucleation and growth are separated
which leads to a more focused size distribution. This separation 1§, followed by an mevitable
reaction temperature drop due to the injection. The disadvantage of this techmque 1s that both
scalability and reproducibility are difficult. For instance, the temperature drop upon mnjection does
not have a linear relationship with the volumeinjected. Unless automated, the injection time varies
from person to person which will affect the repreducibility [142]. In contrast, in the heat-up
technique all the precursors are present at the beginming of the reaction. At room temperature, the
nucleation rate should be neglipible and as“thé reaction proceeds further, the nucleation rate
mcreases. The heating rate and the precursor reactivities are the two important parameters.
Although the heat-up method is mere favorable for reproducibility and scalability, the mamn
challenge 1s the overlap betwéeen the nucleation time and the growth period which can result in a
broad size distribution (Figure 5¢). A rapid heating rate will result in a smaller average size and
narrower size distribution. In such a sifuation, the nucleation 1s much faster than the growth which
leads to a high concentrationof nucle1. As the growth 1s distributed among a larger total number
of nanocrystals, the size distribution can focus. A moderately reactive precursor 1s more favorable
compared toyasprecursor with a high or low reactivity because of the balance created between

nucleation and growth peniods [142].
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Ligands (surfactants) are used in order to passivate and stabilize the mrfaceu%

compensating for theirr igh surface-to-volume ratios [137, 143]. Proper use of a gﬁw can

N

@
also increase the surface tension at the solvent-nanoparticle interface and ITWH

particle size distribution [137]. The adhesive energy of the surfactant 1s a k plays an
important role in the erystal growth which can alter the reaction kinets nanocrystal
morphology [145]. The surfactant adhesion energy should allow the s nanoparticle to

be accessible for growth while the entire particle 1s protected a
recent synthesis advancements have demonstrated the abils

the QDs in the form of a superlattice structure [1
synthesized, and then, are attached by a selective 1 ligand to a specific crystal facet.

mn the specific onentation [149]

Removal of the higand, causes the nanocry‘tn

Localization bength inm) m

{25) vy vomEn 3o

FigP meﬂn of delocalized electronic behavior in an ordered, ligand-free OD

s (a) Annular dark-field scanning transmission electron microscopy (STEM) of a PbSe
. (b) High resolution STEM showing crystallographic continuity across the inter-QD
. (¢) Reflections of a square superlattice by grazing incidence small-angle X-ray
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scattering (GISAXS) image and (d) alignment of the atomic lattice shown by grazing incidence
wide-angle X-ray scattering (GIWAXS). (e) Gate-voltage dependent electron and hole localization
lengths extracted from the measured temperature dependence of the electrical conductance, also
shown in units of the OD radius ao. Adapted with permission from ref. [I149]. Copyright 2016
Nature Publishing Group.

Outlook. Many studies have reported synthesis of QD matenals«that are attractive for
thermoelectricity such as PbS [150, 151], PbSe [148], PbTe [152], BiyTe; [153); B13S3, SnS [154],
SnSe [155, 156], and SnTe [157] mainly for photovoltaic purposes. Controlling the kinetics of the
reaction as well as using proper surfactants and precursors canresult ma narrow size distribution.
A narrow size distribution, can potentially boost the thermopewer and reduce the lattice thermal
conductivity through size effects. Most pronusing, synthesis.of a defect-free QD superlattice as

per refs. [149] can improve electrical properfies throngh delocalization of charge transport.
2.3. Hydro/solvethermal and microwave synthesis of thermoelectric nanomaterials

In a hydro/solvothermal process, the, synthesis constituents such as precursors, solvents,
surfactants, and reduction agentsiare allowed to react under a high-pressure and temperature,
usually i a sealed Teflon autoclave. In microwave synthesis, the reaction 1s sealed and heated by
microwave radiation allowing for faster processing on the order of minutes. Several studies have
reported the use of hydro/solvothermal synthesis of materials for thermoelectric applications such
as PbTe [158], BiaTes 159, 160], Lao2B11sTes [161], CoSbs [162], PbTe nanowires [163],
nanoboxes [164]pand nanocubes[165], SbTe; [166-170], SbyTes—Te [171], (B1;_,Sb,)2Tes [172-
174], S-doped _AmTe’ [175], SmSboTes. [176], and p-type ShaTes/poly(3,4-
ethylenedioxythuophene) [177]. The hydro/solvothermal thermal method can also be used as a
post-synthesis treatment to modify already made matenials via grain boundary engineering. J1 and

Tntt ef al. [160] reported modification of commercial p-type (Bin2Sbos):Tes powders by a

23



W0 =) LA Ja d g =

AUTHOR SUBMITTED MANUSCRIPT - NANO-117484.R1

hydrothermal treatment in a solution of AOH, and ABH4, where A=Na, K, and Rb (Figure 7).
The unfreated and treated x-ray diffraction data showed no extra peaks and sugpested no
mntercalations or formation of a new crystalline phase. However, a hump feature was observed
which was attnbuted to an amorphous constituent of a new phase which dramatically changed
thermoelectric properties. Selected area electron diffraction (SAED)/ patterns of the treated
samples showed cubic symmetry against the hexagonal symmetry eof the un-treated samples,
suggesting the existence of a secondary crystallimty from the bare materials along with a non-
crystalline phase. An interesting observation was that this coeating layer could be easily removed
by a short ultrasonication, suggesting that the coating layer 1s loesely bound to the parent material
which also introduces an elastic nismatch at the boundanes. Transport measurements indicated
that the power factor was retained upon post-symnthesis hydrothermal surface treatment, and even
mcreased for Rb treatment. The electnical conductivity was improved due to an enhancement of
carrier concentrations resulting in overallimprovement of the thermoelectric power factor, o5°.
All surface-treated samples exhibited lower thermal conductivities compared to those of the bare

(B10.2Sbos):Tes. In the case of Na freafment, a 15% reduction mn room temperature thermal

conductivity was reported.
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Figure 7. Post-synthesis hydrothermal surface treatment to confrol carrier concentration in a
thermoelectric nanomaterial. Transmission electron microscopy analysis of a sodium-treated
(Big 25bg g):Te; nanoparticle: (a) selected area, electron diffraction pattern (SAED) of the Na

surface layer, (b) SAED of the compasite nameparticle, and (c) TEM image of the composite
nanoparticle. (d) Energy-dispersive x-ray Spectroscopy indicating a surface coating of Na on the
(Big 25bg g):Te; nanoparticle. (e) Post-synthesis alkali metal salt solvothermal treatment of the
(Big 25bg g):Te; samples exhibit increased thermoelectric figure of merit zT due to simultaneous
enhancement of thermopower dand reduction of lattice thermal conductivity. Reprinted with
permission from ref. [160]. Copyright 2008 American Institute of Physics.

Microwave rapidssynthesisimethods have been used for preparation of a large vanety of
materials [178-180]7"Studies that used mucrowave-assisted synthesis for thermoelectric
applications include Sb,Te; [181, 182], TiNiSn [183], TiNiSbgsSngs [184], B1;Se; [185],
Cus(SboosIng 0s)Ses [186]. 'Thermoelectric measurements of a TiNiSn and TiCoSb ternary
intermetallic system prepared via a rapid microwave-assisted method showed zT values ~0.4 at a
temperature of 780 K [187]. Mehta and Ramanath et al. [35] reported synthesis of sulfur-doped n-
and p-type pmctogen (Bi1, Sb) chalcogenide nanoplates by a microwave assisted method. In the

synthesis, thioglycolic acid (CH2COOHSH) was used as the structure directing agent which also
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acted as the source of sulfur-doping_ It was observed that increasmg the microwave dose resulted
in larger plates with little changes in their thickness (~5—20 nm). The dried powders were packed
mnto a pellet using a hydraulic press, resulting in a density ~60-70%. The pellets were then sintered
under vacuum at 107 torr and 300-400°C in order to obtain compacted jpellets with relative
densities of ~92%. The samples showed high room temperature electrical conductivities in the
range from 300-2500 S cm. Bismuth chalcogenide samples exhibited #-type behavior and
antimony chalcogenide samples showed p-type behavior, although B12Tes/is known to be p-type
in the presence of bismuth anti-site defect acceptors common‘mbulk synthesis [8, 188] and n-type
in the presence of chalcogen vacancies [189] and oxidation [190] such as has been reported for
single-crystal (B11xSby)2Tes; nanoplates [135, 191] /The observed change in the behavior of the
microwave-synthesized matenials was attributed to the sulfur doping. Having high power factors
and very low thermal conductivity (0.5 < 'k < 14), the mucrowave synthesized samples
demonstrated high thermoelectric performance with z7T as lugh as 1.1, which 15 25-250% higher

than those of bulk counterparts'and alloys [8].

Outlook. Hydro/solvothermal and mmicrowave-assisted syntheses can be used for large-scale
production of thermoelectnic/nanomatenials. Both methods show a flexibility for tailorng
structures and controlling bulk and surface chemical compositions. Stmilar to all solution-based
methods, there 15 a possibility of self-doping during synthesis through reaction components such
as impurities mvihe precursors, solvents, and surfactants and can be either beneficial or detrimental
to thermoelectrig performance. The work conducted by Mehta and Ramanath et al. [35] showed
that the traditional view of bottom-up matenals as possessing too low a quality — especially
regarding electrical conductivity — to perform well as thermoelectrics 1s not approprniate. Using

proper additives to dope the samples, e g with sulfur, and with a post-treatment method to remove
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the msulating organics, e g. thermal annealing, can greatly enhance the electrical conduetivity.
This indicates the adaptability of microwave-assisted synthesis for mass productions; where even

a domestic microwave can perform the reaction in a time period of ~30-60 s.
2.4. Flexible thermoelectrics

Flexibility for thermoelectric devices opens opportunities for daily applications such as
wearable modules that can operate using body heat and cooling by natural.convection. Although
device efficiencies and power densities are low, we will review mportant advancements in this
application area where bottom-up synthesis 1s uniquely suited to make advances in this technology.
Fabnication of a flexible thermoelectric for power generation was demonstrated by coating PbTe
onto flexible glass fibers [192]. In the process, fibers were pliaced mnto a PbTe colloidal nanocrystal
solution. After drying, the native insulating ligand was exchanged in a solution of 0.1 M hydrazine
diluted with acetomitrile. After washingwnth anhydrous acetonitrile, the samples were dried again.

The procedure was repeated until the desiredthickness of PbTe was obtained (Figure 8).

o T T T
300 320 340 380 3B0 400
Temperature (K]

Figure 8. Flexible glass fibers coated with thermoelectric nanocrystals. (a) SEM image of the
obtained coatingyef PbTe on glass fibers as a flexible thermoelectric material. (b) zT values over
the temperature\range of 300400 K. Adapted with permission from ref. [192]. Copyright 2016
American €hemical Society.

Afoldable thermoelectric device was fabricated by embedding polyamiline (PANI), and

poly(3-hexylthiophene) (P3HT) in a matrix of Au-doped carbon nanotubes (CNTs) [193] (Figure
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9). This device demonstrated a zT of 0.2 and a power generation of 1.74 pW were mﬁm%

A
module of seven p-n junctions with a 20 K temperature difference nperat:ing at room femperature_

Although this advancement 1s promising, we note the maximum power densltyN fem’

1s, by nearly two orders of magmitude, too low for practical applications.
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Figure 9. Foldable Au-doped CNT/polymer !hw& (a) Schematic of the fabrication
process and thermoelectric module geam& (bbw power output (black), maximum
power output per area (red), and maxim mr per weight (blue) as a function of
et) Corresponding device current versus
" [193]. Copyright 2016 American Chemical

temperature difference AT at near room
power curves. Adapted with .
Society.

CNT-based flexible ics have also been demonstrated using n-type Ag:Te
nanoparticles [194]. After the (:tw nanoparticle/CNT was synthesized, the thiol-capping
ligands on the sample removed by thermal annealing at 400°C. A reduction in the
dataywas observed due to the phase change of AgxTe from a monoclinic

-
structure (5 phase) to a face-centered cubic one (FCC, o phase). Samples showed a Seebeck

coefficient in 30 to -228 uVK!, electrical conductivity of 100—200 Scm™, and total
thermal conductivity as low as 0.7 Win'K-! over the temperature range of 325-525 K [194]. To
terials based on semiconducting inorganic nanomaterials alone, a five-step

ion fabrication of a Cui75Te nanowires/poly(vinylidene fluonide) (PVDF) (2:1)

was developed [195] which incorporated high pressure processing to increase the
4
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mterparticle conductance (Figure 10). A room-temperature thermopower of 9.6 pw
6].

electrical conductivity of 2490 Scm™ with a power factor of 23 pWm 'K were
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23

24 Figure 10. Schematic of the sample fabricatio \r an inorganic nanowire-based
flexible composite thermoelectric film. (a) Cuy 75 are first vacuum filtered in order
27 to form a film. (b) The obtained film is tr ificial glass substrate and is pressed
28 under 30 MPa and (c) subsequently annealed ar150°C under vacuum. (d) A poly(vinylidene
fluoride) (PVDF) solution is drop-cas 7 sbmple (e) By heating at 80°C, the composite
31 is peeled from the substrate and (f) lectric composite is obtained. Reprinted
32 with permission from ref. [195]. Copyright ‘American Chemical Society.

36 Paper-based thermnelecmw have also been developed through impregnation by
318 dipping cellulose paper 1 10ns of p- and n-type colloidal QDs (PbS and Bi-doped PbTe,

40 respectively) [197].
42 exchange was meg g the paper mto 0.1 M KOH 1n methanol for PbS QDs, and into

native oleic acid higands from the QDs, subsequent ligand

45 0.1 M NH4l m M for Bi-doped PbTe QDs. Preparation of a wearable fabric-based
47 1 reported using cotton and polyester yarns as the matrix, which was
49 dip-coated by a composite of aqueous polyurethane, CNTs, and PEDOT:PSS [198]. The generators
52 values of optimal electrical conductivity (~138 Sem™) and thermopower (~10 pVK"

54 b, to a power factor of just 141 pWm'K™ at room temperature. Modification of the
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PEDOT:PSS polymer thermoelectric [199] was demonstrated by adding small ameunt of
chemically exfoliated MoS; nanosheets, resulting n a Seebeck enhancement from 15 to 20 uVK-
! without a significant reduction in electrical conductivity. Thus, a power factor more than 30 times
higher than the CNT/PEDOT:PSS composite [198] was obtained (45.6 pWii'K-2) with only a 4
wit% addition of MoS; [199]. Other investigations on flexible thefmoelectnies mclude Te
nanowires/reduced graphene oxide (rGO) [200], n-type Cu doped-BiSes nanoplates [201],

N1/PVDF nanocomposites [202], and multrwall carbon nanotubes/PVDE [203].

Outlook. Although these results demonstrate a low zT, and also very low power outputs, the
synthesis techmques could be promising for other material chemistries or composites at optimum
doping concentrations, such as increasmg the conduchivity of flexible oxide-based composites
[196]. Substrates such as PVDF, cotton, polyester, carbon nanotubes and rGO can all be used as
flexable supports. Despite the practical production 1ssues for daily use of these composites as
wearable fabrics [204-206], many questions.and concerns remain such as weight, cost, biological
compatibility, stability, and ‘efficiency require continued and thorough investigation. An
encouraging production method s to design ks contaiming matenials printable on flexible and
robust fabrics [207-210]. Although promising in terms of applications, the expectation for power
production 1s still bound the Camot limit of efficiency. For instance, the Carnot efficiency for an
wrreversible heat engine connecting a human at 37°C and an ambient environment at 20°C 1s 5.48%.
If one uses theséfiftire bady surface area [211] (1.79+0.181 m’, error calculated as + one pooled
standard dewviation [212] from different populations) and a daily energy oufput of 14.51 MJ/day
[213], wecan eshimate an adult will generate a heat on the order of 167.9 W (corresponding to a
flux of 94409 mW/cm?). In the Carnot (upper) limit of efficiency, this corresponds to power

output of 9.2 W (corresponding to 513+6 uW/cm?). For zTievice on the order of 1, the efficiency
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will be on the order of 0.96% and power output will be on the order of 1.61 W (EDHEM

90+1 uW/em?). With a goal of producing 5 W from a wearable thermoelectric ski will
o
needmbeimprwedtuatleﬂstlﬂ_Dtnesﬁmateufﬂlewperﬁnﬁtufpnwerm be
11

10 produced from human-based thermoelectric power generation 1s shown 1n Fi
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38 line). Minimum and maxim g
40 body surface area) [211] assumi

onfinement effects are responsible for modification of the electron density of
in low dimensional thermoelectrics as described by e.g. Hicks and Dresselhaus for

55 owires [214, 215] and thin films [214]. If the size of a semiconductor is significantly
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small, then the constraiming morphology will affect the electron wavelength. In photovoltaic
applications, the quantum confinement effect 1s well known as a phenomenon that occurs when
the particle 1s smaller than the Bohr radius of an exciton (electron-holepair) [216]. In
thermoelectric applications, the quantum confinement effect 1s of mnterest bécause 1t can change
the band gap, DOS, and Seebeck coefficient [216-218]. To explain this for the cases of metals and

degenerate semiconductors, the Mott formula for the Seebeck coefficient can'be used [219]

g_ kT {d m[o{E)]} ©)
3¢ dE | 4%

where S 1s the Seebeck coefficient, kz 1s the Boltzmann eonstant, T 1s the absolute temperature, g

1s the charge of the carners (-e for electron and +e for holes), ‘o 1s the electrical conductivity, E 1s
the energy and Er denotes the Fernu energy). It,should be mentioned that the Mott formula 1s
chosen rather than the general Seebeck eoefficient equation derived from the Boltzmann transport
equation for the sake of simphcity of understanding the argpument. Because the electrical

conductivity 1s related to the camer,concentration and mobility through o= neu, where n 1s the

carrier concentration and 15 the mobility, one can rewrnte equation 9 as:

S

=frlk;T_{ldn{E]+ldy[E]} _ (10)
E-E;

3q n dE u dE
From equation 10, 1t'1s understood that the Seebeck coefficient can be enhanced by two ways: (1)
mncrease the lenergy dependence of the camer concenfration and (1) increase the energy
dependence of the mobility, both at the Fernu energy. The carrier concentration depends on the
density of states at the Fernm energy. This means that a perturbation i the density of states near
the Fermu'level will increase the energy dependency of carrier concentration and therefore the

Seebeck coefficient. This 1s also suggested using Mahan and Sofo’s [217] theory which a Dirac
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delta function-shaped density of states near the Fermu level was predicted to maxinize thefipure
of ment. In practice, this can be achieved by having a distortion in the density of states resulting
from resonant-level doping [220] or by having a delta function-like density of states. This DOS,
highly localized in energy, can be obtained through the quantum confinement effect. It 1 important
to remember that, i both cases, the density of states singularity has to be properly ahipned within
+2 4kgT of the Fermu level in order to maximize zT [217]. They alsofound that having two delta-
functions or a background DOS will lower the ideal maximum 27" The effect of the background
DOS will be sigmificant, a 25% decrease mn the maximum 2T was predicted for only a 10%

contribution from background DOS near the Fermi energy.

Another feature of the confinement effect 1s the Wademing of the electronic band gap when

the particle size become smaller than its exeiton’s Bohr'rads [221]. Figure 12 illustrates size

dependency of the optical band gap 1n (Cd Pb)(S,Se, Te)-fanuly QDs [222].
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Figure 12. Tunable optical band gap in thermoelectric quantum dots (QDs). Size dependency of

the absorption spectra of the (a) CdSe, (b) CdTe, (c) PbS, and (d) PbSe QDs. Reprinted with
permission fromyref. [223]. Copyright 2011 American Chemical Society.

The measured optical band gap E;° from the absorption spectra can be related to the actual

transport band gap E; by the Brus theoretical particle-in-a-box model equation [224]
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2
E,=E.—E,=E*+178-—1 (1)
AmEgn &R

where E. 1s the conduction band minimum, E 1s the valence band maximum, q 1s the carmer ¢harge,
R 1s nanoparticle radius which can be measured by TEM or determined dfrom the empirical
correlations based on the first maximum absorption peak [225-227], agn'1s the dielectnic constant
of the QD and & 1s the vacuum permuttivity. Thus, the enhancement of nanocrystal optical band
gap 1s an indication of an electronic transport band gap widening. If the‘change in band gap 1s
much larger than the changes in the Fernu energy due to size effects, the band edges distance
themselves from the Fernu energy as the nanocrystal size decreases. As a result, the difference
between the Fermu energy and the average energy of the.mobile carmer increases, and this means
that the Seebeck coefficient will increase [228]). This ean be better understood by deriving the
Seebeck coefficient expression starting from Boltzmann fransport equation with the relaxation

time approximation as [229]

M% -D(E)-BoE—~E,)-7(E)-dE

1 E-E B
S=——-  fo=|exp El+1| (12)
qT o . . ’ |: ( kBTJ :|
[ EE D(E)-E-<(E)-dE

where fj 15 the Fernu-Dira¢ distmbution, D 1s the density of states, and r1s the relaxation time. This
equation indicates;that Seebeck coefficient 1s proportional to the average energy difference from
the Fernu level This difference 1s weighted by the differential electrical conductivity at each level
(inteprand.an thewdenominator of equation 12) [229]. Therefore, if the Fermu level remains
unchanged, decreasing of the crystal size can lead to an increase in the Seebeck coefficient (see
Figure 13).However, this does not necessarily result in an increase in overall power factor (5°c);

asywas mentioned before, the best position for the Fermi energy is to be within a few ksT of the
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delta-function like DOS. For mstance, as the Fermu energy moves further from the band

carrier concentration decreases. If the mobility remains constant, the electncal

decreases sigmficantly [228]. \
1 bulk ptype superlattice of | superlattice of
semiconductor "large” "small”
- quantum dots quantum dots
B opd---- -
@
5 ‘"sr\ Eaug

\

Figure 13. The continuous (Fermi-Dirac) to discrete dist ion of DOS for the bulk materials

: er, Exve, moves away from the
chemical potential, 1, resulting in en Seebeck coefficient. Reprinted with
permission from ref. [228]. Copyright 2011 emical Society.

The Fritzsche general expression e thermopower can provide useful physical
msights into thermopower . Starting from equation 12 and using a single

band assumption, one can derive

(£~ E} o(E)

- -dE , where (13a)

" o(E)-dE=-— 2‘? r_ﬂ‘% D(E)-E-7(E)-dE (13b)

and m 1s the e origin of this equation comes from the fact that the Seebeck

coefficient 1 easure of the heat carned by a charge carrier per umit charge The energy 1s

u@mﬂm Fermi energy which 1s an indication of entropy if divided by temperature. Each
35
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electron will contribute to the total Seebeck an amount relative to its confribution to the total

electronic conduction [230]. For p-type QD systems, equation 13 1s often reformulated as [231]

S:—k—B-{M+A}where (14a)
q k,T

I:_mki ole)-de
5T e6=E,—E/f (14b)

4 I:__m ole)-de

The transport energy level Et 1s defined as the energy at which the hopping mobility 1s above zero,
and for a p-type material 4 1s a roughly temperature independent constant called the “heat of
transport.” In nanocrystals, unlike the bulk matenals, Ey 1s not necessarily the edge of the DOS
because of the low probability of finding a statéwith anenerpy difference smaller than ksT_ Here
Et 15 defined as the energy level that the camer can hop with a noticeable mobility [231]. If 1s
frutful to understand the physical meamng, of each term in equation 14. The first term mdicates
the average entropy change of the system due to thermal excitation of charge carners to the
transport level, and the second term 1s proportional to the average vibrational energy of the carmers
beyond Et as they hop, weighted against their contribution to the total conduction [231, 232] (see
Figure 14). The value of 4 lies between 1 and 2 for bulk semuconductors and can be larger for the
case of QD systems whieh have a sharper DOS profile [230, 231, 233, 234]. The curvature of the
optical absorptiondata asthe optical DOS, can be used to estimate the energy dependency of DOS
and therefore ‘the value of 4 [231]. By plotting the Seebeck coefficient against the mverse
temperature, one can extract Er — Et from the slope, and .4 from the ordinate intercept which
corresponds to 7—oo. There can be other contributions to the ordinate mtercept such as the

temperature dependency of DOS [235-238] or Er [233, 239]. Ko and Murray [231] used the
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Fntzsche general expression [230] in order to examine EF — ET as a function of size in P_M

QDs. For the largest QDs with an average size of 11.5 nm, they found that the value o — Et

|
was smaller than half of the optical band gap energy showing that the Fm& was
due to

below the nud-gap energy. As the size of the QDs decreased, the band seum%
quantum confinement effects (see Figure 14). As the authors stated, kno ue of Er — Et

can be beneficial, because for a known effective DOS and electrical et . one can use this
to estimate the carrier concentration. In addition, if Et 1s esti 1n position of Ef
can be tracked.
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Figure 14. Fritzsche analysis of coefficient of quantum dot systems. (a) Absorption
|

spectra of PbTe ODs with &ﬁb‘@rs The data was used to calculate the curvature of the

optical DOS for the heat-of- 0 imation. (b) Thermopower measurements plotted against

the inverse temperature. lo;, is an indication of the Er—Er values. (c) Schematic of the

L™

evolution of Er—Er Wf size due to quantum confinement effects. Reprinted with

permission fromref. [23 ight 2011 American Chemical Society.
Wang and al. [228] reported the first thermopower measurements of a solution-
\
based p-type PbSe dot superlattice with a strong quantum confinement effect. It was

obs that as the nanocrystal size decreased from 8.6 to 4.8 nm, the thermopower increased
1150 pVK! due to the quantum confinement effect. This size reduction also resulted

n an of magmtude decline of the electrical conductivity due to a decrease m the carmer
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concentration. Upon exposure of their material to oxygen, the conductivity increased by abeut an
order of magmitude due to p-type doping, with a commensurate decrease in thermopower from 760
to 440 VK. Additionally, post-treatment in the presence of hydrazine induced fi-type doping. A
transformation of Te nanowires to PbTe nanowires m a solvothermal reachion m a/Teflon hid
autoclave was reported by Tai and Guo et al. [163] In their proposed réactiony Pb** cation were
reduced to Pb atom 1n the the presence of hydrazine which then reacted with Te and formed PbTe
nanowires with diameters ~ 20-40 nm_ The transport properties nmieasurements were carried out on
thin films, showing a high thermopower of 628 pVK™ at’roem temperature. Performed DFT
calculations mndicated an enhancement of the local DOS near the Fernu level as the nanowires
diameter decreased from 2.305 to 0.326 nm Yan'and Ma ef al. [240] reported a single step
solvothermal synthesis of PbTe nanowires withia diameter range of 1030 nm. Measurements of
the transport properties of thin films on glass substrates showed a high thermopower of 5 > 470
UVK? at T = 375 and 425 K but a high,resistivity of 2x10° Q-m at room temperature. No

measurements for the mobility Wasreported.

Additional studies of quamtum confinement effects yield qualitatively simular results,
although the effect 15 less intense for nanowire-based systems compared to QD systems. Zhou and
Yan ef al. [241] reported the transport properties of PbTe-PtTe; multiphase nanoparticles sprayed
on glass substrates. They observed that as the phase ratio of PbTe to PtTe: was increased from
0.33 to 0.67, the average particle size grew from 30 to 52 nm. The Seebeck measurements of the
pure PbTeparticlés'exhibited a p-type material with S > 500 uVK! over a temperature range of
300600 Ky Quantum confinement effects were suggested as the reason for the hugh thermopower.
The introduction of Pt to the nanoparticles, changed the material from p-type to n-type. As the

phase ratio of PbTe decreased from 0.67 to 0 (pure PtTe;), the maximum of thermopower declined
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from 155 to 5 uVK™'. Thermopower of the samples with a PbTe ratio of 0.67 and 0.5 were 50—
100% higher than that of bulk n-type PbTe with simular charge carrier concentrations. As the ratio
of PbTe decreased, the electrical conductivity mcreased and for the ratio of 0i5, a maximum
electrical conductivity of 1x10° Sm'! was reported. Maksym and Talapin et @i [242] synthesized
PbTe nanocrystals capped with Sb;Te; molecular metal chalcogemde' complexes (MMCs) by
replacing the oleic acid ligands. Another approach involved preparation of single phase
(B1,Sb)2Tes and bi-phase PbTe-SbyTes starting from Bi2S3 and PbS. The conversion of Bi12S3 and
PbS to Bi;Te; and PbTe was completed through an anion exchatige of 8* by Te’ by reacting Bi»S;
and PbS with SbaTes molecular metal chalcogemde complex containing excess Te. PbTe capped
with SbyTe; showed a large p-type thermopower of 750 uVK™! more than a two-fold increase
versus that of the bulk PbTe at a comparable earrier density (1.3x10'® em™) [242]. The quantum
confinement effect was proposed as an explanation for the high value of the Seebeck coefficient
due the small size of the PbTe nanocrystals (2-30 nm) and a large exciton Bohr radius of 46 nm
for PbTe [242, 243]. Unlike Wang and Majumdar ef al.’s [228] study on PbSe, the hydrazine
treatment of MMC-capped PbTe did not transform the matenial from p-type to n-type owing to the
excess of Te in SbyTes MMCs [242]. The measurements of (B1,Sb):Tes thin films exhibited p-type
Seebeck coefficients of 170250 UVK™'. An n-type Seebeck of -245 nVK-! was obtained through
Se doping in the form of (B1,Sb)2(Te,Se);. We note that for larger diameter QD systems, doping
will have a preaterampaet on tuning the thermopower than size control. For example, altering the
carrier concenfration by doping with iodine was found to dominate the thermopower of n-type
PbTe QDs with diameters of 12, 29, and 48 nm, and negligible size dependency was found for this

diameter range [244].

39



W0 =) LA Ja d g =

AUTHOR SUBMITTED MANUSCRIPT - NANO-117484.R1

Outlook. Thermoelectric materials with large exciton Bohr radu [216] such as PbS (20 nm)
[216]. PbSe (46 nm) [216], PbTe (46 nm) [242, 243], InAs (34 nm) [216], and InSb (54 nm))[216]
are good candidates for increased thermopower through quantum size effects /Considering the
characteristic sizes needed to gain from this effect, bottom up synthesis techniques are the opfimal
tools for the preparation of materials with crystal sizes capable of exlubifing confinement effects.
Many synthetic recipes capable of tailoring the crystal size in différent confipurations such as
quantum dots [18, 152, 245-247], thin nanosheets [248, 249], nanowires [250, 251], and nanorods
[252-254] have been successfully developed. The electromc/band gap widening measured by the
absorption spectra of nanocrystals alone mught not be sufficient to attribute thermopower
enhancements to confinement effects. In this regarid, an assessment of mobility and carmer
concentration measurements 1s essential because a thermopower enhancement can be the result of
a change 1n carrier concentration as well. In addition, the confinement effect does not necessanly
guarantee a high thermoelectric power faetor. The location of the chemucal potential 1s the other

factor that should be controlled earefully in these matenials.
3.2. Energy filtering effects for thermopower enhancement

An additional approach to enhance the Seebeck coefficient is to increase the second term n
equation 10, 1.e. by increasing the energy dependence of the mobulity at the Fernu energy. Starting
from the Boltzmann transport equation with the relaxation tume approximation and applying
Ohm’s law in the presenee of an electric field, the carmer mobility for a semiconducting material
can be wntten in the form of [229]

2% E_ﬂ%-D{E}-E 7(E)-dE

_ 3 : (15)
o L
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where g and m are the electron/hole charge and mass, respectively, 71s the relaxation timejand fo
1s the Fermu-Dirac distribution. Equation 15 clearly shows that the energy dependence of mability
at the Fernm level can be enhanced by increasing the energy dependence of the seattening time 1.e.
(d7dE)|g,. This implies that the charge carriers should be scattered differenfly accordmng to their
energies which 1s called the carrier energy filtering effect. Using the relaxation time approximation
for small dewiations from equilibrium, applying to elastic scatterings where energy 1s conserved,
and for an 1sotropic scattering of a two-particle system, one can fieglect the spatial non-umifornuty

and denive the following for the distribution function

T

%z_ﬂ?hm f=f;+C-E:q}(—£] (16)
T

where C 1s a constant of integration. This expressien indicates that the relaxation time 1s the time
needed for a system to relax from a nofieguilibrium distribution fto an equilibrium state f;. There

are different scattering mechanisms where each one may require different relaxation times. If one
assumes that scattering mechamsms) are independent of each other, Mattluessen’s rule can be
used to estimate the total relaxation time as 7' = X 77! [255]. The scattering mechanism in
semiconductors are more complicated than metals. In both cases electron-phonon scattering 1s
more dominant than_the electron-electron scattering The electron-phonon scattermg can be
dominated by either acoushic or optical phonons. Iomized or neutral impurities can also induce
scattering of the charpe carfiers. More details about different scattering mechanisms can be found
in the literature [256-258]. The classic estimation of power law dependence of the scattering time
on enerpy fora 3D semiconductor can be used for simplicity. In a parabolic band 7= m(T).(&)* "
where e~ (- FEcgv)'ks T'and w(7) 1s a function of temperature and can be found in ref. [259] for

differéiit scattering mechanisms. The term E™* arises from the energy dependence of the density
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of states for a parabolic band, D(E) o< E* The value of A is different for various seattering
mechanisms: A = 0 for acoustic phonon scattering, A = 1 for optical phonon scattering, A =% for
neutral impurities and 4 = 2 for 1omzed impurities [259]. This rough estimation hints that an
mcrease in A can potentially enhance the energy dependence of the scattering time and, as a
consequence, the Seebeck coefficient e g. by dominant iomzed impurity doping [260, 261]. In
another explanation, for a degenerate semiconductor the contnbutions of high energy carners (hot
carriers, E > Ef for electrons) and low energy carriers (cold cafriers, E < Er for electrons) to the
thermopower are of opposite signs usually cancelling each other’s confribution to the total
thermopower. If the cold carries can be selectively scatfered sigmificantly enough, the Seebeck
coefficient will increase, and therefore the power factor ¢éan be enhanced with a small sacrifice in

the electrical conductivity owing to a possible deerease i the mobulity.

Introducing interfacial energy barriersywath enerpies above the Fermu level can effectively
filter the low energy carriers and allow transmussion of high energy ones [258, 262-264]. The
presence of such barriers can also deerease the electronic thermal conductivity and Lorenz number
since the munority carner contnibution/will be reduced, which will benefit the thermoelectnic
performance zT [8]. Ko and Murray et al. [265] reported the first demonstration of the carner
energy filtering in a solufion-based thermoelectric material by using Pt nanocrystals as the energy
barner to scatter low energy holes in a p-type Sb2Tes thin film (Figure 15). The solution for SboTes
was prepared by dissolving SbrTe; powder with 4 times excess Te in hydrazine which was then
mixed with'Pt nanoparficles. The Pt-Sb2Te: nanocomposite showed 1.5 times reduction m
mobility due te'scattering of holes compared to Sb2Tes films without Pt. The carner concertation
was increased up to 2.5 times which was ascribed to an overlap of band bending potential between

the:matenial and Pt, thereby, raising the position of the valence band maximum with respect to the

42

Page 44 of 119



Page 450f 119

e = I R I R PR I N I

AUTHOR SUBMITTED MANUSCRIPT - NANO-117484.R1

chemical potential. This resulted in a 1.7 times improvement in the power factor M

nanoparticles as the energy barners.

o
d  sb,Te, Pt NCs b
E\'EE E\'i':
E.A Ll T
=415 eV I.P.= 4.45 eV
- CB ©=565eV
$E,~03ey
EFm-mrr}'mmu VB
Figure 15. Carrier filtering effect across an SbaT. int (a) Electronic band diagram of

Sh:Tes and Pt before contact and (b) equilibrium of the Sb:Tes-Pt nanocomposite
el |
showing the proper band alignment for tm filtering effect after contact. Reprinted with
. ™ -
permission from ref. [265]. Copyright 2011 American Chemical Society.
Shortly after Ko and Murray ef a and Stucky et al. [266] reported a 50%

[ .
improvement in the power factor 6f Ag;Te,-SbiTe3 heterostructures (2 yW-cm-K-2 at 150°C) due

to the strong cold-hole scattering @ » an interfacial energy barrier. Silver was chosen because
of its appropniate work ith respect to Te, 4.52—4.74 eV for Ag compared to 4.95 eV for
Te [267, 268] (Figure barrier height 1s suggested 1s to be below 100 meV [269].
The samples were 1 dissolving hugh-purity SbaTes with excess Te m pure hydrazine.
Then, this solutien with thiol-capped Ag nanoparticles with an average diameter of 5
nm mn hexane ixing these two solutions, a brown colored hexane solution turned to a

cnlurlessﬂ,quﬁd}uﬁcaﬁng that all Ag nanoparticles in the hydrophobic hexane were transferred
4

43



e = I R I R PR I N I

48

51
52
53

55
56
57
58
59
60

AUTHOR SUBMITTED MANUSCRIPT - NANO-117484.R1

Wi ligand
syl ~ exchange
i —
SRR ™ drop
7 casting

) ek

’
Ag NPs capped
with thiol

Ag MPs in Te-5h,Te, matrix

ALY

Figure 16. Carrier filtering effect across a Sb2T, Eﬂ.‘.dg ace. (a) Ag-Te interfacial band
diagram. (b) Ag nano inclusion in the Sb2Tes- ng as the energy barrier. The Seebeck
coefficient increased because of the t, but it can also degrade from an
increasing carrier concentration as the ature is increased. Reprinted with
permission from ref. [266]. Copyright 2012 A ical Society.

7

As the annealing temperature of the w was mcreased, 1t was observed that the electrical
conductivity mcreased due to a f 10n of an Ag-Te intermetallic phase doping the samples. The
optimum trade-off between =D enhancement by energy filtenng and electrical
conductivity degradation because }f the doping was found to occur at 150°C. Another study

conducted by Stucky 270] showed an enhancement of the Seebeck coefficient through a

hole-filtering oxide/SbaTes-Te heterostructures with zT' ~ 1 at 460 K. With an

intermediate ing of alumnum oxide (~1-2 nm) and hafmum oxide (~1 nm), a
metalhe s coated on a telluride layer (Figure 17). Due to the high solubility of silver

oxide layers were used to prevent the formation of silver and tellurium alloys
wiu@ take place during annealing at a mild temperature on the order of 200°C. The silver

grown by electron beam evaporation and rapid thermal annealing. The oxide layers were
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deposited using atomuc layer deposition (ALD). SbaTes films with excess Te were synthesized
using a hydrazine-based chemistry techmque. The hafnium oxide layer was deposited 1 order to
protect the aluninum oxide layer against etching 1n hydrazine. The thickness of this oxide layer
was deemed critical because a very thin layer could not prevent alloying of silver with tellurmum,
which will increase the carmer concentration of SbaTes;-Te and therefore lower the Seebeck
coefficient as the matenial becomes a degenerate senuconductor. On the.otherhand, an overly thick
layer can interfere with the efficient transmission of carriers through the barmer and thus decrease
the electrical conductivity. Transport properties for three samples of Sb2Tes-Te (without an energy
barrier), Ag/SbyTes;-Te (with Ag as energy barrier) and Ap/oxide/Sb;Te;-Te were reported, with
the highest electrical conductivity and lowest Seebeckieoefficient measured in the sample with the
Ag layer and without oxide protection due‘doping. The sample with the Ag layer as the energy
barrier and the oxide layer to avoid any unwanted doping showed the maximum power factor,
around 10 pWem K2 at 300 K, which“was attributed to hole-filtering effects. Even with the
protection of the oxide layer, a/shght amount of hole-doping was observed due to Ag impurities.
The Ag concentration was (3—6)x10' e in the oxide-protected sample compared to 1.6x10%°

cm” in the sample without afly oxide layer protection.
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Figure 17. Enhancement in thern
the carrier filtering effect. (a).Elec
factor, §°c, of Sh;Tes-Te (square
‘Oxide’ denotes ~1-2
layer deposition. Th
conductivity betwee;

Ag/oxide/Sh;Te;-Te (circles) and Ag/Sb;Tes-Te (triangles).
oxide followed by ~1 nm hafnium oxide deposited by atomic
silver doped Ag/oxide/Sh:Tes-Te sample showed electrical
over-doped Ag/Sb:Tes-Te and Sb:Tes-Te (without the Ag barrier)
her Seebeck coefficient due to hole energy filtering by the silver layer.
mref. [270]. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA.

ylether capped by oleic acid as the ligand. A slight amount of acetic acid was necessary
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mn order to obtamn the octahedral structures whereas only cubic structures were obtamed.n its
absence. The orgamc ligand was exchanged with phosphonic acid in a hexane solution which was
then removed by adding a solution of anhydrous ammomia in methanol. The obtamed powder with
nanoparticle sizes of~30 nm was compacted into pellets with densities of 89% of the theoretical
density using spark plasma sintering (SPS). EDS analysis revealed presence, of oxide species
originated from the reaction environment. A density-functional caleulation along with XPS data
[271] have shown that such oxygen complexes form chemical bends by transferring charge from
tellurium atoms m PbTe. Upon oxidation, the material was/depleted of Te and became Pb-rich.
The calculation confirmed that PbTe 1s less resistant fo oxidation than PbS. The chemusorbed
surface oxygen can cause trapping of carriers at praiyboundanes and form energy barners that
mhibit the conduction of charge carriers between gramns [258, 272]. This means that these oxide
layers can reduce the electrical conductivity and enhance the Seebeck coefficient. An electrical
resistivity one order of magnitude largerthan that of the bulk PbTe and a large thermopower of
625 pWem 'K (S ~ 615 pVK })at room temperature was reported [131]. The authors argued that
it was unhikely that such a high Seebeckicoefficient was a result of a low carmer concentration
because the Seebeck coefficient dropped to a value of ~ -10 uVK™! at high temperature (550 K).
This decline indicated that more'of the low energy holes were possibly able to escape the barrier
at high temperature/ A barmer height of £z = 140 meV was estimated by using Seto’s equation
[273] for modelling the/effective mobility of carriers trapped in gramn boundares of a

polycrystalline materzal

i],

T (17

He =Lg-(27 m'kBT}_m -e);p[_
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where L is the crystallite characteristic size and m’ is the carrier effective mass. This heightof the
barrier did not result in an optimal trade-off between decreasing the electrical conductivity and
mcreasing the Seebeck coefficient. The investigators lowered the barrier height/by replaging the
oxide layer with a shell composed of PbS 1n a PbTe-PbSe core-shell structure wath a larger average
crystal size. The structure was found to be nano stars with tip-to-tip lengths of ~75 nm, and with
tellurium 1n the core and selenmum in the arms. Adding this layer of PbSe did not prevent surface
oxidation, as oxygen was detected by EDS. The first cycle measurement of electrical conductivity
and Seebeck coefficient revealed a strong temperature dependency.” The Seebeck coefficient
decreased from 530 uVK-! at room temperature to 0 at 470 K- The material became n-type with a
maximum Seebeck coefficient of -360 uVK™ at 500 Kiand decreased to -100 pVK™ at 575 K. The
authors suggested that due to a thermal alloying of the two chalcogen phases (PbSe, PbTe), Se
acted as an n-type dopant at high temperatures 1n the eniginally p-type PbTe, causing the Seebeck
coefficient to change sign  Another reasonawas aftributed to an elimination of the oxide barners by
thermal annealing during the first cycle. In the second cycle, however, the sign mversion in the
Seebeck coefficient was not seen. This observation indicates the importance of post-synthesis
processing such as high-tengperature annealing and SPS 1n order avoid thermally induced solid-
state chemical reactions’ during'matenial performance measurements, and to improve material
stability. Post-synthésis processing needs to be optimized and conducted at temperatures high
enough for any ureversible solid-state reactions or organic species decompositions to occur prior
to evaluating théermoelectric performance. This 1s essential for stability and reproducibility of the
results, as the sign mversion in the Seebeck coefficient measurement of Scheele and Weller et al.
[131] was ureversible and only observed i the first measurement cycle. Analyses such as thermal

gravimetric analysis (TGA)/differential scanming calorimetry (DSC) should be performed in order
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to track thermal reactions, phase changes, and decompositions as well as determuning the proper

post-synthesis temperature limit. A change in sign of the temperature dependent Seebeck

coefficient has been reported in a number of bottom-up thermoelectric studies [38-40, 274:275].

Zhang and Wu et al. [276] reported a solution based synthesis of Te-BiTes barbell
nanowire heterostructures that exhibited energy filtering effects with a thermal conductivity as low
as 0.309 Wm 'K at 400 K. After synthesizing Te nanowires in a 3-néck flask continuously purged
with N2 1 a Schlenk hine, with hydrazme as the reducing agent,/bismuthwmitrate pentahydrate was
added as the source of B1 and the heterostructure was obtained at the end of the reaction. PbTe-
B1:Tes heterostructure was also prepared by adding lead acefate’ tnhydrate. The measurements
were carried out on a 63% dense pellet made by a hot press techmque. Hwang and Lee ef al. [277]
used metal acetate precursors (Co, Mn, Zn, Pd, N1, Tb and Mo acetate) in an ethyl acetate medium
m order to create embedded nanoparficles in BiosSb1sTes. The starting material was prepared
using a typical solid-state synthesis. This study used a solution chenustry techmique as a
complementary process to the solid-state matenial preparation. The zT of the starting material was
mmproved from 1 to 1.4 i the Mn decorated sample, close to room temperature. Thermopower
enhancement due to the energy filtening effect can be ideally followed by a decrease in the lattice
thermal conductivity deeito the phonon scatterng [277]. In a recent study, Jo and Lee et al. [278]
used Te m order to modify the interfaces in a Big 58b1 sTes starting material. Te was chosen because
of its appropniateswork fimiction with respect to the main matenal, as a barrier, and 1ts low solubility
n (B1,Sb);Te; wihuch 1s necessary to avoid any unwanted doping at high temperatures. The ball-
milled starting matenals was muxed with a solution of Tey polyanion, prepared by mixing Te
powider with ethanethiol and ethylenediamine. Both thin films and SPS prepared pellets were

tested. The samples with Te interfacial layers had higher motilities than the bulk sample indicating
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improved charge carrier transport across interfaces. The carrier concentrations of the%

with Te mterfaces were higher than that of the bulk sample which was attributed to e 1m

the distance between Er and the valance band by the band bending effect atﬂ?e 1
samples showed improved power factors compared to that of the bulk with 1 of 6-fold
mmprovement. A Pisarenko plot of the data showed enhancements of 1 s for all
the Te-treated materials compared to the bulk (Figure 18). For the samples, power
factor and zT improvements of 28—42% and 40%, respectively.

The corresponding formula for Pisarenko plot 15 expressed
* 243
5=k [ 8m (EJ A
3g |\ h 3n E /.

where ks 15 the Boltzmann constant, T 1s the

g 15 the carmer charge, h 1s Planck’ n 1s the carrer concentration, and 4; 1s the

scattering distance [280]. In the linmt of s1 lic band and energy-independent scattering

assumptions, the term [d(lns)/\ 1s zero [48].
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39 in n-type Bi1;Te; nanotubes mg a 67% zT improvement due to a 27% enhancement 1 power
:? factor and a 22% r%ﬂlmal conductivity at 440 K, and a maximum zT of 0.95 was
E reached at 480 K 9). A Pisarenko plot of the data showed that Au-B1xTes; exhibited a
16 ~25% gher 1 than the untreated Bi,Te; nanotubes, bulk n-type B1;Tes;, and
[282] and Pt [283] embedded in n-type Bi2Tes. One reason might be due to

10n of Au compared to Pt with respect to Bi2Tes. The barrier energy of Pt 1s
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plot showing Seebeck coefficient versus carrier concentration used i er to calculate the charge
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1.2, where mg is the electron rest mass. A comparison W T function of (b) Au and (c)
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Adapted with permission from ref. [281]. Copyright 20 ety of Chemistry.
7

In a recent study by Zaa and /Urb [284] the conducting polymer

poly(3,4ethylenedioxythiophene):poly( ‘PSS) was used to introduce Cu
islands to Te nanowires as barriers, in &:Te alloy. The barrier height was 150-300
meV. Because the height of the hmﬁ;w than the optimum value of 100 meV, some of
the hot carriers were expected to as well. The Seebeck coefficient was 16% higher

than unalloyed nanowires and _Ww than previously reported for Cuj 75Te nanowires [195].

The authors attributed thus @eﬂ to the energy filtening effect by transportation of the holes
from Te through the g and suggested that some of the holes nught leak through the
.

| 50 meV which was lower than that of the Cuy 75Te barrier.

ydroxy-2,2. 6,6-tetramethylpiperidin-1-oxyl (TEMPO—0OH), was also
demonstrdted as an energy bammer for poly(3,4-ethylene dioxytluophene) doped with
pol ) (PEDOT:PSS) polymers by Tomlinson and Hilsmuer ef al. [285]

was chosen because its singularly occupied molecular orbital (SOMO) energy level

eV from vacuum, higher than the highest occupied molecular orbit (HOMO) of
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PEDOT:PSS (5.1 eV). The SOMO level of TEMPO—OH were calculated with cyclic voltammetry
(CV) by using the equation Exomo=(1.4+0.1)qVcv—(4.6:0.08), where g¥cv 1s the product of
elementary charge and molecular oxidation voltage relative to a reference solute in units’of eV
[286]. Enomo can also be measured by ultraviolet photoemission spectroscopy(UPS) by measuring
the i1omization energy of the molecules, which 1s equal to Enomo.The thermopower of the
PEDOT-PSS sample with 2 wt % TEMPO—OH was 22 uVK™ compared'to 14 pVK! for the
sample with 0 wt.% of the open-shelled molecule. Other work segarding, the concept of barner
energy filtenng effect in bottom-up thermoelectrics include using composites of sodium
carboxymethyl cellulose surfactant in B1;Se; nanoplates [287])polyamline (PANI) in multrwall
carbon nanotubes (MWCNT) [288], heterostructuredgrains in BixTes [289], Te nanodots in SbaTes
[290], PS 1n B1:Te2 7Seq 3 nanoplatelets [291], %.Sb-Te in SbyTes [292], PbS nanoparticles in TiS>
[293], defective pgramn boundaries i exfolated BiSe; [248] and PbTe [165],
cetyltrimethylammonium bromide (CTAB) in electro deposited SbaTes films [290], and PANI in

Au doped-CNT [193] and graphene/polymer/inorganic nanocrystal heterostructures [294].

Outlook. A vast number of bottomi-up studies have reported selective scattering of charge
carriers and consequent improverments in the power factor, Sc. Energy barriers have been
demonstrated expenimentally for thin films and bulk structures m the form of metallic nano
inclusions and both brgame and morganic interfaces. The height of the barrer in this approach has
been determuned'fo be the critically important parameter, and the Seto [273] and Pisarenko [295]
expressions should be used in order to estimate the height of the barrier and the change n effective
mass, respectively. The most effective reports demonstrate an enhancement in power factor

accompamed by a decrease in the thermal conductivity due to increased phonon scattering by the
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barriers. For long term thermal stability of the composite matenials, the barrer should have.a low

solubility in the base thermoelectric matenal to avoid uncontrolled doping through diffusion.
3.3. Measurements of energy levels in semiconductors

A purposeful design and modification of a thermoelectric matenal requires,comprehensive
knowledge of the electromic band structure. Thus, we will discuss methods fo experimentally
obtain positions of the valence and conduction band edges, density of states, and the chemical
potential  This information can be useful in order to design a material that can benefit from carner
filtering and size effects as discussed in the previous two seetions_Figure 20 shows a schematic of
the energy levels existing in semiconducting QDs as'desenbed in detail by Jasiemak and co-
workers [223]. The same notation is kept here. If the vaguum energy level Eiic 1s taken as the
reference zero point, the valence band energy s defined as the negative of 1onization energy —JE
and the conduction band edge 1s the negative electron affinity —E4. The quasi particle band gap 1s

defined as the difference between the 1omzationénergy (/E) and electron affinity (E4), 1.e. E:P

Z]_ZI:

IE — EA. The quasiparticle band gap ofa QD consists of the bulk quasiparticle band gap EZ; (),

the contributions of electron‘and hole quantum (E.'n) and dielectric confinement (EP"]) as Egp =
0 1, O, &pol N - :

E (0)+&+X + g #&; . Thequasi particle band gap can also be written in terms of the optical

band gap EZ, the (directiCoulomb interaction in the electron-hole pair Ji and the dielectric

Eap?
polarization epergy J';l asF.. = E‘;; + Jﬁ + Jf_ﬁl . Using the Brus model with an effective mass
approximation [221,296] the direct Coulomb interaction and dielectric polarization terms can be

replaced to.derwe the following approximation [223]

2 2

EA=IE-E™_1786—9 9 (2_1) 19
EP ATepE,R  ATE R ez~ <) (19)
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where g 15 the charge of the electron/hole, R 1s the QD radius, & 1s the vacuum pernmttivaty, and
&m and sp are the matrix and QD dielectric constants, respectively, and the Brus model (equation
11) has been used to represent the electronic band gap. The optical band gap;, QD size and
1omization energy can be measured experimentally. With an approximation for the QD and matrix
pernuttivity, the electron affimty and the conduction and valence band edges can be esiimated by

measuring JE and E° [223]. One method to measure JE is photoelectron spectroscopy in air (PES)

Eap
[223, 297-300]. The value of JE determunes the valence band edge. Then, by using equation 19

and measuring the optical band gap, the position of the conduction band edge (E4) 1s deternuned.
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Figure 20. Experimental determination of QD electronic energy levels. (a) Photoelectron
spectroscopy (PES) spectrum of 5:.nm diameter CdSe QODs in air. The empirical power law
dependency of photoemissian yield\is proportional to (E-IE) [301], where E is the energy of the
incident photons. (b) 4 schematicof the electronic energy levels in a QD. (c) The equivalent QD
electronic energy level based on the optical band gap. The notations represent E.,.: vacuum
energy, E.s(r) and Eglt)s conduction and valence band edges of ODs, respectively, IE: ionization
energy, EA: electron affinity, E,, and Eg; quasiparticle and optical band gap energies,
respectively. Adapted with permission from ref. [223]. Copyright 2011 American Chemical
Society.

Ultraviolet photoelectron spectroscopy (UPS) measures the occupied electronic levels and 1s
capable of mapping the entire valence band structure. The UPS information can be used to

determune the valance band maximum, chemical potential, and the conduction band mimimum by
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applying the Brus model for a particle in a box (equation 11) where the optical %

measured from the absorption spectra [223, 302-306] (Figure 21).
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Figure 21. Determination of valence band structure of s
ultraviolet photoemission spectroscopy (UPS). (a) UPS 5
exchanged PbS QD film on gold. The left side indi
level) and the right side illustrates the low-binding

energy). The band energies were determined ﬁ'am thei
baseline. (b) Optical absorption spectrum i
level diagram of the material determined
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American Chemical Society.
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I band gap of 1.23 eV. (c-d) Energy
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ission from ref. [306]. Copyright 2011

The measurement of

spectroscopy (IPES) technique

electron with an energy

lower unoccupied of this decay, a photon 1s emitted and detected n the
measurements [3(}5?&%11[& 22).

Q
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levels be carried out using an inverse photoemission
by Avci et al. [307] In this techmique, the incident

5 eV penefrates the unoccupied levels and decays mn the
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Figure 22. Measurement of the unoccupied energy levels using inverse photoemission
spectroscopy (IPES). UPS spectra measures the occupied states and ionization energy (IE) at
binding energies below EF, and IPES spectra measures.the uneccupied states electron affinity (E4)
of a 6 nm hexaazatrinaphthylene film on Au. Reprinted with permission from ref. [309]. Copyright
2008 Wiley-VCH Verlag GmbH & Co. KGad.

Cyclic voltammetry (CV) 1s alsoleapable of providing information about the energy levels of
molecular species and QDs which can be used to measure the 1omization energy [286, 310-314],
as the cathodic and anodic peaks are related to the position of the valence and conduction band
edge positions. The difference between the electrochemical redox peaks can be correlated with the
optical band gap [300, 315-317]. Further details on CV measurement processes for electronic

energy level quanfificaioniean found elsewhere [305, 318, 319].

Outlook. Measurements of the energy levels in semuconductors 1s essential i order to design
a igh-performance thermoeléctric material. These measurements can be used to validate ab initio
calculationis of the band structure which are essential to predict thermoelectric properties. UPS 1s
the mest popular method among those discussed as it provides comprehensive information on the
band\structure of occupied energy levels, chemical potential, and valence band edge. However,

samples 'which are not robust may be affected by the high exposure of ultraviolet light needed in
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UPS [320]. CV 1s the most convemient techmque for sensitive samples, however, 1ts aceuracy 1s

difficult to estimate and depends on the experimental conditions used [223, 286].
3.4. Electrical conductivity

Electrical conductivity 1s related to electronic mobility (4) and carmer ¢encentration (n)
through & = neu where e 1s the elementary electric charge. Mobility, defined by equation 15, 1s an
indication of the average ability of the charge carriers to move mn the présence of an electric field.
In semiconductors, the carmer concentration 15 determuned by the position of Fermu level To
understand the relationship between the carmer concentration and Fermu level, one can use the
estimation for a non-degenerate semiconductor with a single parabolic band [321]

2rm ) E —E
= RN -

where m" is the effective electron mass which 1s inversely proportional to the curvature of the band.
Although flat bands with high effective masses can potentially result in a high Seebeck coefficients
due to their large DOS, the mobility decreases due to this flatness. Decreasing mobility can be
easily shown from 1 = e,/ Where z, is the momentum relaxation time. As described by Ioffe
[322], the optimal carner concentration 7, 1s a function of temperature and 1s expressed according

to the following equation [322]:

[ 27m kT

n =2 2

a

] exp(r) 21)

where r 15 defined according to /=[o(7)-E" and [ is the electron free path. Equation 21 is derived
from.&/6n(zT) = 0 with the assumption that electromic thermal conductivity 1s small compared to

lattice thermal conductivity, and therefore, thermal conductivity was considered mdependent of
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carrier concentrations. Corrections to this assumption and parameters for » can be foundun ref

[322].

Generally, bottom-up thermoelectrics are known to have poor electrical properties due to
high interfacial densities and impurities which result in low electronic mobility, The low mobality
originates from the defective or polycrystalline nature of some of these matenials 'and impunties
present m the precursors, solvents or hgands. The poor electrical conductivities and low mobality
in these matenals can be observed in their electrical conductivity versus temperature behavior
[323, 324], which can be regarded as the main disadvantage of the bottom-up approach. However,
many studies have reported dramatic improvements by applymng post-treatment techmques as
discussed m this section. Most of these investipations,were conducted in aspiration for high
performance photovoltaic or field effect transistor applications. The approach, however, can be
adapted and benefit thermoelectric applications’ A simple approach related to QDs 1s to remove
the long and msulating native ligands used'during the synthesis (e.g. oleic acid) and replace them
with shorter and more conductive ligands. Talapin and Murray [325] reported that just by removing
a fraction of the oleic acid, the mterparficle spacing and electrical conductance changed from 1.5
nm and 10! S em™ to 1.1 hmand\3x1071° S em!, respectively for PbSe QDs. The conductance
was further mncreased by 10 orders of magmitude through a post-treatment with a 1M solution of
hydrazine in acetonitrile, and a high field-effect electron mobility of 0.95 cm*V's™! was reported.
However, after;heat treatment at 100°C, the matenal changed from n-type to p-type with a hole
mobility of 0.12,t0.0.18 cm’V-!s? due to the desorption of hydrazine. Exchanging the organic
dodecanethiol ligands with metal chalcogenide ones such as [SnSs]*, [Sn2Ss]*, [SnTes]*, [AgSa]*
, and [MoS4]* improved electrical properties in 5 nm Au crystals [326]. In the case of Na>Sn2Se,

a high conductivity of >10° S cm™! was measured. Kovalenko and Talapin et al. [327] replaced the
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native orgamic ligands with long hydrocarbons mm CdSe QDs with various molecularymetal
chalcogenide complexes such as [SnxSes]*, [InoSes]>, In2Tes, Ga:Ses, CulnSez, ZnTe, [HgSea2]”,
and Sb;Se; (Figure 23). The replacement was performed by stirning the QDs in amuxture of metal
chalcogenide complexes with a stabilizer polar solvent such as hydrazine. Thé&synthesis technique
was also evaluated for other nanocrystals such as CdTe, CdS, Bi2Ss3, Au, and Pd. The conductivity
measurements showed significant enhancement due to these ligand exehanges For instance, in the
case of Au nanocrystals, the electrical conductivity increased byyl1 order of magmtudes from 10

® Scm! to ~200 S em™? by replacing dodecanethiol ligands withy[Sn2Ses]*

3.6 nm CdSe NCs + various metal ¢

Figure 23. Molecular metal chalcogenide complexes can be used as semiconducing ligands for
ODs and other solution-based nanomaterials. Various colloidal nanocrystals are stable after
ligand exchange with different metal chalcogenides. Reprinted with permission from ref. [327].
Copyright 2009 American Association for the Advancement of Science.
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Extending this methodology to a thermoelectric investigation of PbSe quantum. dots
demonstrated similar results; an 8 orders of magnitude improvement in the electrical conduetivity
was observed through a ligand exchange with SnS; resulting mn zT of 1-1.3 jat 400" K [328].
Kanatzidis et al. [39] reported the removal of oleic acid ligands fiem the surface of
PbTe:Se1«@PbS core—shell nanocrystals by room temperature treatmenf m a solufion containing
HCI The electrical conductivity improved by about 4-fold with a transition from semiconducting
behavior to metallic because of the #-doping of the material by,€1". A maximum zT of ~0.94 at

700 K was reported.

In addition to ligand exchange, assembly of binarj QD systems can reduce the interparticle
distances and therefore improve the electrical conductivity. Urban and Murray ef al. [246] reported
an assembly of PbTe and Ag>Te QDs with a 100-fold inerease in the conductance relative to the
sum of each individual component. The improvement was correlated to an mterparticle distance
reduction from 1.7 to 0.3 nm on average. The 1deal target 15 to connect the dots in the form of a
superlattice with a complete delocalization of charge carners. A coherent and defect free structure,
with complete delocalization of charge camiers throughout the superlattice, can lead to emerging
and interesting physical properfies such as Dirac cones [329, 330]. Recently, the first observation
of charge transport through a highly orderd PbSe supperlattice was reported by Whitham and
Hanarath ef al. [149] Colleidal PbSe nanocrystals of 6.5 nm diameter in hexane were dispersed on
ethylene plycolaThen the oleic acid ligand was replaced by ethylene diamine. It was proposed
that thus hgand selectively binds to Pb on [100] surfaces, causing these unprotected facets to orient
and fuse together (see Fipure 6). The study confirmed delocalization of electrons due to the
heterogeneity of the connections. As a demonstration of this approach for thermoelectric materials,

a hiph =T value of 1.7 at 850 K was reported by Sheele and Weller ef al. [323] by ligand removal
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1n Sub-10 nm B1:Tes nanoparticles. The removal process was performed using hydrazine hiydrate
etching followed by SPS. The material showed significantly reduced thermal conductivities with
similar electrical conductivities as for bulk »n-type Bi;Te;s. A post-synthesis freatmentiof Pb-
chalcogenide nanocrystals with atomic layer deposition, (ALD) has also beeh investigated [331].
The long length lhigands were replaced by short ligands forming ordered panocrystals with
chalcogen nich surfaces. The unstable chalcogen rich surface was thentransferred to a stable lead
rich shell by using PbCl>. A high field-effect electron mobility of 4.5 em®V's™ was reported. To
remove msulating ligands or other organic species, thermal/anmealing followed by a cold-press,
hot-press, or SPS have been used for bulk nanostructured materials [35, 38] although this will lead
to gramn ripeming and growth i addition to improving the mterfaces. Another approach involves
the use of a second phase mn order to fill the voids between the mterfacial boundarnes of
nanocrystals and weld them by SPS or hot-pressing under a lugh presser and temperature [332].
The successful implementation of such a strategy requures that nanoparticles react with the surface
of the secondary phase and remain umformly dispersed to avoid formation of a segregated phase.
If this happens, there 1s a possibility of'¢hanging the electronic properties of the native material
In one ligand exchange process, Bi nanocrystals capped with (N2Hs)Sb2Ter; were mixed and
annealed with the ball mullingbeads with compositions of Bips5Sb1sTes and BigsSbisTes2 (7%
excess Te) and mechamgally reacted during the process [333]. The observation indicated that the
morganic hgand-capped Bi nanocrystals did not form a separate phase and acted as the glue for
the grain boundarnes of the main material. Measurements demonstrated that the NCs p-type doped
the host material from 2.1x10' to 8.3x10'” em™ and slightly decreased the mobility. For a case
that the hole concentration of the NCs was less than the main material, the NCs acted as a donor

dopant and an opposite and weaker trend in carrier concentration was observed. In one case the
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sample with 5% NCs showed a room temperature electrical conductivity 1100 Scm™ . In a separate
study [40], usmg Ag metallic nanoparticles in PbS nanocrystals, the electrical properties were
mmproved through injection of electrons and improved mobility. Favorably/ithe useof Ag
nanoparticles reduced the thermal conductivity as well. Another strategy to umprove the electrical
properties 1s to hybridize the material with conducting polymers [334],/carbon, nanotubes [335],

exfoliated graphene [336], or reduced graphene oxide [337].

Outlook. The maimn challenges in improving elecirical éonductrvity are the presence of
defects, disorders, and msulating organic species used in the synthesis process. The paradigm of
replacing long hydrocarbon-based higands with more gonductive and shorter ligands has been
shown to be indeed effective. Improving the current state of QD superlattices to a highly ordered
and defect free matenial with observable camer delocalization 1s a desirable target for research
efforts. For bulk bottom-up thermoelectrics, using post-treatment schemes 1s necessary. The 1dea
of “gluing” the gramn boundary 1s compelling provided that a uniform coating 1s formed. It should
be noted that increasing the electrieal conductivity usually involves simultaneously decreasing the
Seebeck coefficient and increasing the electronic contribution to the thermal conductivity.
Therefore, any improvement 10 eleetrical conductivity should be mn an optimum range 1n order to
lead to an overall zT enhancement. Interested readers are referred to the discussion on optinuzing

zT by tuming the carrier concentration given in Ref [48].
3.5. Thermal conductivity

As can be realized from equation 1, zT 1s inversely proportional to thermal conductivity.
Thus,at 15 faverable for a thermoelectric matenial to have a low thermal conductivity which 1s

essenfial for mamtamning the temperature gradient. Using the Boltzmann transport equation with
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relaxation time approximation, the following expression for the electronic contribution knewn as

Wiedemann-Franz law [229, 255] can be denved:
k,=clT (22)

where L 15 the Lorenz number, 1s the electrical conductivity. For metals and the degenerate limt
of semiconductors, the Lorenz number can be calculated according to the' Sommerfeld expression
[321], Lo = 7°k%/(3€) = 2.45x10° WOQK-. For non-degenerate semi¢onduetors, L deviates from
this value as ambipolar conduction increases the effective value of L 'by up to a magnitude above
Lp [191]. Larsen and Prytz [338] have estimated the Lorenz number for a single parabolic band as
a function of carrier concentration, different scattenng meehamsms, temperature and chemical
potential  For an unknown carrier concentration using single parabolic band and electron-acoustic
phonon dominant scattering assumptions, both . and\San be defined as parametnic functions of
the reduced chemical potential 1i/(kgT). Eor such asituation, Kim and Snyder et al. [339] denived

the simple correlation based on/experimental observation
L=1'5+exp(-|S|/116) (23)

where L is in units of 107 WIQK2@nd § is in units of 10® VK. This empirical relationship was
reported by the authors to have a 5% uncertainty for a single band matenial and 20% uncertainty
for matenals with'mmltiple bands, multiple non-parabolic Kane bands, or dominated by different
scattering mechamsms.

The Wiedéemann-Franz law suggests that any attempt to reduce the electronic contribution to
thermal conductivity can directly reduce the electrical conductivity. In other words, any attempt to

suppressix, will also affect the power factor S’c because they are both related to carrier
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concentration. A sharp peak in the DOS can prevent this problem as described by Mahan and Safo
[217]. In such a situation the Wiedemann-Franz law loses its validity [340], which has been

described as the relaxation of the Wiedemann-Franz law [341]. The reason for this 1s that'a sharp
DOS will cut off the igh-energy end of the Fermu distribution which resultsiin a reduction of .
This can be understood by realizing that the heat carmed by an electron 1s proportional to the
difference between its energy and the chemucal potential [340]. This'was deseribed by Humphrey
and Linke [340] as the best approach towards maximzing\yzT by _decreasing x. without
simultaneously decreasing o. The proportionality between &, and o tams most of the attention to
reduction of phonon contributions to

Following kinetic theory in the diffusive regime nsmg the relaxation time approximation to
the Boltzmann transport equation, one can derive the following for the phonon contribution to the

thermal conductivity in an 1sotropic matemnal [229]:
E 2
Ki = % Z Cmvarm (24)
=i}

where C 1s the volumetric specific heat, v 1s the phonon group velocity, 71s the phonon relaxation
time, and the subscrnipt, @ indicates phonon angular frequency which i1s related to energy by the
reduced Planck constanfas Fphonen = ft @ We note that this model, referred to as the “kinetic theory™
picture of thermal fransport, may not be appropnate for materials where non-resistive scattering
[342] or four phonon scattering [343] are appreciable, or with crystallographic amsotropy [135,
191, 344-353]. These physical properties are required to be mamipulated in order to make the
desired changes i lattice thermal conductivity. For the specific heat i an 1sotropic matenal, the
Debye miodel 1s more appropnate for the three acoustic phonon modes (one longitudinal and two

transverse). Emnstein’s model, assuming the same frequency for all oscillators, 1s a more
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appropnate treatment for the optical phonons [229]. Although, the optical phonons confribute to
the specific heat, their contribution to the lattice thermal conductivity 1s less than acoustic phonons
due to their lower group velocity and particle density. Equation 24 reveals that onéway to Suppress
the phonon contribution 1s to reduce their relaxation fime 7, e g. by scatteningwith nanostructures
of sizes comparable to the mean free path / = v7. Generally, at low tempefatures the lattice thermal
conductivity 1s domunated by its proportionality to the specific/heat and phonon boundary
scattering [354] x oc C o< T°, whereas at high temperatures inffinsic phonon-phonon scattering
is dominant [355] and x o T*!. In imperfect crystals, defect scattéring will also influence thermal
conductrvity [135, 191, 351, 352, 356]. In practice, the hugh temperature dependence 1s usually
[229] x o= T with n = 1-1.5. Further details and models such as the Morelli—Callaway model are

not discussed 1n this review and can be found elsewhere [357-360].

Generally, the large band gap’semmconductors have a larger lattice thermal conductivity
which 15 disadvantageous for thermoelectric applications. Thus, the large band gap semiconductors
are 1deal candidates for thermal conduefivity reduction through matenials engineering approaches.
On the other hand, bipolar conduction= or the effects of nunority carriers — can be considered the
main disadvantage of the small band gap semiconductors. According to Mahan’s theoretical
calculations [361], the maximum achievable zT for a matenal saturates as 1ts band gap energy
surpasses E; > 10kgT. For example, 1deally the band gap shoulb be near or above 0.45 eV at 250°C

and near or above 1.1V at 1000°C.

The lower, hmut of the lattice thermal conductivity corresponds to that of amorphous
materials and disordered crystals. The concept of mumimum lattice thermal conductivity was first
mtroduced by Roufosse and Klemens [362], and Slack [363]. In such situations, the phonon mean

free path approaches the mteratomic spacing [363, 364]. Instead of waves carrying heat, thermal
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conductivity 1s modeled by assuming that heat 1s carmed by oscillators with random phases and
vibrational attenuations comparable to the interatomic distances. Emstein’s model 1s modified with
a Debye density of states and a representative scattering length of half the vibrational wavelenpth
This 1dea, known as Cahill’s model [90, 365, 366], predicted the experimentalresults of disordered

solids to within 20-40% for T > 30 K. At lugh temperatures, the predicted mimmum value

approaches
X, = {;'rj.r‘-'-lﬂ)m kgn®? (m+ th) (25)

where n 1s the number density of atoms and v and w are the longitudinal and transverse group
velocities, respectively [365]. The minimum value of lattice thermal conductivity can be regarded
as a bt for designing thermoelectric matenals “One route to surpass the mimmum thermal
conductivity has been demonstrated by Chintescu and Johnson ef al. [367]. A room temperature
thermal conductivity of just 0.05 Wm™K", six fimes smaller than the predicted minimum lattice
thermal conductivity, was measured for crystalline layered WSe; sheets with disordered stacking.
Although the measured cross-plane eleetrical conductivity was poor, the result of this study opened
a window of possibilities for erystallifie materials with ultra-low thermal conductivities. Quantum
confinement [368-371] and Stresséengineering [353, 372, 373] may offer routes to optinuze the

electronic and thermeelectrie transport properties in this class material

Another effective approach to reduce the lattice contribution 1s through phonon-boundary
scattering at mterfaces with sizes comparable to phonon mean free paths, shown extensively for
nanowires [374-381]. First principle calculations of thermal conductivity accumulation suggested
that nanostructures of less than 10 nm are needed to effectively lower the thermal conductivity for

PbTe, PbSe, SnS, and SnSe at 300 K [105, 106, 382]. Figure 24 shows that for SnS and SnSe, the
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mean free path values corresponding to 50% lattice thermal conductivity accumulation are only
about 5 nm. At high temperatures, these values become even smaller (from 4.9 nm at 300 Kfo 1.9
nm at 750 K 1n SnSe, along the b-axis) [106]. For PbSe and PbTe , phonons withimean freg paths
smaller than 10 nm are responsible for about 80% and 90% of the lathice thermal conductivity,
respectively [382]. These computational investigations are valuable, indicating, the true potential
of bottom-up approaches for thermal conductivity reduction. Mesoporous, nanowire, and quantum
dot syntheses, which can realize size control on the order of these small mean free paths for
mstance through persistent micelle templating [383, 384], areithe 1deal tools 1 order to create

materials with characteristic sizes on the order of those ‘of the heat carrying phonons in

thermoelectric materials.
=1 T T 140
E
aE | pb(se,Te) | P
z =
z -
g 1.5F E -------
k|
E qf 04 7 T
E W : ;‘J | S et — A0 py, o, 300 K
§ O BB, b, WK . 4,3, a, 30K
u e B 1T, 1, 300 K 02r i B2 nm, b, 300K ]
L A
1.80m, 5, TS0K 200, b, TS0 K
E o - » T . I| l]'_l.‘.! ‘-—#?/ ,1"'“-
w W 10 1o 10° 10 107 w0 10 ilig
Prenan MFE fnm) Mean free path (nm) Mean free path (nm)

Figure 24. Cumulative lattice thermal conductivity calculations for bulk single-crystal
thermoelectric materials,as @ function of phonon mean free path (MFP). (a) Pb(Se, Te)-family,
(b) SnSe, and (c) SnS. (a)hReprinted with permission from ref. [382]. Copyright 2012 American
Physical Society. (bgghyReprinited with permission from ref. [106]. Copyright 2015 American

Physical Society.

Feser and/Urban et @l. [385] mvestigated the thermal conductivity of CdSe thin films
prepared’ from ‘colloidal nanocrystals with different sizes between 3 to 6 nm The thermal
conduetivity data as a function of the size was predicted by Cahlull [90] and Morelli—Callaway
[358]' models. For nanocrystals smaller than 6 nm, the measured thermal conductivities fell below

the predicted amorphous limit whereas the Morelli—Callaway model successfully estimated the
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measured values (Figure 25). The lower thermal conductivity predicted by the Morelhi—Callaway
model seems to be in contrast with the fact that the scattering rate in Morelli—Callaway model will
always be smaller than that of the Cahill model which assumes that the average phonon séaftening
rate 1s a half of the period (r'=@'7). The authors explanation referred to the fact that Cahill’s
model implicitly assumes that all states have the same group velocity and therefore participate in
heat conduction, whereas optical phonons and small wavelength acoustic phonons have small
group velocities and their contribution 1s implicitly neglected miMorelhi—€allaway model [385].
However, 1t 15 important to remember that the argument shotld not imply that one model 1s more

successful than the other. These models use different assumptions that are relevant to different

material systems.
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Figure 25. Thermal conduetivity of ligated-QD solids. (a) Thermal conductivity measurements of
bulk CdSe (squares) and colloidal CdSe (—4.3 nm diameter) thin films (circles) as a function of
temperature. The dashed line indicates the Cahill model of minimwm thermal conductivity and the
solid line showsithe Morelli—Callaway model in the boundary scattering limit. Both models predict
a near temperature independence of the thermal conductivity at high temperatures. (b) Room
temperature thermal conductivity measurements of colloidal CdSe thin films as a function of QD
size. Reprinted with permission from ref. [385]. Copyright 2013 American Physical Society.

Due to the presence of the ligands and other organic species in matenals prepared by bottom-

up_techmques, an understanding of the thermal transport across organic/inorganic interfaces 1s
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crucial. This discussion can be extended to the thermal transport across organic mﬂtﬂnM

molecular species. In a pioneering study, Losego and Braun et al. [386] invesﬁgateglm of

o ).

chemical bonding strength across the interfaces using ultra-fast pump—probe

time-domain thermoreflectance (TDTR) and picosecond acoustics. The of
a self-assembled monolayer (SAM) in between quartz and an Au The arends
of the SAMs were silane-based and m contact with quartz, while the 1 of the @»-end were
varied while keepmg the chain length constant. The most str were m conductance
contrast between one -end with a strong covalent-like functionality and another

methyl @-end with a weaker van der Waals attraction m Thermal conductances of 68

and 36x10° Wm™”K ! were measured for the thiol- mated SAMs, respectively. An
mnteresting observation was that as the the eovalent bonds (Au—thiol) increases, the
mnterfacial thermal conductance in and\ \ at a thiol'methyl end-group fraction of
0.75:1. The study suggested that as the reaches a critical value, all the heat-carrying
phonon frequencies are muplm the high stiffness of the spring constant across the nterface
(Figure 26), and thus offers a IO lower mterparticle thermal energy transfer.
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Figure 26. Interfacial thermal conductance as a function of Au-thiol bonding [fraction.
Interfacial conductance (G) as a function of thiol:methyl end-group fraction, which cerresponds
to fractional Au-thiol bond formation at the interface. Reprinted with permission frem ref. [386].
Copyright 2012 Nature Publishing Group.

Other reports on thermal transport across the interfaces include moleeular chains [387],
organic nanomolecular monolayers at metal/dielectric interfaces [388], thermal transport across
Metal/phosphonic acid/sapphire interfaces [389], SAMs [390], the role of hydrogen bonds [391],

and morgamic/organic hybnid superlattices [392].

Ong et al. [393] reported a thermal fransport study of seweral types of self-assembled
nanocrystal arrays (Figure 27). Their investigation revealed several important observations as
follows. (1) Frequency-domamn thermal reflectance (FDTR)measurements showed that the thermal
conductivity in CdSe QDs (4.8 nm diameter) and PbS 'QDs (7.5 nm diameter) can be tuned by
changmng the chemustry of the Mlipand interfaces. By replacing the organic ligands
tetradecylphosphonic acid (TDPA) and oleie, acid (OA) with shorter inorganic ligands In;Seq®,
AsS3* and NoH», the thermal conductivity was increased by 50%. (ii) The thermal conductivity
of CdSe nanocrystal arrays was imdependent of the film thickness showing that thermal transport
was domunated by short-wavelength diffusive phonons. (1) The thermal conductivity of the
nanocrystal arrays was enhanced by mcreasing the size of the core in all various core matenals
(PbS, PbSe, CdSe, Fe304, and Au). (1v) The thermal conductivities of the nanocrystal arrays were
msensitive to the bulk thesmal conductivity of the core matenals. (v) Several models were applied
i order togpredietithe thermal conductivity of the samples as a function of the core diameter.
Effective medium approximations (EMAs) were used to account for the contributions of the two
constituents — morganic cores and organic ligands (oleic acid) — based on their volume fractions

and thermal conductivities, where the thermal conductivity of lead oleate was used instead of oleic
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acid because the ligand forms a different structure in the array. (W)Thetmnperatm'edw
of the thermal conductivity increased with temperature from 10 to 200 K and plateaued above 200

o
K. These plateaus occurred at temperatures close to the Debye temperatures of
The authors proposed that heat diffuses through elastic coupling between the higands

in the composite matenial. As the temperature increases, more comm

ligand and core are activated which results in increasing the th vity. When the
temperature surpasses the Debye temperature of the core mater 1 higand frequencies
are not coupled with any additional common frequenci e materials. The authors

postulate that the observed plateau 1s an indication

elastic vibrations, and the inelastic contributions are sieglip: these materials [393, 394].
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Figure 27. Thermal conductivity in a ligated QD solid is dominated by elastic coupling between
core and ligand. (a) Schematic of the frequency domain thermal reflectance thermal conductivity
measurements of nanocrystals arrays. The two constituents contributing to,the thermal
conductivity are the inorganic core and organic ligand. (b) The thermal ‘conductivities of all
samples increased with increasing core diameter. The inset shows the thermal conductivities of
the bulk materials. (c) A comparison between the experimental data and different models -
Maxwell Eucken (ME) [395], effective medium theory (EMT) [395], Hashin LB,[396], Minnich
[397], and a modified version of ME developed by Hasselman and Johnson [398]. (d) Temperature
dependence of the thermal conductivity. Plateaus above ~200 K were attributed to saturation of
the coupled frequency states between the core and the ligand. (e) The thermal conductivity of a
Fe:03 sample with a higher Debye temperature exhibits a plateau'at a correspondingly higher
temperature. Adapted with permission from ref. [393]. Copyright 2013 Nature Publishing Group.

To further test the effect of igand chemustry on thermal transport, Liu and Wang ef al. [399]
replaced the the organic oleic acid ligand with several different higands of 1,2-ethanedithiol (EDT),
1,4-butanedithiol (BDT), 1,6-hexanedithiol/(HDT), 1.8-oetanedithiol (ODT), ethylenediamine
(EDA), tetrabutylammonum iodide (TBAI), and, cetnmonmum bronude (CTAB) i PbS
nanocrystals. The measurements showed that PbS nanocrystals with EDT ligands had a lower
thermal conductivity than those with EDA hgatids. This was despite the fact that EDT with thiol
groups can induce stronger covalent bonding with PbS (Figure 28). The other observation was that
surface treatment with TBAIvand CTAB (halide ligands contamming I", Br™) resulted in similar
thermal conductivity ‘although the PbS—Br~ bonding 1s expected to be stronger than PbS-I
bonding as determunedyby UPES [306]. In addition, as the higand length decreased from eight

carbon atoms to fourythe thermal conductivity increased from 0.20 to 0.27 Wm'K.
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Recently, thermal transport in superatomie erystals (SACs) was reported by Ong ef al. [400]
unary CogXg(PEt;)s and  binary

[CosXs(PEts)s]-[Ceo]2 superatoms, where X.= S, Se, or Te, showed a transformation from an

amorphous to a crystalline confrolling orientational ordening in the materials. All the
unary samples exhibited nearly mdependent thermal conductivity as predicted by
Cahill’s mimimum vity model [90]. The authors’ claim that the binary
[CosTes]-[Ceo]2 sampl an amorphous like thermal transport behavior sinular to the unary

materials, whereas [CogSeg]-[Cgp]: exhibited crystalline behavior below 200 K followed by

transition to like state with temperature independent thermal conductivity at

temperatures above~200 K. The explanation proposed by the authors was based on an XRD-
\ _ _

obs formation n the crystal symmetry from P3m1 to P3 as the temperature decreased

M@ (see Figure 29).
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Figure 29. Thermal transport in superatemic crystal (S4C) compounds of dissimilar
nanocrystal constituents. (a) Thermal conductivityef the CocXs(PEts)s and [CosXs(PEts)q] -[Ceo] 2
SACs as a function of the temperature, where X = S, Se, Te. Temperature-dependent X-ray
diffraction illustrating a significant/transition’in the (b) centroid-to-centroid distance between
neighboring Cso superatoms and (c) the lattice parameters of [CosSes(PEts)s][Csof 2, but not for
[CosTes(PEts)s]-[Csol . Reprinted with permission from ref. [400]. Copyright 2016 Nature
Publishing Group.

The effects of ligand surface chemustry on the low-frequency acoustic phonon vibrations of
CdSe QDs was investigated bypMork and Tisdale ef al. [401] Figure 30 shows that changing the
length of the lipandsiof straight-chain alkanethiols from 1-hexanethiol (Cs) to 1-octadecanethiol
(Cig) resulted 1n a red shaft of the low-energy phonon frequencies (radial breathing mode of the
spherical particles denoted ! = 0, where / denotes the quantum number) relative to the shortest
ligand. The expénmental observations also revealed that this phonon frequency was insensitive to
the efivironment surrounding the QDs, such that being 1n a thin film 1n PMMA | in octadecene, or
in a colloidal solution did not affect this frequency substantially. In contrast, the mass of the ligands

noticeably affected the phonon frequency which has also been reported by others [402]. These
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results showed that the more massive ligands are the more resistance they provide a&

contraction and expansion of the core durning vibrational oscillations.
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Figure 30. Lowering of the radial brea Xﬂ:ﬁanm‘ energy by surface modification
CdSe quantum dots (QDs). (a) i 0 phonon frequency of 2.5 nm diameter CdSe
QODs as the length of the alkane dithiol ligand increases from Cs to Cis, where | denotes the
quantum number. The vertical wﬁrw.s are’:guides to the eye, centered on the | = 0 phonon for
Cs alkane dithiol-functionalized 2'5 nmydiameter CdSe ODs. (b) Greater deviation in | = 0 phonon
energy from the theorefical stress
diameter ODs with long lig
permission from ref. [401].

ee boundary model [403] (dashed line) is observed for small
or larger diameter ODs with shorter ligands. Adapted with
ight 2016 American Chemical Society.

The majonty bottom-up thermoelectric materials show low values of thermal

conductivities compare to those of the bulks. These low values are reported mn studies including

Bi1;..Sb, Tes n@h nanocrystals [242], PbTe-B1;Te; heterostructure nanowires [404],

solution nanostructured CdSe and In2Ses [405], AgxTe—PbTe nanocrystals [274], PbS—
Ag ﬁcmmtes [40], cold-press PbTe-PbS core shell QDs [38], solvothermally prepared Ag
and PbTe [406], B1;Te; nanopolyhedra [407], BiyTe; and SPS pelletized Bi;Ses

[408] and BizTes and BixSes multishells [409].
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Outlook. Effective medium theory with a reduced interface density has suceessfully
predicted the experimental data observed for elastic thermal transport across ligand-inorganie core
mterfaces [393]. However, more questions have been raised from this experimiental study. For
mstance, what are the exact ligand structures in the array and their coiresponding thermal
conductivities? What 1s the effect of changing Debye temperature of the lipands? What 1s the effect
of different core atomic arrangements and their exposed crystal facets? What are the individual
contributions of thermal transport through the morganic core, erpamc ligand matrix, and core-
ligand interfaces? In what circumstances does the contribution of the inelastic vibrations dominate
the thermal transport? Some of these questions have been addressed by simulations after the

experimental demonstration [394, 410-412].
4. Conclusion and prospects for future avenues of investigation.

Expanding the knowledge ofibettom-up methods of matenal preparation i1s highly
advantageous for thermoelectnic applications uhilizing the unique properties of nanomaterial
constituents such as nanowires or quantum dots. This review outlined the achievements in using
bottom-up techniques for thermoeleetric purposes. Useful experimental charactenization
techniques and simple-to-implement theoretical models were reviewed. New gumdelines for
mmproving figure-of-mentywere discussed that can gmde predictive materials design efforts
achievable under jciurent understanding of thermoelectric behavior. The reviewed literature
emphasized that solution-based synthesis will be a frutful field of research for exofic
thermoeleetmc magerials, especially for bringing size-effects to high temperature oxide or wide
band gap themmoelectrics through ordered nanoporosity. Tailonng structure using bottom-up
methods was shown to be capable of achieving thermoelectrics with thermal conductivities below

the mumimum value of disordered or amorphous materials. The reviewed work on flexible
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thermoelectrics illustrated the promuse of using thermoelectric solution mks on a variety of

substrates m roll-to-roll manufacturing lines for large-scale productions.

Furthermore, thermoelectric and thermal transport in superatomuc crystals wath delocalized
electrons 1s not currently understood, as the reaction schemes for synthesis'of these matenals 1s
only being developed. This 1s a particularly attractive route for morganmic chemusts who have
already developed robust synthesis techmques for complementary alternative energy solutions
such as photovoltaics and catalysis. Improving the matenal and device performance through
synthesis still remains as the main challenge for future mvestigations, where mtegrated self-
assembly of nanowires and quantum dots may providé a systemi capable of demonstrating the
elusive enhancements in thermoelectric energy conversion, efficiency predicted more than two

decades ago.

Lastly, using post-synthesis tréatments at the desired operating temperature range prior to
measurement and operation 1s crucial in ordeg to assure reproductivity of obtained results. High-
temperature annealing or SPS can be very effective in removing organic species and remaming
solvents. Analyses such as temperature-dependent or temperature-controlled XRD, XPS, TGA,
and DSC can be very useful' in detecting and avoiding any phase transition, weight loss, or
wrreversible solid-state reachions duning cycling. It 1s highly recommended that transport properties
be reported for mulfiple measurements on various samples, and zT values and corresponding error

analyses to be feported based on statistical analysis of such measurements.
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